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ABSTRACT OF THE DISSERTATION 

 

Innate and Adaptive Inducible Host Defense Responses  

Against Mycobacteria Infection in Humans 

  

by 

 

Susan Eleonor Realegeno 

Doctor of Philosophy in Microbiology, Immunology, & Molecular Genetics 

University of California, Los Angeles, 2015 

Professor Robert L Modlin, Chair 

 
The host immune system is required for protection against disease caused by 

intracellular pathogens, such as mycobacteria. Activated host cells induce a variety of defense 

mechanisms that coordinate in order to eliminate mycobacteria. Stimulation of toll-like receptors 

(TLRs) as part of the innate immune system, and T-cell release of IFN-γ as part of the adaptive 

immune response are both associated with protection against mycobacterial disease 

progression. However, the various host defense pathways mediated by these two signals in 

human macrophages still need to be defined. Ligation of TLR2/1 with mycobacteria derived 

lipoproteins has been shown to trigger anti-mycobacterial activity, with the induction of 

antimicrobial peptides via a vitamin D-dependent pathway. Here, IFN-γ activation of human 

macrophages was shown to also induce killing of mycobacteria via a vitamin D-dependent 

antimicrobial pathway. In addition, IL-32, an IFN-γ inducible protein, was shown to mediate 

antimicrobial activity against mycobacteria by also inducing the vitamin D pathway. 



iii	  

Since activation via TLR2/1 and IFN-γ converge on at least one common antimicrobial 

pathway, we further studied the TLR2/1 and IFN-γ inducible gene network by RNA sequencing. 

Bioinformatics analysis identified “defense response” as a common TLR2/1 and IFN-γ gene 

ontology term. A subset of genes with previously reported direct or indirect antimicrobial activity 

was also identified in the common dataset. The role of S100A12, a TLR2/1 and IFN-γ common 

gene, was further investigated in the context of leprosy, a disease caused by Mycobacterium 

leprae, in which the clinical manifestations correlate with immune response. S100A12 was more 

highly expressed in tuberculoid leprosy (T-lep), which is associated with resistance to infection, 

compared to lepromatous leprosy (L-lep), which is associated with susceptibility to infection. 

S100A12 was sufficient to kill mycobacteria and was required for the TLR2/1 and IFN-γ 

inducible antimicrobial activity against M. leprae in human macrophages. Our data further define 

mechanisms for TLR2/1 and IFN-γ mediated antimicrobial response against mycobacteria.  
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The host immune system is crucial for detecting invading pathogens, mounting an 

effective defense response, and controlling infection. The type of response and defense 

mechanisms employed by host cells can determine whether the host is susceptible or protected 

from disease progression.  

The human immune system is comprised of two components, the innate and the 

adaptive immune system. The innate immune response is an initial response that it occurs 

within hours to days of exposure and is not specific for any given pathogen. It has a variety of 

mechanisms to recognize conserved features on foreign invaders and initiate an early response 

through the release of cytokines, which will appropriately instruct the adaptive immune 

response. The adaptive immune response is more specific and takes several days to weeks to 

develop. It provides a long-lasting protection, which includes quick responses if the host were to 

re-encounter the same pathogen (Bruce Alberts, 2002). Thus, both the innate and adaptive 

immune responses are important for coordinating an effective response against invading 

pathogens.  

 Inherent mechanisms employed by host cells of both the innate and adaptive immune 

system to defend from invading pathogens have been described as a cellular self-defense 

system, a concept of ‘cell-autonomous immunity’ (MacMicking, 2014) (Randow et al., 2013). 

Cell-autonomous immunity includes microbial detection and the mechanisms responsible for 

killing them, which is an orchestrated network of gene products encoding cytokines and effector 

proteins/molecules in order to activate antimicrobial responses or provide direct antimicrobial 

activity (MacMicking, 2012). However, although cell-autonomous immunity exists and can be 

effective at controlling infection, pathogens have also developed their own strategies for 

avoiding immune recognition and interfering with host defense mechanisms. In such instances, 

infection can prevail and lead to disease pathogenesis. Therefore, it is important to understand 

host antimicrobial effector mechanisms in order to enhance immunity against pathogens.   
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To understand how the human immune system induces antimicrobial responses against 

pathogens as part of cell-autonomous immunity, we studied host defense responses in two 

mycobacteria causing diseases (described below). Mycobacteria serves as a good model to 

study host defense strategies because they are intracellular pathogens that can persist within 

the host cells for long-periods of time or be eliminated, causing a spectrum of disease, 

depending on the immune response.  

 

I. Mycobacterial diseases: Tuberculosis and Leprosy 

Two major mycobacterial pathogens that cause serious disease in humans are 

Mycobacterium tuberculosis and Mycobacterium leprae. Tuberculosis (TB) is a disease caused 

by M. tuberculosis and primarily affects the respiratory tract. Transmission occurs through 

inhalation of air droplets. In 2013, 9 million people worldwide had developed TB and 1.5 million 

deaths occurred as a result of the disease (WHO, 2014). Clinical characterization of TB infection 

is often identified as either active or latent TB, which describes individuals as having clinical 

symptoms of disease and those who are thought to be infected but asymptomatic, respectively. 

However, it has been proposed that TB can be described as a dynamic spectrum (Modlin and 

Bloom, 2013; Young et al., 2009) (Barry et al., 2009) in which protective and pathogenic 

responses can be correlated to immunological responses. At one end of the spectrum, 

individuals who remain healthy despite repeated exposure and are tuberculin skin test (TST) 

negative are thought to mount an effective innate immune response that can clear the infection. 

Latent TB or persistent TB occurs in individuals that are able to control infection by mount an 

innate and adaptive immune response that controls infection but does not clear the infection. 

Although asymptomatic, individuals with latent TB have a 10% risk of reactivating their lesions 

and developing clinical disease due to quiescent bacteria persisting in a viable non-replicating 

form. Progressive disease occurs in infected individuals that are unable to clear the infection 

with an ineffective innate and acquired immune response, which in itself could also be a 
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spectrum. For instance, pulmonary and extrapulmonary TB are an intermediate form of active 

disease, in which granulomas can form in an effort to contain the infection, whereas Miliary TB 

is a disseminated infection with high bacilli numbers and the most severe clinical manifestation 

(Figure 1). 

Leprosy is caused by M. leprae and primarily affects the skin, peripheral nerves, mucosa 

of the upper respiratory tract, and eyes. If left untreated, infection can cause permanent tissue 

damage (Job, 1989). Transmission is unclear since the incubation period can be on average 

several years, but it has been reported to be potentially via air droplets from nasal secretions of 

infected individuals. Approximately 200,000 new leprosy cases are registered globally every 

year (2012) and is a health and economic burden in developing countries (Bloom, 1986). The 

immune response to infection determines the pathology of the disease. Clinically, leprosy 

presents as a spectrum, in which the clinical presentation correlates with the type of immune 

response elicited to the pathogen. For instance, the tuberculoid form (T-lep) is a self-limited 

infection characterized by few skin lesions, low bacilli numbers, and cell mediated immunity with 

T helper 1 (Th1) response pattern. The cell mediated Th1 response is associated with 

elimination of the bacteria or formation of granulomas, which contain the bacteria. At the other 

end of the spectrum, lepromatous leprosy (L-lep) is a more disseminated infection characterized 

by numerous skin lesion, high bacilli numbers, and humoral response with a Th2 response 

pattern. The humoral response is associated with bacterial proliferation within macrophages. In 

addition, there are other manifestations of leprosy that are along the spectrum such as 

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

Complications in BL and LL patients can occur, in which there is in increase in cell-mediated 

and humoral responses, resulting in a type of reaction called erythema nodisum leprosum 

(ENL).  Reversal reaction (RR) is a shift from the L-lep end of the spectrum towards the T-lep 

end, in which there is enhanced cell-mediated immunity (Figure 2).  
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Although M. tuberculosis and M. leprae cause distinct diseases, both TB and leprosy 

can be described as a spectrum of disease by which the immune response correlates with 

protection versus susceptibility to infection (Figure 3). The spectrum of leprosy, however, is 

better defined and therefore can serve as an excellent model to study protective immune 

responses to infection in humans and is the main model employed in the current studies. 

 

II. Innate Immune Response to Mycobacteria  

Macrophage and dendritic cells play an important role in the innate host defense 

response against mycobacteria. Since M. tuberculosis is transmitted via inhalation of droplets, 

phagocytosis of the bacteria occurs by alveolar macrophages and tissue dendritic cells.  

Although the transmission of M. leprae is unclear, the primary host cells for M. leprae are tissue 

macrophages in the dermis and Schwann cells. Therefore initial events in the innate immune 

response can be mediated by resident macrophages, which results in receptor expression, 

cytokine and chemokine production, and initiation of host defense mechanisms.  

Macrophage surface receptors, including complement receptors, mannose receptors, 

and scavenger receptors facilitate the uptake of mycobacteria into the macrophage by 

phagocytosis (van Crevel et al., 2002) and the bacteria are trafficked via the endolysosomal 

pathway. The bacteria then reside in the phagosome where it can mature and fuse with 

lysosomes. This fusion creates an environment that is acidic and contains hydrolytic enzymes 

that are able to eliminate the bacteria by degradation, in addition to generating antigens for 

antigen presentation for T cell activation. However, pathogenic mycobacteria have mechanisms 

to avoid lysosomal fusion by interfering with host defense pathways. In fact, mycobacteria can 

persist and replicate in the phagosome of infected macrophages for long periods of time. In 

addition, there is evidence demonstrating that mycobacteria can translocate from the 

phagolysosome to the cytosol in human macrophage and dendritic cells (van der Wel et al., 

2007). Thus, a sufficient innate immune response is important for recognition of mycobacteria 
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and initiating an effective defense response that will eliminate mycobacteria residing in host 

macrophages.  

 

Pattern Recognition Receptors 

Pattern recognition receptors (PRRs) are germ-line encoded receptors found on immune 

host cells that can recognize a broad spectrum of pathogen associated molecular patterns 

(PAMPs).  Mycobacteria itself has several PAMPs that are recognized by both surface 

membrane embedded PPRs as well as cytoplasmic PPRs. Toll-like receptors (TLRs), the 

nucleotide oligomerization domain (NOD)-like receptors, the C-type lectin recptors (CLRs), RIG-

like receptors (RLR), and complement are all involved in the innate recognition of mycobacteria 

(Montoya and Modlin, 2010) (Killick et al., 2013). Ligation of PPRs leads to phagocytosis, 

activation of receptor specific signaling pathways, production of cytokines and chemokines, and 

antimicrobial activity. The specific receptor engaged can determine the type of immune 

response to mycobacteria.  

