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ABSTRACT OF THE DISSERTATION

Regulation of vitamin D metabolism

during the immune response to mycobacterial infection

by

Kathryn Genevieve Zavala
Doctor of Philosophy in Molecular, Cell, and Developmental Biology
University of California, Los Angeles, 2016
Professor John S. Adams, Co-Chair

Professor Martin Hewison, Co-Chair

Classically, the endocrine vitamin D system is essential for maintaining calcium and
phosphate homeostasis. Sufficient vitamin D levels promote bone health and prevent
osteopathies, such as rickets and osteomalacia. However, the discovery of an intracrine vitamin
D pathway alluded to other roles for vitamin D in regulating the immune system. Specifically,
research on the innate immune response to Mycobacterium tuberculosis infection
demonstrated a vitamin D-mediated antimicrobial response. Here, we continued to investigate
the role of vitamin D in the immunobiology of mycobacterial infection.

In Chapter 1, we studied mycobacterial infection using leprosy as a disease model. We
demonstrated that induction of the type I IFN gene program during Mycobacterium leprae
infection is an active immune evasion mechanism used to subvert the vitamin D-dependent

antimicrobial response through the suppression of the vitamin D activating enzyme, CYP27B1.



Moreover, our studies comparing macrophages associated with each of the two poles of the
leprosy disease spectrum—lepromatous leprosy (L-lep) and tuberculoid leprosy (T-lep)—
provided additional insight into susceptibility versus resistance to infection. T-lep-associated
macrophages with elevated CYP27B1 expression and activity at baseline were resistant to type I
IFN-mediated suppression and capable of inducing an antimicrobial response, whereas L-lep-
associated macrophages were not. Taken together, these results demonstrate the importance of
control of the vitamin D-dependent antimicrobial response in the host-pathogen interaction.

In Chapter 2, we focused on markers of host defense to identify factors which confer
protection against mycobacterial infection. These studies revealed that I1.-32 is associated with
IL-15- and IFN-y-induced host defense networks. IL-32 is also necessary and sufficient to
induce CYP27B1 activity and the downstream antimicrobial response. These studies pinpoint
IL-32 as an important regulator of vitamin D-dependent host defense.

Finally, in Chapter 3, we studied the effects of 1,25D on the iron regulatory protein,
hepcidin, which regulates iron homeostasis by binding ferroportin and preventing the export of
iron. Our results showed that 1,25D suppresses hepcidin expression in monocytes. These
findings are important in the context of mycobacteria which are intracellular pathogens that rely
on scavenging iron from the host to survive. Therefore, regulation of hepcidin may be another

key battleground in the host-pathogen interaction.
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INTRODUCTION

Vitamin D and the innate immune response



Kathryn Zavala!, Aria Vazirnia2, and Philip T. Liu3

Department of Molecular, Cell and Developmental Biology, University of California at Los
Angeles, CA 90095, 2School of Medicine, University of California, San Diego, CA 92093,

3sDepartment of Orthopaedic Surgery, University of California at Los Angeles, CA 90095



ABSTRACT

Active vitamin D metabolites play a major role in key functions of the innate immune
response. Triggering of the vitamin D receptor (VDR) by those metabolites has been
demonstrated to mediate the expression of antimicrobial peptides, induction of autophagy, as
well as the production of reactive oxygen species and reactive nitrogen species as mechanisms of
host defense. The role of vitamin D has been well characterized in the context of tuberculosis
and leprosy from a molecular standpoint. Activation of Toll-like receptors, a family of innate
immune pattern recognition receptors, on human macrophages with M. tuberculosis-derived
ligands, results in activation of the vitamin D pathway, including i) the conversion of 25-
hydroxyvitamin D (25(OH)D) to 1,25-dihydroxyvitamin D (1,25(OH).D), ii) activation of the
VDR, and iii) antimicrobial activity against intracellular M. tuberculosis infection. This provides
a potential explanation for the association between the host vitamin D status with susceptibility

to tuberculosis infection and disease.