TLRs are a conserved family of membrane receptors that are present on the surface of 

antigen presenting cells, including macrophages.  Mycobacterial antigens, such as lipoproteins 

and lipoglycans, are able to engage with TLRs, which leads to the activation of macrophages to 

mount an immune response against mycobacteria via the release of cytokines and induction of 

antimicrobial activity. TLR2 in association with TLR1 or TLR6, TLR4, and TLR9 have been 

shown to be ligated by mycobacterial PAMPs. One TLR of particular interest is TLR2 because it 

has been shown to be the primary mediator of cellular activation for mycobacteria and activation 

of TLR2/1 mediated killing of M. leprae (Krutzik et al., 2005) and M. tuberculosis (Liu et al., 

2006). Activation of monocytes or macrophages via TLR2/1 produces a pro-inflammatory 

cytokine response, including TNF-a, which is involved in granuloma formation (Roach et al., 

2002) and IL-12 (Brightbill et al., 1999) (Underhill et al., 1999) (Krutzik et al., 2005), which is 

critical for instructing the adaptive immune response in the Th1 direction.  
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III. Adaptive Immune Response to Mycobacteria  

The adaptive immune response is initiated by the innate immune response through 

antigen presentation of mycobacterial ligands, costimulation, and cytokine production that 

instruct T-helper cells. T cell mediated immunity plays an important role in protection against 

disease during mycobacterial infection though the induction of immune modulating cytokines as 

well as the targeted cytotoxic killing of infected cells contributes to protection. Th1 responses, 

including production of IFN-γ, are correlated with protection against mycobacterial infection 

(Orme et al., 1993) (Flynn et al., 1993) (Teles et al., 2013). For instance, IFN-g expression is 

higher in T-lep lesions, in the self-limited form, and but not in L-lep lesions, the disseminated 

form which display a predominantly Th2 type of response (Mutis et al., 1993) (Sieling et al., 

1993) (Teles et al., 2013). Similarly, in TB patients Th1 cytokines, are also correlated with 

disease protection, while Th2 cytokines such as IL-4 are associated with progressive TB 

(Fletcher, 2007) (Rook, 2007). Genetic studies showing defects in IFN-g production and/or 

related signaling pathways lead to increased susceptibility to mycobacterial diseases 

(Bogunovic et al., 2012), demonstrate the importance of this cytokine in protection. Functionally, 

IFN-g has been shown to mediate antimicrobial activity against mycobacteria in a vitamin D-

dependent manner, through the induction of autophagy, phagolysosomal fusion, and the 

induction of antimicrobial peptides (Fabri et al., 2011) (Teles et al., 2013). Furthermore, CD8+ T 

cells also play a role in protection through cytotoxic killing of mycobacteria infected cells. 

Antigen-specific CD8+ T cells are able to lyse infected macrophages and restrict mycobacterial 

growth through the release of antimicrobial granulysin (Stenger et al., 1998). In addition, 

cytotoxic T cells are able to induce apoptosis in infected macrophages (Lowin et al., 1994), 

releasing the intracellular components, which can be further processed in lysosomal 

compartments.  
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Interferon Responses  

As mentioned above, IFN-g, a type II interferon, plays an important role in mediating 

host defense against mycobacteria. IFN-g is also up regulated in T-lep, the self-limited form of 

leprosy as well as correlated with immune protection in TB. In contrast, type I interferon is up 

regulated in L-lep patients and a type I interferon inducible gene signature was found to be up 

regulated in patients with active TB (Ottenhoff et al., 2012) (Teles et al., 2013). After active TB 

patients had undergone treatment, the type I interferon signature was resolved, demonstrating 

that type I interferon is associated with disease pathogenesis (Berry et al., 2010) (Stanley et al., 

2007). In addition, it was reported that the type I interferon signature associated with active TB 

and L-lep was attributed to IFN-b expression and was further found to also include a 

downstream IL-10 signature (Teles et al., 2013).  

 

IV. Host Antimicrobial Mechanisms Against Mycobacteria  

Antimicrobial effector mechanisms can be constitutively expressed or inducible by 

activating factors from both the innate and adaptive immune systems. The antimicrobial effector 

mechanisms employed by humans against mycobacteria include phagolysosomal fusion, 

induction of antimicrobial peptides such as cathelicidin, defensins, cathepsins and ubiquitin-

derived peptides, production of reactive oxygen species, and autophagy. Mycobacteria have 

devised strategies to inhibit phagosomal-lysosomal fusion (Hart et al., 1987) (Malik et al., 2001) 

and subsequently escaping some of the effector mechanisms mentioned above. Therefore, the 

type of stimulation or receptor engaged is important for determining the antimicrobial success of 

cell autonomous immunity (MacMicking, 2014). TLR ligands and cytokines, such as IFN-γ can 

activate macrophage to induce host defense genes involved in antimicrobial effector pathways 

(MacMicking, 2012). Below are some of the antimicrobial mechanisms that define cell 

autonomous immunity against mycobacteria.  

 



	   9	  

The Vitamin D pathway  

Vitamin D is an important hormone metabolite obtained from dietary sources or UV-

mediated synthesis from sun exposure. A number of studies have linked serum vitamin D levels 

to both TB disease susceptibility and progression (Nnoaham and Clarke, 2008) (Martineau et 

al., 2011). Although vitamin D is best known for regulating calcium homeostasis in the human 

body, it has been shown to directly modulate immune responses and is essential for 

antimicrobial activity against mycobacteria. Innate immune cells, such as macrophages and 

DCs, are capable of intracellularly converting the inactive vitamin D metabolite (25D) into the 

active form (1,25D) by enzymatic action of 1-α-hydroxylase, CYP27b1 (Fritsche et al., 2003). 

The active vitamin D metabolite then binds the nuclear vitamin D receptor (VDR) and acts to 

regulate expression of target genes, including genes encoding for antimicrobial peptides. VDR 

polymorphisms have been associated with susceptibility to tuberculosis (Rook, 1988) and 

different alleles of VDR were associated with T-lep and L-lep (Roy et al., 1999), showing the 

significance of the vitamin D pathway to mycobacterial diseases.  

The vitamin D-dependent antimicrobial pathway against mycobacteria has been shown 

in monocytes and macrophages (Figure 4). TLR2/1 or IFN-g activation of monocytes or 

macrophages induced expression of CYP27B1, and in the presence of vitamin D sufficient 

conditions, CYP27b1 can convert inactive vitamin D into the active form in order to induce 

expression of antimicrobial peptide encoding genes, CAMP and DEFB4 (Liu et al., 2006) (Fabri 

et al., 2011). Human cathelicidin (cath) and beta defensin 2 (hBD2), the proteins encoded by 

CAMP and DEFB4, were shown to be sufficient to kill mycobacteria (Liu et al., 2009). In 

addition, they were shown to be required for the TLR2/1L and IFN-g induced antimicrobial 

activity against mycobacteria in macrophages (Liu et al., 2012). TLR2/1 and IFN-g converge on 

the vitamin D pathway through the induction of IL-15 (Krutzik et al., 2008) (Fabri et al., 2011), 

which itself can induce CAMP and DEFB4 in human monocytes. The importance of IL-15 in the 

induction of the vitamin D pathway was demonstrated in analysis of macrophage differentiation 
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in leprosy lesions. Vitamin D pathways genes were found to be upregulated in lesions from T-

lep patients compared to lesions from L-lep patients (Montoya et al., 2009). It was further 

demonstrated that IL-15-derived macrophages, which more closely resemble macrophages 

associated with T-lep, compared to IL-10-derived macrophages, which more closely resemble 

macrophages associated with L-lep, were able to induce CYP27B1 and CATH, and had a much 

higher rate of conversion of inactive 25D into active 1,25D form.     

The vitamin D pathway has also been shown to be down regulated by Th2 cytokines and 

type I interferon, both of which are associated with L-lep or active tuberculosis. IL-4, in 

particular, was shown to directly block the TLR2/1L induction of CATH and DEFB4 by inducing 

catabolism of 25D into an inactive metabolite form (Edfeldt et al., 2010). The IFN-g inducible 

vitamin D-dependent antimicrobial activity against M. leprae was blocked by IFN-b and IL-10, 

two cytokines secreted by monocytes during mycobacteria infection (Teles et al., 2013). 

Specifically, they were able to block induction of CATH and DEFB4 by targeting generation of 

1,25D. These mechanisms demonstrate how infection can down regulate host defense 

mechanism and contribute to disease progression.  

 

Autophagy   

 Autophagy is a cellular process that involves the elimination of cellular debris and 

intracellular compartments via a double-membrane structure called the autophagosome. The 

material contained within the autophagosome is subjected to lysosomal degradation. Although 

autophagy is a regular cellular housekeeping process, it also serves as a host defense pathway 

for eliminating several pathogens, including mycobacteria. Induction of autophagy occurs under 

conditions of cellular stress, starvation, or activation via PPRs or Fc-receptors and can be 

enhanced by Th1-cytokines such as IFN-g or TNF-a and inhibited by Th2-cytokines.  

During mycobacterial infection, autophagy has been shown to be triggered via TLR2/1 

activation (Shin et al., 2010), IFN-g (Fabri et al., 2011), CD40L (Klug-Micu et al., 2013), and 
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anti-mycobacterial antibiotics (Kim et al., 2012). There are various other pathways that can also 

induce autophagy, including pharmaceutical drugs such as rapamycin and the active vitamin D 

metabolite 1,25D (Yuk et al., 2009). In addition, antigen specific T cells were able to mediate 

autophagy killing of mycobacteria through cell-to-cell contact even after autophagy was inhibited 

by mycobacteria (Petruccioli et al., 2012). One mechanism for how autophagy is involved in the 

killing of mycobacteria involves ubiquitination labeling of the bacteria, which is subsequently 

targets the bacteria to the autophagosome (Alonso et al., 2007) (Watson et al., 2012) (Kim et 

al., 2012).  

    

Reactive Oxygen Species (ROS) 

 ROS are generated as part of the normal cellular metabolism and are involved in cell 

signaling and homeostasis. ROS is also important in a macrophage-mediated defense response 

against mycobacteria by direct mechanism (Fazal, 1997) and also by induction of autophagy 

and apoptosis. Macrophages generate ROS via the NADPH oxidase 2 (NOX2) protein family, 

which generate NOX2-derived superoxide and subsequently synthesis of microbial oxidants 

occurs in the mycobacteria containing phagosome (Butler et al., 2010). IFN-g inducible genes, 

such as the guanylate binding proteins (GBPs) were shown to be involved in the delivery of 

NOX2 subunits to mycobacteria containing compartments in infected cells (Kim et al., 2011). 

Deficiencies in superoxide production as a result of mutations in NOX2 subunits have been 

associated with chronic granulomatous disease (Tsunawaki et al., 1994), which can involve a 

reoccurring TB infection, as well as Mendelian susceptibility to mycobacterial disease 

(Bustamante et al., 2011). However, ROS when found in excess can induce cell necrosis (Roca 

and Ramakrishnan, 2013), which may potentially contribute to the release viable bacteria.  