INTRODUCTION

This chapter will examine the role of vitamin D in the innate immune system and host
defense against microbial disease, focusing on human infectious diseases, such as tuberculosis
and leprosy. The first section will examine the innate immune receptor families that mediate
pathogen recognition and the role of vitamin D in their response and regulation. Next, the
effects of 1,25(OH).D on innate immune effectors and processes, such as antimicrobial peptides,
oxidative stress, and autophagy will be reviewed. Then, the known associations, genetic and
mechanistic, between the vitamin D pathway and tuberculosis susceptibility will be examined.
This will be followed by a discussion of the role of vitamin D in barrier function and defense, as
well as its association with infectious diseases. Finally, the chapter will conclude with a

discussion on the history and potential for adjuvant treatment of tuberculosis with vitamin D.



MYCOBACTERIA

The genus Mycobacterium encompasses over fifty species, most of which are non-
pathogenic (1). However, a few species have been known to cause disease in humans including
Mycobacterium tuberculosis and Mycobacterium leprae, the etiological agents of tuberculosis
and leprosy, respectively. While important to study from a global health perspective,
understanding the pathogenesis of tuberculosis and leprosy has also provided valuable insight

into the human immune response to intracellular pathogens.

Tuberculosis

Tuberculosis has plagued humans throughout history with prehistoric fossil evidence as
well as written recordings of the disease in ancient Egyptian and Chinese manuscripts (2). In
1882, Robert Koch first described Mycobacterium tuberculosis as the etiological agent of
tuberculosis, which primarily infects lung macrophages leading to pathogenesis of the disease.
More than a century later, tuberculosis remains a leading cause of morbidity and mortality
worldwide, with one third of the world’s population infected and eight million new cases of
tuberculosis appearing each year (3). Even developed countries are not spared by this
pandemic; an estimated 10-15 million people residing in the United States are infected with
M. tuberculosis (4,5). The World Health Organization recently reported that the incidence of
multidrug-resistant (MDR) M. tuberculosis is at the highest in recorded history. More
alarmingly, extensively drug-resistant (XDR) as well as totally drug-resistant (TDR) strains,
which have no effective treatment, are also rapidly emerging (6).

Studies on tuberculosis have helped delineate several basic immunological paradigms,
such as the role of Toll-like receptor 2 (TLR2) in recognition of microbial lipoproteins (7),
leading to i) instruction of the adaptive immune response (7-9), ii) macrophage differentiation
(8), iii) a nitric oxide-dependent antimicrobial pathway in mice (10) and iv) a vitamin D-

dependent antimicrobial pathway in humans (11). TLR2 was shown to be important for



resistance to M. tuberculosis in mouse models (12-14), and polymorphisms in both the vitamin
D receptor (VDR) and TLR2 are associated with human susceptibility to tuberculosis (15-22).
This association of tuberculosis with both the innate immune system (via infection of
macrophages) and vitamin D led to both an understanding of vitamin D’s immunomodulatory
role as well as delineation of the molecular mechanisms by which an individual’s vitamin D
status could alter their ability to combat pathogens. The vitamin D-mediated innate immune
pathway could have implications beyond tuberculosis as other pathogens such as Escherichia
coli (23), Helicobacter pylori (24), and Aggregatibacter actinomycetemcomitans (25), have

been associated with vitamin D as well.

Leprosy

According to the World Health Organization, across one hundred countries and
territories, over two hundred thousand new cases of leprosy were reported during 2012.
Additionally, leprosy continues to be the leading cause of disability among communicable
diseases (26). Thus, often considered an ancient disease, leprosy presents a significant global
disease burden to this day.

Since Gerhard Armauer Hansen first discovered M. leprae as the causative agent of
leprosy, studies in leprosy have become a powerful tool for studying pathogenic infection and
host defense. Particularly, immunologists have benefitted from the correlation of clinical
manifestations with specific underlying immunological profiles (27). Patients diagnosed with
leprosy fall on a spectrum of disease, which is divided into five main classes (28). The three
intermediate groups are separated between two poles. At one end, patients with tuberculoid
leprosy (T-lep) have sparse skin granulomas accompanied by few bacilli found in these sites
(paucibacillary). At the other end, patients with lepromatous leprosy have much more
disseminated skin lesions. Biopsies reveal hundreds to thousands of bacilli residing in these

sites (multibacillary). From an immunological perspective, T-lep is characterized by a robust



cell-mediated immune response. Thi cells dominate and release cytokines: IFN-y, TNF, IL-2,
IL-6, and IL-12 (28-30). IL-15 has also been shown to participate in this immune response (31).
Conversely, L-lep is defined by a predominant humoral immune response and the presence of
Th2 cells. IL-4 and IL-10 are the main secretion products (28-30) . Some borderline patients
experience a natural shift in immunological status known as a reversal reaction (RR). During
this acute phase of inflammation, the patient’s status is upgraded towards the tuberculoid pole.
Immunologically, these patients resemble T-lep with an infiltration of CD4+ T cells and
increased release of IFN-y. Reversal reactions suggest that a patient’s disease state may be
dynamic.

Furthermore, studies comparing T-lep versus L-lep phenotypes have elucidated many
fundamental concepts about host-pathogen interactions including differences in phagocytic
properties among macrophage subtypes (32); the use of transcriptional regulation as a
mechanism for immune evasion (33); and the role of dendritic cells in antigen presentation
(34,35). Inthe context of vitamin D, various studies have linked vitamin D-related genetic and
biological factors to susceptibility to leprosy (36-38). However, the mechanism by which

vitamin D mediates leprosy disease outcomes is not well understood.

PATHOGEN DETECTION

Rapid detection and antimicrobial activity against microbes are considered to be key
functions of innate immune cells in relation to infection control. However, the mechanisms
used by innate immune cells to detect invading pathogens had remained a mystery for many
years. Charles Janeway proposed the existence of evolutionarily primitive receptors, termed
pattern recognition receptors, which bind conserved microbial constituents (39). In 1996,
Lemaitre et al. reported that Toll-deficient adult Drosophila were more susceptible to fungal
infections (40). Activation of Toll resulted in production of antimicrobial peptides (41), thus

implicating Toll as a player in a primitive immune system. One year later, Medzhitov et al.
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demonstrated that a human Toll homologue, or a Toll-like receptor (TLR), modulated the
adaptive immune response by inducing cytokine secretion and co-stimulatory molecule
expression (42). Together, these reports first established the importance of Toll and TLRs in
host defense.

M. tuberculosis is known to activate at least two different families of pattern recognition
receptors: TLRs and the nucleotide oligomerization domain (NOD)-like receptors (NLR). The
TLR2 and TLR1 heterodimer (TLR2/1) recognizes a triacylated lipoprotein derived from
M. tuberculosis, leading to activation of NF-xB, which then results in the production of
inflammatory cytokines and direct antimicrobial activity (77,10,11). NOD2 recognizes muramyl
dipeptide (MDP), which is a peptidoglycan present on M. tuberculosis (43,44). Triggering
NODz2 similarly leads to a NF-kB-mediated inflammatory response; however, in contrast to
TLRs, NOD2 also results in activation of the inflammasome (45), a protein complex whose
function is to cleave and activate the pro-IL-1f protein into the active IL-1f cytokine through the
enzymatic actions of caspase-1.

Moreover, studies in leprosy have shown that activation of TLR and NOD receptors
triggers distinct differentiation pathways directing the human immune response. Whereas
activation of TLR2/1 induces macrophage differentiation thereby orchestrating the direct effector
function of the innate response, activation of NOD2 induces dendritic cell differentiation thereby
mediating the instructor function of the innate response that modulates the T cell adaptive
response (46). Importantly, studies in tuberculosis and leprosy demonstrate synergistic and

distinct roles for PRRs in mediating the host immune response during mycobacterial infection.