 

Antimicrobial proteins and peptides 
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Antimicrobial proteins or peptides (AMPs) are endogenously expressed and involved in 

a variety of cellular functions including modulating the immune system during inflammation and 

infection. One key feature is that they also display rapid microbial killing against a broad 

spectrum of pathogens. AMPs are generally cationic, amphipathic, short (< 50 amino acids) 

proteins, which are features ideal for targeting negatively charged bacteria (Wang, 2014), 

however these features do not account for all potential AMPs. Currently, there were 112 human 

AMPs documented in the Antimicrobial Peptide Database (http://aps.unmc.edu/AP), at least 90 

of which are shown to inhibit bacterial growth, and very few are anti-mycobacterial (Padhi et al., 

2014).  

AMPs with activity against M. tuberculosis or M. leprae include granulysin, cathelicidin, 

and β-defensins. Granulysin, along with other effector granules, is released by cytotoxic T 

lymphocytes upon activation into infected cells and are able to directly kill mycobacteria 

(Stenger et al., 1998), which is a mechanism that is inducible by adaptive immunity. CAMP, the 

gene encoding cathelicidin, as previously mentioned, is produced as part of a vitamin D-

dependent antimicrobial pathway inducible by both innate and adaptive immune responses (Liu 

et al., 2006) (Fabri et al., 2011). Its antimicrobial activity is thought to be direct since cathelicidin 

protein alone was sufficient to reduce the number of viable bacteria (Sonawane Cellular Micro 

2011; (Liu et al., 2009). In addition, cathelicidin is also involved in mediating the vitamin D 

induction of autophagy (Yuk et al., 2009), suggesting that its antimicrobial activity can be direct 

and indirect. DEFB4, the gene encoding b-defensin 2, is also part of the vitamin D-dependent 

antimicrobial pathway (Liu et al., 2009) and has been shown to have direct antimicrobial effects 

on mycobacteria (Miyakawa et al., 1996) (Kisich et al., 2001). There are other AMPs that have 

been shown to be antimicrobial against mycobacteria, including azurocidin, a granule protein 

produced by neutrophils, which can directly disrupt the bacterial cell wall but also enhance 

phagolysosomal fusion in infected macrophages (Jena et al., 2012). The direct and indirect 
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activates of these AMPs demonstrate their ability to be multifunction during host defense 

responses. 

Although AMPs are generally considered to exhibit direct killing activity, there are other 

immune effector modules that could indirectly or directly contribute to an antimicrobial pathway 

against mycobacteria. For instance, S100A8, a member of the S100 protein family, has been 

implicated in the IL-22 inducible host defense response against mycobacteria in human 

macrophages. IL-22 mediated growth inhibition of M. tuberculosis was S100A8 dependent via 

enhanced phagosomal maturation, leading to increased mycobacterial killing (Dhiman et al., 

2014). Other members of the S100 protein family, such as S100A7, S100A7A, S100A12, and 

S100A8 as a heterodimer with S100A9, have been shown to exhibit direct antimicrobial activity 

against a wide array of pathogens (Zackular et al., 2015). S100A8/S100A9 was shown to 

stimulated growth of M. tuberculosis in liquid media (Pechkovsky et al., 2000), but inhibited 

growth of several other pathogens. However, it is possible that the effects of S100A8/S100A9 

heterocomplex may differ when expressed in infected cells. In addition, members of the 

chemokines family, although well known for their chemotactic activity, have been shown to have 

direct antimicrobial properties against Gram-positive, Gram-negative bacteria, and parasites 

(Yung and Murphy, 2012). Their structural features resemble those of other AMPs such as 

cathelicidin and defensins (Wolf and Moser, 2012), suggesting that their mechanism of action 

for killing may be similar.  

 

V. Aims & Significance   

Although a single innate or adaptive immune stimulus can be required for inducing 

antimicrobial response, it may not be sufficient for complete elimination of mycobacteria. 

Several effector mechanisms from the innate and adaptive immune responses are likely to be 

involved in a coordinated effort to prevent disease. The focus of this dissertation is to investigate 

host defense responses to mycobacteria in human macrophage to further understand the 
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pathways that lead to protection vs. resistance of infection. Because TLR activation and IFN-g 

stimulation in macrophages induce antimicrobial activity against mycobacteria, we aim to further 

define the components of these pathways. Our goals are to 1) identify functional programs in 

which the innate and adaptive immune system induce a defense response against mycobacteria 

via TLR2/1L and IFN-g stimulation, respectively 2) identify which of those innate and adaptive 

pathways converge or diverge and 3) study the functional role of potential candidate genes 

involved in the antimicrobial response. The broader impact of understanding host defense 

pathways can contribute to the development of host directed therapies or strategies to enhance 

the immune system to fight against intracellular pathogens, such as mycobacteria.  
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Figure 1. Tuberculosis infection as a spectrum. Reprint from Barry, C. E., 3rd, Boshoff, H. I., 
Dartois, V., Dick, T., Ehrt, S., Flynn, J., . . . Young, D. (2009). The spectrum of latent 
tuberculosis: rethinking the biology and intervention strategies. Nat Rev Microbiol, 7(12), 
845-855. doi:10.1038/nrmicro2236 
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Figure 2. The leprosy spectrum. Reprint from Misch, E. A., Berrington, W. R., Vary, J. C., Jr., 
& Hawn, T. R. (2010). Leprosy and the human genome. Microbiol Mol Biol Rev, 74(4), 589-
620. doi:10.1128/mmbr.00025-10 
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Figure 3. The clinical and immunological spectra of leprosy and TB. Reprint from Modlin, R. 
L., & Bloom, B. R. (2013). TB or not TB: that is no longer the question. Sci Transl Med, 
5(213), 213sr216. doi:10.1126/scitranslmed.3007402 
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Figure 4. Regulation of the vitamin D antimicrobial pathway. Reprint from Modlin, R. L., & 
Bloom, B. R. (2013). TB or not TB: that is no longer the question. Sci Transl Med, 5(213), 
213sr216. doi:10.1126/scitranslmed.3007402 
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PREFACE 

The following chapter is a reprint of the published work titled “Vitamin D is Required for IFN-

gamma-Mediated Antimicrobial Activity of Human Macrophages,” originally published in Science 

Translational Medicine in 2011. The research defines an IFN-γ inducible antimicrobial pathway 

against M. tuberculosis in human monocytes and macrophages. As a contributing author, my 

main focus was determining how vitamin D serum levels affected induction of antimicrobial 

genes, CATH and DEFB4, which is represented in Figure 5A-D. Results reported in this 

manuscript guided project aims and experimental design for work in Chapter 4.   
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PREFACE 

The following chapter is a reprint of the published work titled “IL-32 is a molecular marker of a 

host defense network in human tuberculosis,” which was originally published in Science 

Translational Medicine in 2014. This research describes the role of IL32 in the vitamin D-

dependent antimicrobial pathway against M. tuberculosis. Specific contributions made to this 

manuscript are outlined in Figure 3B, showing the IFN-γ induction of IL32 is dependent on IL15.  
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Data presented in this chapter is original unpublished work. Contributors and collaborators are 

listed below.  
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Abstract 

Activation of macrophages via TLRs as part of the innate immune response or IFN-γ, a 

product of the adaptive immune response, triggers antimicrobial activity that is crucial for 

controlling infection by many intracellular pathogens, including mycobacteria.  To understand 

how innate and adaptive immunity converge on a common macrophage defense network, 

human monocyte-derived macrophages (MDMs) were activated with TLR2/1 ligand (TLR2/1L) 

or IFN-γ.  Gene expression profiles of the activated MDMs were analyzed by weighted gene 

correlation network analysis (WGCNA), which led to the identification of three modules strongly 

correlated with TLR2/1L or IFN-γ, which were linked by the “defense response” gene ontology 

term.  The common TLR2/1L and IFN-γ inducible human macrophage host defense network 

was further delineated by identifying that 17 of the 847 genes induced by both stimuli were 

antimicrobial response genes.  The ability of both TLR2/1L and IFN-γ to induce one host 

defense gene, S100A12, was validated by mRNA and protein expression.  In contrast to the 

induction of another antimicrobial gene induced by both TLR2/1L and IFN-γ, cathelicidin, 

S100A12 was not induced by vitamin D.  At the site of disease in leprosy, we found that 

S100A12 was more strongly expressed in skin lesions from tuberculoid leprosy (T-lep), which is 

associated with self-limited infection compared to lepromatous leprosy (L-lep), which is 

associated with progressive infection.  S100A12 was sufficient to directly kill Mycobacterium 

leprae, and was required for TLR2/1L and IFN-γ induced antimicrobial activity against M. leprae 

in infected macrophages.  These data suggest that S100A12 is part of a vitamin D-independent 

innate and adaptive inducible network that contributes to host defense in infected macrophages.   



	   80	  

Introduction  
 

Intracellular pathogens reside in macrophages, exploiting available nutrients while at the 

same time inhibiting host defense mechanisms.  However, activation of these infected 

macrophages triggers antimicrobial responses that overcome microbial escape strategies.  For 

mycobacteria, macrophage activation occurs via signals that are part of both the innate and 

adaptive immune system.  For example, one mechanism by which the innate immune system 

activates macrophages is through the interaction of the Toll-like receptor 2/1 heterodimer 

(TLR2/1) with bacterial lipoproteins (Brightbill et al., 1999).  The adaptive immune response can 

also activate macrophages, for example via T cell release of IFN-γ.  A variety of effector 

mechanisms can be induced in activated macrophages to combat mycobacterial infection as 

part of cell-autonomous defense (MacMicking, 2014).  These include induction of antimicrobial 

peptides, autophagy, and production of reactive oxygen species.   

In human macrophages, innate and adaptive signals converge on a common host 

defense pathway, involving the vitamin D-dependent induction of antimicrobial peptides (Liu et 

al., 2006) (Fabri et al., 2011) (Teles et al., 2013).  However, other common and distinct 

antimicrobial pathways involved in the elimination of mycobacteria have not been systematically 

explored.  The identification of the host defense network by which the innate and adaptive 

immune systems induce antimicrobial activity in human macrophages is important for 

understanding mechanisms of resistance vs. susceptibility to intracellular bacteria. 

 Leprosy, a disease caused by the intracellular bacterium Mycobacterium leprae, 

provides an outstanding model to study innate and adaptive host defense mechanisms in 

humans because the clinical manifestations correlate with the immune response.  At one end of 

a spectrum, tuberculoid leprosy (T-lep) is characterized by restricted bacterial growth, few skin 

lesions, and low bacilli numbers.  In contrast, lepromatous leprosy (L-lep) is characterized by 

systemically disseminated infection, several skin lesions, and high bacilli numbers.  Reversal 

reactions (RRs) on the other hand represent a shift from the lepromatous towards the 



	   81	  

tuberculoid part of the spectrum and associated with reduction of bacilli numbers in skin lesions.  

Here, we hypothesized that activation of macrophages via innate and adaptive immune signals 

induce antimicrobial activity via common and distinct pathways.  Thus, we investigated the 

functional gene programs in TLR2/1L and IFN-γ activated macrophages to identify mechanisms 

of host defense response against mycobacteria in humans.   
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Results 

Transcriptome analysis of the TLR2/1L and IFN-γ  inducible gene network  

To identify gene networks inducible by both innate and adaptive stimuli, human MDMs 

from five healthy donors were stimulated with 19-kD triacylated lipopeptide derived from 

mycobacteria, a TLR2/1L or recombinant human IFN-γ.  RNA was collected at 2, 6, and 24 

hours and RNAseq was performed.  Hierarchical clustering revealed that the media, TLR2/1L 

and IFN-γ profiles each clustered separately for the 6 and 24 hour data (Figure 1A). However, 

the gene expression profiles at 2 hours were mixed. 

In order to identify genes and pathways associated with the different stimuli, we 

performed WGCNA on the gene expression profile data (Langfelder and Horvath, 2008; 

Montoya et al., 2014).  WGCNA uses correlations to group genes into modules, similar to 

traditional clustering analysis, but raises each correlation to a power, thus lending more weight 

to stronger, more reliable correlations.  WGCNA analysis identified 28 modules of co-expressed 

genes (Figure 1B, y-axis).  To determine which modules were associated with each stimulus 

and timepoint, we performed module eigengene correlation to the samples and generated a 

representative heatmap of correlation values with significance (Figure 1B).  Twelve modules 

were found to be significantly correlated with TLR2/1L, IFN-γ, or both and not with media.   

Functional annotation analysis of each TLR2/1L and IFN-γ linked module was performed, which 

led us to focus on 8 modules with gene ontology terms relevant to the immune response to 

mycobacteria.  Three modules of interest, ‘blueviolet’ and ‘lightpink4’ and ‘tan4’, significantly 

correlated to TLR2/1L (correlation= 0.70, 0.75, and 0.84; P = 7 x 10-08, 3 x 10-09, and 3 x 10-13 

respectively).  Four modules, ‘blue4’, ‘coral3’, ‘lavenderblush3’ and ‘salmon2’, were significantly 

correlated with IFN-γ stimulation (correlation= 0.66, 0.72, 0.44, and 0.71; P = 9 x 10-07, 2 x 10-08, 

and 6 x 10-08 respectively).  One module, ‘lightpink3’, was linked to both TLR2/1L and IFN-γ 

treatment of MDMs (correlation= 0.58 and 0.41; P = 2 x 10-05 and 5 x 10-04, respectively).  
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Functional annotation analysis of each TLR2/1L and IFN-γ linked modules was 

performed using Cytoscape, in combination with the ClueGO plug-in, which identified 129 genes 

connected with the “defense response” gene ontology (GO) term (Figure 1C), 13 of which were 

antimicrobial-related genes.  “Defense response” was associated with antimicrobial genes in the 

‘lightpink4’, ‘coral3’, and ‘salmon2’ modules.  Two major terms “T cell regulation” and 

“chemotaxis” were associated with both TLR2/1L and IFN-γ specific modules.  “Antigen 

presentation, MHC I”, “extracellular matrix”, “apoptosis” and “angiogenesis” were preferentially 

associated with TLR2/1L-induced modules.  “Antigen presentation, MHC II”, “B cell activation” 

and “endosome” were preferentially associated with IFN-γ stimulation.  These data indicate that 

TLR2/1L and IFN-γ induce distinct functional pathways in macrophages, but also common 

pathways, including a “defense response” network.  

The common TLR2/1 and IFN-γ  defense response network.  

To further define the common “defense response” pathway, gene expression profiles 

were analyzed using DESeq at each time point to test for differential expression between 

stimulated versus unstimulated conditions.  Differentially regulated genes were defined as 

having a fold change >2 and adjusted p-value <0.01 in at least one time point.  A total of 3,378 

TLR2/1L induced genes and 2,024 IFN-γ induced genes were identified, with 847 genes found 

to be in common (Figure 2A).  Antimicrobial related genes were identified by overlapping 

TLR2/1L and IFN-γ inducible genes with a curated list of 135 genes with known direct and 

indirect antimicrobial activity as reported in the literature.   

The genes which were common to TLR2/1L and IFN-γ treatment conditions included 17 

common antimicrobial related genes (Figure 2B), including several chemokines and cytokines 

(Yang et al., 2003) (Sobirk et al., 2013), calgranulins (Gottsch et al., 1999; Santhanagopalan et 

al., 1995), as well as guanylate binding proteins (Al-Zeer et al., 2013; Kim et al., 2011).  

Although these antimicrobial genes were inducible by both TLR2/1L and IFN-γ by at least 2-fold, 
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some genes were more strongly induced by one stimulus as compared to the other.  In addition, 

there were several antimicrobial genes that were significantly induced by TLR2/1L and not by 

IFN-γ and vice versa.  TLR2/1L induced genes part of the S100 protein family such as S100A7 

and S100A7A (Glaser et al., 2005) (Buchau et al., 2007), whereas IFN-γ induced IL32, which 

encodes a cytokine involved in the IFN-γ vitamin-D dependent antimicrobial response against 

M. tuberculosis (Montoya et al., 2014).  These data demonstrate that there are convergent and 

divergent antimicrobial pathways in TLR2/1L and IFN-γ activated human macrophages.   

To further characterize the common TLR2/1L and IFN-γ induced gene set, we performed 

gene annotation analysis with ClueGO, which identified significant GO terms associated with 

“inflammatory response”, “defense response”, “cytokine production”, “cell activation” and “cell 

chemotaxis”.  Within these GO terms, the genes that were robustly induced by either stimulus 

(FC> 25) were selected and represented in a functional annotation network (Figure 2C).  Among 

the most significantly induced genes related to “defense response’ were S100A12 and GBP1.  

Within the entire set of gene expression data, S100A12 and GBP1 were among the most 

strongly and significantly induced genes for TLR2/1L and IFN-γ, respectively (Figure 2D).   

To validate the RNAseq data, the mRNA levels of S100A12 and GBP1 were measured 

by qPCR in TLR2/1L and IFN-γ activated MDMs (Figure 3).  IL15 served as a control, since we 

have previously found it to be induced by both TLR2/1L and IFN-γ (Fabri et al., 2011; Krutzik et 

al., 2008).  Similar to the RNAseq data, S100A12 was more highly expressed by TLR2/1L 

(FC=68 at 24 hrs; P=0.001) treatment of MDMs (Figure 3A) although also induced by IFN-γ 

(FC=7 at 24 hrs; P=0.0002); whereas GBP1 was more highly induced by IFN-γ treatment 

(FC=292 at 24 hrs; P=0.0005) (Figure 3B), although also induced by TLR2/1L (FC=3.5 at 2 hrs, 

P=2.8 x 10-7).  As expected, IL-15 induction was similar for both stimuli (Figure 3C).  One 

antimicrobal gene known to be induced by TLR2/1L and IFN-γ is cathelicidin mRNA, which 

encodes the antimicrobial protein cathelicidin. We measured induction of cathelicidin mRNA by 
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qPCR (Figure S1) in stimuated MDMs subjected to RNAseq.  However, cathelicidin mRNA 

expression was not detected by RNAseq but detected by qPCR of the same mRNA samples, 

indicating a lower senstivity of the RNAseq approach for this particular gene.  Cathelicidin 

mRNA has been previously shown to be induced by treatment of macrophages with the active 

vitamin D metabolite, 1,25D3 (Liu et al., 2006) (Liu et al., 2009).  But unlike cathelicidin mRNA, 

S100A12 mRNA was not inducible by 1,25D3 treatment in MDMs (Figure S2).  In summary, 

these data indicate that S100A12 is part of a common set of antimicrobial genes induced in 

TLR2/1L and IFN-γ.activated human macrophages. 

TLR2/1L induced protein expression of S100A12 

The induction of S100A12 intracellular protein in MDMs after stimulation with TLR2/1L or 

IFN-γ was measured by flow cytometry at various time points, examining the percentage of 

positive cells compared to media control.  Because the basal expression of S100A12 in 

untreated cells varied in each donor (Figure 4A), we calculated the change in the percentage of 

positive cells at each time point.  The percentage of S100A12 positive cells was significantly 

greater in cells stimulated with TLR2/1L as compared to media control (Figure 4B), with the 

greatest percentage being 24% at 24 hours (P=0.0001).  Although the IFN-γ induction of 

S100A12 positive cells was more variable among the donors, there is a low but significant 

increase at 72 hours (P=0.045).  These data show that TLR2/1L and IFN-γ induction of 

S100A12 mRNA corresponds to protein expression in human macrophages.  

Presence of S100A12 and S100 genes in leprosy lesions 

To assess the relevance of S100A12 expression at the site of infection in leprosy, 

protein expression was examined in skin lesions from various disease conditions using an anti-

S100A12 monoclonal antibody with immunoperoxidase.  S100A12 protein was strongly 

expressed in lesions from T-lep and RR patients when compared to L-lep patients (Figure 5A).  

This suggests that the expression of S100A12 protein was greatest at the site of disease in 
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patients that are able to limit the infection.  Immunofluorescence of lesions from RR patients 

showed that S100A12 was co-expressed with CD209 macrophage marker, suggesting 

macrophages as a potential source of S100A12 production in the lesions (Figure 5B), although 

we cannot be certain that the protein was taken up by these cells as well.  S100A12 has been 

previously reported to be equally present in lesions from patients with the different clinical forms 

of leprosy (Kim et al., 2006).  However, this study involved a polyclonal antibody, which are 

typically produced using Freund’s adjuvant.  This adjuvant is composed of mycobacterial cell 

walls, such that in addition to S100A12, mycobacterial products would also be detected in those 

lesions containing bacilli.   

We further examined the mRNA expression of the complete set of S100 genes in 

microarray data obtained from skin lesions of T-lep and L-lep patients (Teles et al., 2013) and 

found seven S100 genes differentially expressed in T-lep lesions compared to L-lep lesions, five 

of which were also inducible by TLR2/1L or IFN-γ (Figure S3).  Of those, S100A7 and S100A8 

are known to be antimicrobial (Glaser et al., 2005) (Sohnle et al., 2000) and were highly 

expressed in T-lep versus L-lep (FC=28 and 11; P=0.01 and 0.006, respectively). S100A8 was 

induced by both TLR2/1L and IFN-γ, but S100A7 was only induced by TLR2/1L in our 

macrophage dataset.  S100A12 mRNA was not found to be differentially expressed in the 

leprosy lesions based on the microarray data, but protein expression was detected by 

immunoperoxidase, suggesting a limitation of the microarray data versus post-transcriptional 

regulation in T-lep versus L-lep lesions.  

S100A12 colocalizes with M. leprae bacilli in infected MDMs 

Since S100A12 was present at site of disease, we wanted to further localize S100A12 

expression in infected macrophages. MDMs were first infected with M. leprae overnight at a 

multiplicity of infection (MOI) of 5:1, followed by TLR2/1L stimulation for 24 hours. S100A12 

mRNA expression was measured by qPCR, demonstrating that S100A12 was inducible in 
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infected macrophages (Figure 6A).  Immunofluorescence with confocal imaging was used to 

determine colocalization of S100A12 and bacilli in infected MDMs, however colocalization was 

unable to be confirmed by z-slice images (Figure 6B).  Therefore, a 3D reconstruction was 

generated, revealing colocalization of S100A12 and M. leprae, in which S100A12 appears to 

surround individual bacilli (Figure 6C).  This data demonstrates the potential for direct 

antimicrobial activity against M. leprae in infected macrophages.   

S100A12 is antimicrobial against mycobacteria 

Since colocalization between S100A12 and bacilli was found in infected cells, we 

examined the ability of S100A12 to exhibited direct antimicrobial activity against M. leprae.  

Extracellular M. leprae was incubated with recombinant S100A12 protein at several 

concentrations, rifampicin served as a positive control.  Bacterial viability was measured after 3 

days in the presence of S100A12 protein versus media control as the ratio of M. leprae 16S 

rRNA to repetitive element DNA (Martinez et al., 2009) (Liu et al., 2012).  In the presence of 

S100A12, we observed an antimicrobial activity of approximately 65% (P=0.001) (Figure 7A) in 

a dose dependent manner (Figure S4), indicating that S100A12 alone is sufficient to kill M. 

leprae.  

To determine whether S100A12 is involved in the TLR2/1L and IFN-γ inducible 

antimicrobial activity against M. leprae in macrophages, S100A12 was knocked down in primary 

human macrophages with a pool of small interfering RNAs (siRNA) targeting S100A12 

(siS100A12). S100A12 mRNA expression was inhibited by 84% in TLR2/1L stimulated MDMs 

and 74% in IFN-γ stimulated MDMs as measured by qPCR in siS100A12 treated cells versus 

cells treated with non-targeting siRNA (siCtrl) (Figure 7B).  Control gene mRNA levels were 

unaffected by siRNA treatment (Figure S5).  For antimicrobial assays, S100A12 was knocked 

down in MDMs by siRNA, then pretreated with TLR2/1L or IFN-γ, followed by overnight infection 

with M. leprae at an MOI of 5:1.  After infection, MDMs were stimulated with TLR2/1L or IFN-γ 
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and antimicrobial activity was measured after 3 days of treatment (Figure 7C).  TLR2/1L 

inducible antimicrobial activity was reduced by 43% (P=0.027) and IFN-γ inducible antimicrobial 

activity was reduced by 82% (P=0.003) in siS100A12 treated cells compared to siCtrl.  These 

data suggest that S100A12 is required for optimal TLR2/1L and IFN-γ inducible antimicrobial 

activity against M. leprae in macrophages.   
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Discussion 

 The innate and adaptive immune systems each contribute to host defense by activating 

macrophages to kill intracellular pathogens.  Identification of these antimicrobial mechanisms is 

essential for understanding resistance vs. susceptibility in human infectious disease.  By 

defining TLR2/1L (innate) and IFN-γ (adaptive) inducible gene networks in human 

macrophages, we identified a common set of genes with known antimicrobial function.  The 

mRNA and protein encoded by one such gene, S100A12, was induced in macrophages by both 

TLR2/1L and IFN-γ.  S100A12 protein was more highly expressed in skin lesions from leprosy 

patients with the self-limited T-lep vs. the progressive L-lep forms, indicating that induction of 

S100A12 at the site of infection correlates with the ability to contain the pathogen.  Finally, 

S100A12 was sufficient to kill M. leprae and was required for TLR2/1L and IFN-γ induced 

antimicrobial activity in M. leprae infected macrophages.  Together, these data demonstrate that 

the innate and adaptive immune response induce S100A12 in macrophages as a common 

antimicrobial mechanism to combat mycobacterial infection.   

Previously, S100A12 has been reported to have direct antifilarial activity against the 

nematode Brugia malayi (Gottsch et al., 1999), and indirect antibacterial activity against the 

Gram negative bacterium Helicobacter pylori (Haley et al., 2015).  Our data demonstrate that 

S100A12 was sufficient to directly kill M. leprae and was required for antimicrobial activity 

against M. leprae in infected macrophages.  These data indicate antibacterial activity against a 

Gram positive bacterium, but also show a role for killing of intracellular pathogens.  We believe 

our in vitro studies implicating S100A12 as an anti-mycobacterial protein to be biologically 

relevant since S100A12 protein was more highly expressed in T-lep and RR vs. L-lep lesions, 

therefore correlating with the ability of the host to contain the infection.   

Similar to other antimicrobial proteins, S100A12 has also been shown to module host 

immune responses.  Through the activation of RAGE and TLR4, S100A12 can activate MAP 



	   90	  

kinase and NF-kB pathways (Foell et al., 2013; Hofmann et al., 1999). As a result, S100A12 can 

induce cytokine secretion and increase expression of adhesion molecules in activated cells 

(Rouleau et al., 2003). Other immunomodulatory activities of S100A12 also include the 

induction of cell migration and chemotaxis of monocytes (Yang et al., 2001).  This literature is 

consistent with the location of S100A12 in the ‘lightpink4’ WGCNA module containing S100A9 

and various MMPs, which were linked to the gene ontology term “extracellular matrix”.  In 

bioinformatics analysis, S100A12 was linked to gene ontology terms “chemotaxis” and 

“inflammatory response”, in addition to “defense response” and “killing of cells of other 

organisms”.  Therefore, the role of S100A12 in inflammation in mycobacterial infection requires 

further investigation.  

S100A12 is a member of the S100 calgranulins, a subgroup of myeloid-related proteins, 

which also includes S100A8 and S100A9.  Calgranulins are proteins involved in intracellular and 

extracellular activities during inflammation and infection, serving as antimicrobial proteins as 

well as damage-associated molecular pattern molecules (Foell et al., 2007).  Additional S100 

protein genes were also induced by TLR2/1L and IFN-γ, including S100A8 and S100A9, which 

form an antimicrobial heterodimer complex (Hunter and Chazin, 1998) (Urban et al., 2009) 

(Gaddy et al., 2014).  We found S100A8 mRNA to be more highly expressed in T-lep versus L-

lep lesions based on microarray data from leprosy skin lesions (Teles et al., 2013), but not 

S100A9 or S10012.  However, we cannot exclude that S100A9 may be constitutively 

expressed, considering S100A12 message is not differently expressed in T-lep versus L-lep 

lesions, but the protein was present at site of disease.  Expression of S100A8 and S100A9 was 

previously reported to be low in T-lep skin lesions and higher in borderline lepromatous and 

multibacillary lesions (Sunderkotter et al., 2004).  However, the study used polyclonal sera to 

detect the S100A8/S100A9.  S100A8/S100A9 also has been reported to inhibit the growth of 

several pathogens, but stimulate the growth of M. tuberculosis in liquid media (Pechkovsky et 

al., 2000).  It is possible that the effects of S100A8/S100A9 heterocomplex may differ in in 
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infected cells.  For instance, epithelial cells expressing S100A8/S100A9 were less frequently 

infected by intracellular pathogens, Listeria monocytogenes and Salmonella enterica serovar 

Typhimurium (Champaiboon et al., 2009; Nisapakultorn et al., 2001).  The induction of various 

calgranulin genes may result in a synergistic antimicrobial activity.   

In addition to the calgranulins, we identified 14 additional antimicrobial genes that were 

induced by both stimuli, including chemokines CXCL1, CXCL2, and CXCL3, anti-parasitic gene 

APOL1 (Perez-Morga et al., 2005; Taylor et al., 2014), and guanylate binding proteins (GBPs).  

Of these, GBPs were shown to contribute to IFN-γ inducible anti-mycobacterial host defense 

(Kim et al., 2011).  Our data also indicated a divergent set of antimicrobial genes that were 

significantly induced by either TLR2/1L or IFN-γ but not both.  Only IFN-γ induced DEFB1, 

CXCL10, and IL32.  IL32 was recently shown to be part of the IFN-γ inducible vitamin D-

dependent antimicrobial pathway, leading to the induction of CAMP and DEFB4 and the killing 

of M. tuberculosis (Montoya et al., 2014).  However, IL32 is not known to be induced by 

TLR2/1L, therefore represents an IFN-γ mediated antimicrobial pathway.  On the other hand, 

TLR2/1L induced additional antimicrobial S100 genes, such as S100A7 and S100A7A, 

suggesting they could be involved in a TLR2/1L divergent host defense against mycobacteria.  

S100A7 and S100A7A are constitutively expressed in the skin and can be present at high levels 

during disease or inflammation, for instance psoriasis (Madsen et al., 1991) (Wolf et al., 2003).  

Together, these genes complement the multiple effector mechanisms contributing to 

antimicrobial activity in infected macrophages. However, the role of these proteins encoded by 

S100 genes as well as other antimicrobial genes identified here remains to be determined in 

host defense responses against mycobacteria.  Nevetheless, these data indicate that the innate 

and adaptive immune systems converge on a matrix of antimicrobial proteins as part of a 

common “host defense” pathway.   
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TLR2/1L and IFN-γ have been previously shown to converge on a common antimicrobial 

pathway with the vitamin D-dependent induction of the antimicrobial genes CAMP and DEFB4.  

Cathelicidin and β-defensin 2, the peptides encoded by CAMP and DEFB4, were both sufficient 

to kill mycobacteria and individually, were required for TLR2/1 mediated-antimicrobial activity 

(Liu et al., 2009) (Liu et al., 2012).  Since CAMP was also inducible by 1,25D3, we determined 

that 1,25D3 was not sufficient to induce S100A12 mRNA in MDMs. Combined with the fact that 

S100A12 does not have a positive vitamin D receptor element in its promoter (data not shown), 

suggests that vitamin D is not required for the induction of S100A12. Therefore, both vitamin D 

dependent and independent antimicrobial pathways contribute to host defense against 

mycobacteria in humans.   

In summary, our data demonstrate the role of S100A12 in the antimicrobial activity 

against mycobacteria and the existence of a convergent and divergent host defense gene 

network. The induction of TLR2/1L and IFN-γ common antimicrobial network, which includes 

S100A12, provides evidence for the existence of multiple antimicrobial effector mechanisms in 

activated macrophages to eliminate pathogens.  In addition to defense response, TLR2/1 and 

IFN-γ trigger a network of other immunomodulatory functions such as T cell activation and 

antigen presentation.  Understanding the antimicrobial effector mechanisms is important for 

developing host directed therapies or modulating the host immune response in order to enhance 

the immune system to effectively combat intracellular pathogens such as mycobacteria. 

 

  



	   93	  

Methods 

Antibodies and Cytokines  

Human recombinant S100A12 protein (R&D systems) was used for antimicrobial assays 

in axenic cultures.  Human recombinant M-CSF (R&D systems) was used to differentiate 

monocytes into monocyte-derived macrophages (MDMs).  TLR2/1 ligand (TLR2/1L) used for 

stimulating MDMs was a synthetic 19kDa lipoprotein derived from mycobacteria (EMC 

Microcollections).  Recombinant human IFN-γ (BD Biosciences) was also used for stimulating 

MDMs.  Antibody used for S100A12 protein detection was mouse monoclonal human anti-

S100A12 clone 1D1 (Novus Biologicals) and matched isotype IgG1 was used as a control.  Anti-

CD209 clone DCN46 and matched isotype IgG2b was used for immunofluorescence staining.  

Isotype-specific, fluorochrome (A488 or A568)-labeled goat anti-mouse immunoglobulin 

antibodies (Molecular Probes) were used as secondary antibodies for immunofluorescence.  

Macrophage cultures 

Human peripheral blood was obtained from healthy donors with informed consent (UCLA 

Institutional Review Board #11-001274).  Peripheral blood mononuclear cells (PBMCs) were 

isolated from peripheral blood using Ficoll-hypaque (GE Healthcare) density gradient.  MDMs 

were generated as previously described (Fabri et al., 2011; Montoya et al., 2014).  In brief, 

CD14 positive cells were subsequently isolated from PBMC using CD14 MicroBeads (Miltenyi 

Biotec) for positive selection according to manufacturer’s suggested protocol.  Purity was 

confirmed by flow cytometry, showing >90% yield for CD14 positive cells.  For monocyte 

differentiation, CD14 positive cells were cultured with M-CSF (50ng/ml) in RPMI 1640 

supplemented with 10% FCS (Omega Scientific) for 4-5 days.   

RNA sequencing 

MDMs generated from five healthy donors were stimulated with TLR2/1L (1ug/ml) or 

IFN-γ (1.5ng/ml) in RPMI supplemented with 10% vitamin D sufficient pooled non-heat 
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inactivated human serum.  Total RNA was harvested using RLT buffer (1% β-mecaptoethanol 

supplemented) from RNAeasy Micro kit (Qiagen) at 2, 6, and 24 hours.  Media control samples 

were also harvested at each time point.  RNA extraction was performed according to 

manufacturer’s instructions, which included the on-column DNAse treatment step.  Extracted 

RNA was quantified with Quant-iT RiboGreen RNA Assay Kit (Invitrogen) and RNA quality was 

assessed using the Agilent 2200 Tapestation.  Total RNA was subjected to poly-A-selection to 

purify messenger RNA, then fragmented and converted into double stranded cDNA.  Library 

construction was then done using TruSeq Sample Preparation Kit (Illumina) according to 

manufacturer’s instructions.  This included the ligation of sequencing adapters containing 7 

nucleotide indexes for multiplexing.  Libraries were quantified using PicoGreen(Invitrogen) and 

quality was assessed using the Agilent 2200 Tapestation.  Library samples were pooled (4 per 

lane) at equimolar quantities (10uM each library) and sequenced on a HiSeq 2000 sequencer 

(Illumina) with 100bp single-end protocol.     

Bioinformatics analysis 

Sequenced reads were demultiplexed and aligned to human reference genome hg19 

(UCSC) using TopHat (version 2.0.6) and Bowtie2 (version 2.0.2).  HTseq package was then 

used to assign uniquely mapped reads to exons and genes using gene annotation file for build 

hg19 from Ensembl in order to generate raw count data.  Once raw count data was generated, 

data normalization and differential expression analysis using a negative binomial model was 

performed in R statistical programming environment using the DESeq (version 1.5) 

Bioconductor package.  P-value was adjusted for multiple testing using Benjamini-Hochberg 

correction.  A cutoff of less than 0.01 for P-value and a fold change greater than 2 compared to 

media control was used to identify significant differentially expressed genes.  Hierarchical 

clustering was performed using ‘hclust’ command in R.  

Weight Gene Network Correlation Analysis (WGCNA) 
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WGCNA was performed using the “WGCNA” R package as previously described 

(Langfelder and Horvath, 2008).  Ensembl IDs were filtered first by excluding genes with 0 count 

across all samples, then by calculating the overall sum of counts across all samples and 

removing genes in the lowest 40% quantile range.  The function “blockwiseModules()” was used 

to construct signed hybrid, weighted correlation networks with a soft thresholding power of 10.  

Module correlation was generated by coding traits (Media, TLR2/1L, and IFN-γ) as a binary 

matrix of zeros and ones: each sample had a value of ‘1’ for its corresponding subtype and ‘0’ 

for all other subtypes. WGCNA built-in ‘Heatmap’ function were used to display correlation and 

significance (p-value) of traits versus modules.  

Functional gene annotation analysis 

A curated of genes with direct and indirect antimicrobial related function, not including 

ones with specific antiviral function, was generated from the Antimicrobial Peptide Database 

(Wang and Wang, 2004), Ingenuity Knowledge Base (Qiagen), Database 

for Annotation, Visualization and Integrated Discovery (DAVID) database, and literature review.  

Gene ontology (GO) enrichment analysis was done using Cytoscape (version 3.2.0) 

software with ClueGO (version 2.1.5) plugin (Bindea et al., 2009).  GO term database file 

(received March 20th, 2014) was used and the significance of each term was calculated with 

right-sided hypergeometric test with Benjamini-Hochberg correction of P-values.  Significantly 

overrepresented terms were defined as having a P-value less than 0.05, a minimum of 4 genes 

per term, and at least 6% of the genes from the dataset associated with the term.  Functionally 

similar GO terms were grouped into simplified representative terms.  A functional annotation 

network to represent the genes associated with simplified terms was generated with interactive 

visualization platform Gephi (version 0.8.2 beta). 

Real-time Quantitative PCR 
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MDMs were stimulated with TLR2/1L, IFN-γ, 1,25D3 (BioMol), or media control.  Total 

RNA was isolated using Trizol reagent (Invitrogen) and cDNA was prepared as previously 

described (Liu et al., 2006).  RT-PCR was performed using KAPA SYBR FAST qPCR Kit (Kapa 

Biosystems) and normalized to h36b4 and relative arbitrary units were calculated using ΔΔCT 

analysis (Liu et al., 2006).  Primer sequences for human S100A12 are: S100A12 Forward, 

CGGAAGGGGCATTTTGACACC, S100A12 Reverse, CCTTCAGCGCAATGGCTACC.  GBP1 

Forward, CGACAGGGTCCAGTTGCTGAA, GBP1 Reverse, 

TTCGTCGTCTCATTTTCGTCTGG.  Primer sequences for h36b4, CAMP, S100A8 and IL15 

were previously reported (Liu et al., 2006) (Dhiman et al., 2013) (Krutzik et al., 2005).   

Flow cytometry 

MDMs were stimulated with TLR2/1L or IFN-γ for 24, 48, and 72hrs.  Adherent cells were 

detached using a cell scraper and treated with Cyto Fix/Cyto Perm Solution (BD Biosciences) 

for fixation and permeabilization.  A two-step intracellular flow procedure was performed using 

anti-S100A12 or isotype control for primary antibody incubation, followed by secondary goat 

anti-mouse AlexaFlour488 antibody.   

Primary macrophage siRNA transfection 

MDMs were transfected with SMARTpool Accell siRNA targeting S100A12 (E-012139-

00-0005) and control non-targeting pool (D-001910-10-05) (GE Dharmacon).  Lipofectamine-

siRNA complexes were formed by mixing 1ul of Lipofectamine RNAiMax Transfection Reagent 

(Invitrogen) and 20pmol of siRNA construct according to manufacturer's instructions.  MDMs 

were seeded in a 24-well plate at 5 x 104 cells, and each was transfected with Lipofectamine 

RNAiMAX-complexes for 6 hours at 37°C and 5% CO2 in RPMI with 10% FCS.   Cells were 

then washed and placed in fresh differentiation culture media (RPMI, 10% FCS with M-CSF) for 

24 hours to recover.  Transfected MDMs were then stimulated with TLR2/1L or IFN-γ for 24 
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hours or infected with bacteria as indicated.  For antimicrobial assays, a second round of siRNA 

was also given after infection with bacteria.   

Leprosy biopsy specimens, immunoperoxidase labeling, and immunofluorescence  

Skin biopsy specimens were collected from untreated patients at the Hansen’s Disease 

Clinic at Los Angeles Country and University of Southern California Medical Center as well as 

the Leprosy Clinic at the Oswaldo Cruz Foundation in Brazil.  The diagnosis and classification of 

patients was determined based on clinical and histopathological criteria of Ridley and Jopling.  

Cryosections of skin lesions from T-lep, L-lep, and RR patients were stained for S100A12.   

Sections were incubated with normal horse serum followed by incubation with anti-S100A12 

antibody or matched isotype control.  Following primary antibody incubation, sections were 

incubated with biotinylated horse anti-mouse IgG and visualized by ABC Elite system (Vector 

Laboratories).  The section was then counterstained with hematoxylin and mounted with crystal 

mounting medium (Biomeda).  Two-color immunofluorescence was performed on cryostat tissue 

section by incubating with anti-S100A12 antibody (Clone: 1D; IgG1) and anti-CD209 (Clone: 

DCN46; IgG2b) followed by secondary isotype-specific, flourochrome (A488 and A568)-labeled 

goat anti-mouse antibodies. Immunofluorescence of skin sections were visualized using Leica 

SP2 1P-FCS confocal microscope at the Advanced Microscopy/Spectroscopy Laboratory 

Macro-Scale Imaging Laboratory, California Nanosystems Institute, UCLA.  

Live M. leprae and macrophage infections 

M. leprae was provided by Dr. James L. Krahenbuhl of the National Hansen's Disease 

Programs, Health Resources Service Administration, Baton Rouge, LA.  The bacteria was 

grown in the footpad of nu/nu mice and treated with NaOH, as described previously (Liu et al., 

2012).  A portion of the bacteria harvest was treated with PKH26, a fluorescent dye, for confocal 

microscopy imaging in infected cells.  

Confocal microscopy and 3D modeling 
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Infected MDMs and uninfected MDMs cultures were treated with Cyto Fix/Cyto Perm 

Solution (BD Biosciences) for fixation and permeabilization according to manufacturer’s 

recommended protocol.  For intracellular staining of S100A12 in infected cells, fixed cells were 

incubated with anti-S100A12, followed by secondary goat anti-mouse IgG(H+L) AlexaFlour488 

antibody and mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen).  Confocal 

microscopy was performed using a Leica-TCS-SP5 inverted single confocal laser-scanning 

microscope (Leica).  Images were obtained along z-axis with 0.3µM steps using a 63x oil 

immersion objective.  3-dimensional (3D) reconstruction was performed using IMARIS 

visualization software (Bitplane) using raw images obtain from confocal imaging.   

Antimicrobial Assays 

For direct cell-free antimicrobial killing experiments, bacteria was cultured in the 

presence and absence of human S100A12 protein diluted in sodium phosphate (pH 7.4) and in 

7H9 Middlebrook media for 3 days at 33°C 7% CO2.  Rifampicin (Sigma) was used a positive 

control for killing and IFN-γ protein was used as a negative control.  For other antimicrobial 

experiments, MDMs were pre-stimulated with TLR2/1L, IFN-γ, or media 6 hours prior to infection 

with M. leprae.  Infection was done overnight (MOI 5:1) in RPMI with 10% FCS.  After overnight 

infection, cells were post-stimulated with TLR2/1L, IFN-γ, or media for 3 days.  RNA and DNA 

was isolated using Trizol reagent by using the phenol-chloroform and back-extraction method, 

respectively (manufacturer’s suggested protocol).  Isolated RNA was DNAse (Qiagen) treated 

and cDNA was subsequently synthesized using the iScript cDNA Synthesis Kit (Bio-Rad).   

Bacterial viability was determined by real-time PCR based method as previously 

described (Liu et al., 2012; Martinez et al., 2009).  Briefly, the levels of bacterial 16S rRNA and 

genomic DNA (RLEP, M. leprae specific repetitive element) were determined by qPCR.  The 

16S RNA and RLEP values were determined by using the ΔΔCT analysis, with the DNA value 
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serving as a housekeeping gene.  Primers for M. leprae 16S and RLEP were previously 

reported (Liu et al., 2012; Martinez et al., 2009).   

Statistical analysis  

Results from individual donors are represented as mean + SEM.  Data measured was 

analyzed using Student’s t test, with statistical significance at P <0.05.    
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Figure legends 

 

Figure 1. Network analysis of RNAseq reveals defense response genes in TLR2/1 and 

IFN-γ  specific modules.  (A) Hierarchical clustering of log-transformed normalized counts of 45 

samples obtained from RNAseq.  (B) Correlation of WGCNA module eigengenes versus 

stimulus displayed in a heat map heatmap. The p-values (bottom) for each r correlation values 

(top) are indicated or each modules and each condition.  (C) Functional annotation network of 

significant gene ontology terms (red) from ClueGO analysis associated with representative 

genes (blue) found in WGCNA modules indicated.  

 

Figure 2.  Analysis of TLR2/1L and IFN-γ  inducible genes identifies common pathways.  

(A) TLR2/1L and IFN-γ inducible genes defined as fold-change (FC) greater than 2 and P-value 

less than 0.01. Overlap indicates number of genes shared by both stimuli. (B) TLR2/1L versus 

IFN-γ log2(FC) of max value for antimicrobial response genes.  Genes highlighted in light gray 

represent TLR2/1L only inducible genes, genes in dark gray represent IFN-γ only inducible 

genes, and genes in blue represent shared TLR2/1L and IFN-γ inducible genes.  (C) Functional 

annotation network of robust TLR2/1L and IFN-γ inducible genes (FC>25 and P-value<0.01).  

Simplified GO terms are in red, genes are in blue.  Size of gene node represents P-value 

associated with max FC; largest node has smallest P-value in dataset.  (D) Distribution of max 

or min log2(FC) values versus associated –log10(P-value) of all genes in dataset.  Genes of 

interest are indicated in blue.   

 

Figure 3.  RNAseq gene expression is validated by qPCR.  MDMs were stimulated with 

TLR2/1L (black bars) or IFN-γ (gray bars) for 2, 6, and 24 hours and (A) S100A12, (B) GBP1, 

and (C) IL15 expression is assessed by RNAseq (right) and quantitative PCR (qPCR) (left).  



	   114	  

RNAseq results are represented as FC determined by normalized counts in stimulated MDMs 

versus counts in media control for each time point.  Quantitative PCR (qPCR) results were 

determined by calculating relative arbitrary units using ΔΔCT analysis and normalizing to 

housekeeping gene. Data are represented as mean FC + SEM, n=5. 

 

Figure 4.  TLR2/1L and IFN-γ  inducible S100A12 protein expression.  Intracellular S100A12 

protein expression following stimulation of MDMs with TLR2/1L or IFN-γ for 24, 48, and 72 

hours.  (A) Representative histogram from flow cytometry showing percent of S100A12 positive 

cell population (white) with respect to isotype control (gray) in media, TLR2/1L and IFN-γ treated 

MDMs.  Change in percent S100A12 positive cells in (B) TLR2/1L (n=9) and (C) IFN-γ (n=5) 

stimulated conditions compared to media control at each time point.  Data are represented as 

mean + SEM, *P<0.05, **P<0.01. 

 

Figure 5.  Expression of S100A12 in skin lesions from leprosy patients.  (A) S100A12 

labeling of leprosy skin biopsy specimens by immunoperoxidase.  Representative of n=3.  

Original magnification: x20. (B) Co-expression of S100A12 (red) and CD209 (green) in skin 

lesion from RR patient. Nucleus was stained with DAPI (blue).  Arrow indicate areas of co-

expression of S100A12 and CD209; scale bar = 10µm 

 

Figure 6. S100A12 expression in M. leprae infected MDMs.  S100A12 was measured by 

qPCR (A) or detected by immunofluorescence and imaged by confocal microscopy and 

represented as a z-slice (B) in MDMs infected with PKH26 labeled M. leprae (red) overnight at 

an MOI of 1:5 then stimulated with TLR2/1L for 24 hours. Anti-S100A12 monoclonal antibody 

was used followed by Alexa-488 secondary (green). DAPI stain was used for nucleus (blue). (C) 
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Imaris-based 3D reconstruction modeling of infected MDMs.  Original magnification: x63. Data 

from qPCR is represented as mean + SEM, (n=9). 

 

Figure 7.  Antimicrobial activity of S100A12 against M. leprae. (A) S100A12 protein (0.1uM) 

was incubated with M. leprae for 3 days.  Rifampicin was used as a positive control and IFN-γ 

protein was used as a negative control and antimicrobial activity was determined by measuring 

M. leprae viability, which was calculated with the ratio of 16S RNA and DNA M. leprae specific 

repetitive element as detected by qPCR. (B) MDMs were transfected with siRNA targeting 

S100A12 (siS100A12) or non-targeting siRNA (siCtrl).  qPCR results displaying arbitrary 

unit(AU) of S100A12 mRNA 24 hours after stimulation with TLR2/1L (n=9) or IFN-γ (n=5).  (C) 

TLR2/1L (n=9) and IFN-γ (n=8) inducible antimicrobial activity with S100A12 knocked down.  

Antimicrobial activity was determined by measuring M. leprae viability, which was calculated 

with the ratio of 16S RNA and DNA M. leprae specific repetitive element as detected by qPCR.  

Data are represented as mean + SEM (n= 6), *P<0.05, **P<0.01, ***P<0.001.   
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Supplementary Figure Legends 

Table S1. ClueGO analysis of WGCNA modules.  

 

Table S2. ClueGO analysis of 847 common TLR2/L and IFN-g common genes.  

 

Figure S1. TLR2/1L and IFN-γ  CAMP induction in MDMs. MDMs were stimulated with 

TLR2/1L or IFN-γ. CAMP mRNA was measured by qPCR. Max FC from each donor at 2,6, or 

24 hours represented as mean + SEM, (n=5).  

 

Figure S2. 1,25D3 alone does not induce S100A12. MDMs treated with 1,25D3 in 10% FCS 

for 24 hours induced CAMP mRNA, but not S100A12 mRNA as measured by qPCR (mean FC 

+ SEM, n=4).  

 

Figure S3. Expression of S100 family genes in T-lep vs L-lep microarray data and 

TLR2/1L, IFN-γ  RNAseq data.  Gene expression in leprosy lesions determined from microarray 

data.  FC was calculated by average intensity of gene in T-lep over average intensity of gene in 

L-lep skin lesions (T-lep, n=10, L-lep, n=6).  RNAseq FC values were determined by DESEQ 

counts over media control (n=5).   

 

Figure S4. TLR2/1L and IFN-γ  induced expression of S100A8 is unchanged by siS100A12 

knockdown.  MDMs were transfected with siRNA specific for S100A12 (siS100A12) or non-

specific (siCtrl) and subsequently treated with TLR2/1L (n=9) or IFN-γ (n=5) for 24 hours.  

S100A8 mRNA was assessed by qPCR (mean FC + SEM). 

 



	   117	  

Figure S5.  S100A12 direct antimicrobial killing of M. leprae is dose dependent.  S100A12 

protein at indicated concentration was incubated with M. leprae for 3 days.  Rifampicin was 

used as a positive control (20mg/ml) and IFN-γ protein was used as a negative control.  

Antimicrobial activity was determined by measuring M. leprae viability, which was calculated 

with the ratio of 16S RNA and DNA M. leprae specific repetitive element as detected by qPCR 

(mean relative antimicrobial activity + SEM, n=3). 
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Summary 
 

The main objectives were to identify host defense pathways mediated by the innate or 

adaptive immune responses against mycobacteria, through TLR2/1 activation or IFN-γ 

stimulation of human macrophages. Data presented here demonstrate two vitamin D-dependent 

mechanisms of IFN-γ mediated antimicrobial killing and one possible vitamin D-independent 

mechanism of TLR2/1L and IFN-γ mediated killing. The first finding established that IFN-γ 

induction of antimicrobial genes, CATH and DEFB4, and killing of mycobacteria was dependent 

on serum vitamin D levels. The second, showed an IL-32 was also able to induce vitamin D-

dependent antimicrobial activity against mycobacteria, which would be mediated by IFN-γ 

induction of IL32. The vitamin D-dependent antimicrobial pathway was also previously shown to 

be inducible by TLR2/1L activation, providing more evidence for a common innate and adaptive 

mediated host defense pathway against mycobacteria. The third mechanism, showed TLR2/1 

and IFN-γ inducible antimicrobial activity against mycobacteria can also be mediated by 

S100A12, which alone was also sufficient to kill mycobacteria.  

 IFN-γ has been correlated with immune protection against mycobacterial infections; 

however the mechanism for IFN-γ mediated immune protection had not been well defined. Fabri 

et al outlines one mechanism in which IFN-γ induces antimicrobial activity against mycobacteria 

in monocytes and macrophages with the induction of antimicrobial encoding genes, CAMP and 

DEFB4, as well as the induction of autophagy via a vitamin D-dependent pathway. IFN-γ 

induced CYP27B1 and VDR, components of the vitamin D pathway. The functional significance 

of inducing these genes was further demonstrated by showing the ability of IFN-γ to induce 

conversion of inactive vitamin D metabolite 25D3 to the active 1,25D3 form, which can directly 

activate the VDR to induce CAMP and DEFB4. In addition, IFN-γ induction of autophagy was 

dependent on VDR activation. IFN-γ was able to induce killing of mycobacteria in macrophages 

under vitamin D sufficient conditions, but not under vitamin D deficient conditions, 
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demonstrating the importance of vitamin D levels for the induction of this pathway. Similarly, 

IFN-γ was able to induce CAMP and DEFB4 in serum pooled from individuals with vitamin D 

sufficient levels, but not from individuals with deficient levels. The induction of CYP27B1, CATH, 

and DEFB4 was dependent on IL15, which was previously shown to be required for TLR2/1L 

induction of these same genes (Krutzik et al., 2008). Even though the TLR2/1L and IFN-γ 

induction of IL-15 is mediated by separate signaling mechanisms, MyD88 and STAT1 

respectively, they still converge with the induction of the vitamin D antimicrobial pathway.  

 The vitamin D-dependent antimicrobial pathway was further defined in Montoya et al, 

showing IL-32, an IFN-γ inducible gene, was sufficient for antimicrobial activity in M. 

tuberculosis infected macrophages. IL-32 had been previously reported to be a host “protective 

cytokine,” since it was involved in controlling growth of mycobacteria (Bai et al., 2010). Network 

correlation analysis of transcript data obtained from IL-15 stimulated monocytes revealed a 

module (i.e. cluster) of highly interconnected genes with significant co-expression, including 

IL32 and vitamin D pathway genes. IFN-γ induction of IL32 was dependent on IL15 and IL-32 

was sufficient to induce antimicrobial genes CATH and DEFB4, in addition to CYP27B1 and 

VDR. IL-32 also induced conversion of inactive vitamin D metabolite 25D to the active 1,25D3 

form. Antimicrobial activity induced by IL-32 occurred in vitamin D sufficient conditions and not 

in vitamin D insufficient conditions. The antimicrobial activity was restored in vitamin D 

insufficient condition supplemented with 25D3; demonstrating IL-32 antimicrobial activity was 

dependent on vitamin D levels. IL32 expression was correlated as a marker of “protection” by 

showing differential expression of IL32 mRNA in latent TB vs. active TB.  

 The vitamin D antimicrobial pathway describes one mechanism of host defense against 

mycobacteria that is mediated by both innate and adaptive immune stimuli, including TLR2/1L 

and IFN-γ, respectively. However, there are other undefined genes and mechanisms involved in 

antimicrobial activity in human macrophages. Thus, we analyzed the TLR2/1L and IFN-γ 



	   124	  

inducible gene programs in human macrophages. We identified 12 modules of interconnected 

genes, using correlation network analysis, significantly associated with TLR2/1L stimulation, 

IFN-γ stimulation, or both, and not with media control. Gene annotation analysis was performed 

on each module. TLR2/1L specific modules contained genes associated with “antigen 

presentation, MHC I,” “apoptosis,” “extracellular matrix,” and “angiogenesis.” IFN-γ specific 

modules, on the other hand, contained genes associated with “antigen presentation, MHC II”, “B 

cell activation,” and “endosome.” Common terms that were identified in TLR2/1L and I IFN-γ 

associated modules included “T cell activation,” “chemotaxis,” and “defense response.” The 

network analysis help distinguish functional groups of highly interconnected genes, in addition to 

providing an opportunity to further investigate candidate genes not previously known to be 

linked to a specific pathway. The genes within the modules were exclusive; therefore the 

common terms identified were based on distinct gene pathways for each stimulus. However, the 

fact that “defense response” was a common term, led us to further look at the TLR2/1L and IFN-

γ common inducible gene network. Since, genes within each module could potentially be 

induced by both stimuli, we defined inducible genes based on a defined expression value and 

significance cut off, which allowed the TLR2/1 and IFN-γ common gene network to be more 

inclusive. We further identified antimicrobial related genes within our dataset using a curated list 

based on the Antimicrobial Peptide Database (Wang, 2014) and relevant literature review. We 

found that genes from the S100 family, chemokines, guanylate binding proteins (GBPs), and 

anti-parasitic gene APOL1 were induced by both TLR2/1L and IFN-γ. These represent a group 

of candidate genes that require further investigation to determine their role in antimicrobial 

response against mycobacteria.  

 In our functional studies, we found S100A12, a TLR2/1L and IFN-γ inducible gene, to be 

antimicrobial against mycobacteria. S100A12 is part of the S100 protein family, which is defined 

by two calcium-binding EF-hand motifs. Induction and expression of S100 proteins is cell-
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specific as they participate in a diverse set of cellular functions that include calcium 

homeostasis, regulation of cell proliferation, differentiation and inflammation. A subset of these 

proteins have been reported to be involved in intracellular and extracellular activities during 

inflammation and infection, serving as DAMPs and antimicrobial proteins. In our studies we 

show that TLR2/1L induces S100A7, S100A7A, S100A8, S100A9, and S100A12, which are all 

of the S100 genes that have been reported to have antimicrobial activity (Zackular et al., 2015). 

IFN-γ, on the other hand, induces only S100A8, S100A9, and S100A12 out of the antimicrobial 

S100 genes. Here, by knocking down S100A12, we show that S100A12 is required for the 

TLR2/1L and IFN-γ inducible antimicrobial activity against M. leprae in human macrophages. In 

addition, we show that S100A12 is sufficient for killing of M. leprae in cell-free culture conditions. 

In contrast to CATH, another TLR2/1L and IFN-γ common inducible gene, S100A12 does not 

appear to be induced by direct activation of the vitamin D receptor, suggesting this may be a 

vitamin D-independent antimicrobial pathway. However, further validation is required to confirm 

that S100A12 is vitamin D-independent, such as measuring induction in the presence of VDR 

inhibitor (VAZ) or in vitamin D-deficient conditions.  

  

Future Perspectives 

The TLR2/1L and IFN-γ inducible gene network gives an opportunity to investigate 

candidate genes for antimicrobial activity against mycobacteria in macrophages. For instance, 

GBPs have been previously shown to be involved in the IFN-γ inducible antimicrobial response 

against mycobacteria (Kim et al., 2011). However, this pathway was defined in mouse 

macrophages and with Mycobacterium bovis BCG. Seven GBP genes are encoded in the 

human genome, while the mouse genome encodes 14 GBP genes (Kim et al., 2011; Kresse et 

al., 2008). Therefore, further investigation on how these proteins are involved not only in the 

human IFN-γ inducible host defense pathway, but also in the TLR2/1L inducible host defense 
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pathway against M. tuberculosis or M. leprae would validate the important role of GBPs in 

protection. Human GBP1 and GBP2, together, were reported to enhance the IFN-γ inducible 

antimicrobial response against Chlamydia trachomatis, an intracellular bacterium, in human 

macrophages (Kim et al., 2012). IFN-γ mediated lysosomal fusion was GBP1/2 dependent and 

GBP1/2 played a role in regulating autophagy (Al-Zeer et al., 2013). Additionally, GBP4 was 

found to be one of 26 genes significantly upregulated in blood of TB patients compared to 

healthy controls (Ottenhoff et al., 2012), but the functional role of these human GBPs in 

mycobacterial infection requires further investigation. 

 Another candidate gene found to be TLR2/1L and IFN-γ inducible is APOL1, which 

encodes apolipoprotein L1 (ApoL1). Although ApoL1 is widely known for being involved in lipid 

transport and metabolism, since it is a minor component of high density lipoprotein (HDL), there 

is increasing evidence showing its role in host immunity, including antimicrobial activity (Perez-

Morga et al., 2005; Taylor et al., 2014), apoptosis, and autophagy (Wan et al., 2008; Zhaorigetu 

et al., 2008). APOL1 has a membrane pore-forming domain that has structural and functionally 

similar to bacterial colicins (Perez-Morga et al., 2005) (Vanhollebeke and Pays, 2006). The 

antimicrobial activity of ApoL1 has been characterized against Trypanosoma brucei 

rhodesiense, a parasite that causes African sleeping sickness, in which ApoL1 is able to directly 

promote lysis by targeting the lysosomal membrane (Perez-Morga et al., 2005). The subceullar 

localization of ApoL1 was reported to be the cytosol and lysosomes (Hu et al., 2012), which 

places it in an appropriate place for interacting with mycobacteria. In addition, ApoL1 has been 

implicated in autophagy (Zhaorigetu et al., 2008), which is another reason for studying APOL1 

as a candidate host defense gene. However, further studies that define the role of APOL1 in 

autophagy and anti-mycobacterial activity are required.  

 In addition to individually characterizing host antimicrobial proteins, it may also be just as 

important to study the potential synergy between them. Previous research has suggested that 
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although one antimicrobial peptide is sufficient to kill bacteria, combinations of two antimicrobial 

peptides can have a synergistic or additive antibacterial effect (Yan and Hancock, 2001). For 

instance, cathelicidin has been shown to exhibit enhanced antimicrobial activity in the presence 

β-defensin or lysozyme against bacteria (Nagaoka et al., 2000) (Chen et al., 2005). Therefore, 

further studies looking at the antimicrobial activity of S100A12 in combination with other known 

anti-mycobacterial proteins may be beneficial. It is possible that several antimicrobial proteins 

may be required in vivo and at lower concentrations to have sufficient antimicrobial activity 

against mycobacteria.  

The significance of identifying antimicrobial response genes and determining their role in 

host defense responses against intracellular bacteria can contribute to understanding immune 

protection. Although they are traditionally referred as being part of the innate immune response, 

due to their ability to target a broad spectrum of microbes, we show that they can be induced by 

adaptive immune responses as well. The proteins encoded by antimicrobial response genes 

can have a diverse set of anti-infective immune modulating actions that lead to direct or indirect 

elimination of pathogens. The anti-infective actions can include direct killing of the pathogen, 

recruitment of immune cells to site of infection, modulation of cytokine or chemokine production, 

and cell differentiation, all of which can contribute to a coordinated host defense response.  

Antimicrobial genes can serve as alternative or adjunct method to treatment of bacterial 

infections, including mycobacteria. The current method of treatment for TB and leprosy is 

multidrug therapy (MDT), which is a lengthy process of several months that requires dedicated 

compliance on behalf of the patient.  Although MDT can be effective at treating mycobacterial 

infections, the recent emergence of multidrug resistant strains of M. tuberculosis (WHO, 2014) 

has posed a public health threat and a need to develop new antimicrobial strategies. 

Understanding the cell autonomous effector mechanisms can be important for the development 

of host direct therapies against infection or can be used to enhance the immune response to 

eliminate invading pathogens.   
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