Toll-like receptors
TLRs have been shown to recognize microbial ligands and trigger functions of the innate
immune system. To date, eleven mammalian TLRs have been identified in both the human and

murine genomes. Although, TLR1 through TLR9 are conserved between humans and mice, the



murine TIr10 gene is nonfunctional, and the human TLR11 gene harbors a premature stop
codon preventing its expression (47). All the mammalian TLRs share a highly similar cytosolic
Toll/IL-1 receptor (TIR) domain, which triggers several signaling pathways including the
transcription factor, NF-xB (48). The extracellular domains of TLRs include multiple leucine-
rich repeat motifs and are responsible for recognition of conserved pathogen-associated
molecular patterns (PAMPs). TLR2 is known to heterodimerize with either TLR1 or TLR6, and
the dimers mediate recognition of triacylated or diacylated bacterial lipoproteins, respectively
(49). The remainder of the known TLR ligands are as follows: viral dAsSRNA (TLR3),
lipopolysaccharide (LPS) (TLR4), bacterial flagellin (TLR5), single-stranded RNA (ssRNA)
(TLR7 and TLR8), bacterial unmethylated CpG DNA (TLR9), and protozoan profilin-like
molecule (TLR11) (47). The ligand for TLR10 is still unclear. Thus, TLRs provide a rapid first
line of defense against a variety of microbial pathogens through the recognition of a milieu of
PAMPs.

Activation of TLRs induces a variety of effects, including enhancement of macrophage
phagocytosis (50), endosomal/lysosomal fusion (51), production of antimicrobial peptides
(52,53), as well as induction of direct antibacterial (10,52) and antiviral activity (54-56).

M. tuberculosis-infected macrophages can induce a direct antimicrobial activity upon TLR2/1
activation. This was demonstrated in a murine macrophage cell line, where the activity was
dependent on the generation of nitric oxide (NO) through inducible nitric oxide synthase (iNOS)
activity. Addition of the iNOS inhibitors L-NIL and L-NAME ablated the murine TLR2/1-
mediated antimicrobial activity; however, neither had an effect on human monocytes,
suggesting fundamentally different mechanisms in human and murine TLR2/1-induced
antimicrobial activity (10). This correlated with the finding that upon TLR2/1 activation, human
monocytes did not generate detectable levels of NO (57). Accordingly, the mechanism by which

human macrophages kill intracellular M. tuberculosis intrigued immunologists for many years;



the surprising role of the vitamin D synthetic/metabolic pathway in this mechanism is detailed

below.

Nucleotide oligomerization domain

There is building evidence for the participation of the NLR family of pattern recognition
receptors in the host defense response against M. tuberculosis infection. Studies have
demonstrated that the resultant gene programs elaborated by TLR and NODz2 are distinct,
despite both receptor families activating the transcription factor NF-kB (58,59). Of the NLRs,
NODz2 has been the most extensively studied, and recognizes muramyl dipeptide (MDP), which
is a peptidoglycan present on M. tuberculosis (43,44). In 2005, Ferwerda et al. published a
study providing evidence for the role of NOD2 in the recognition of M. tuberculosis infection
(59). However, conflicting results have emerged regarding the role of NOD2 in the control of
M. tuberculosis infection.

One study by Gandortra et al. demonstrated that NOD2 knockout mice were able to
control M. tuberculosis infection (32), whereas Divangahi et al. showed impaired resistance by
NOD2-deficient mice (60). An epidemiological study in humans identified NOD2
polymorphisms associated with susceptibility to tuberculosis in an African American cohort
(61); but a separate study conducted in Gambia was unable to identify any NOD2
polymorphisms associated with tuberculosis (62). One potential reason for these conflicting
results in humans is that neither study accounted for the vitamin D levels of the patients, an
important factor when considering disease linkage in relation to the vitamin D pathway (22).
This is highlighted by the fact that 1,25(OH).D; strongly induced the expression of NOD2, which
then resulted in induction of the antimicrobial peptide hBD2 (DEFB4), as demonstrated by
Wang et al. in 2010 (63). Therefore, one can infer that an individual’s vitamin D status could
alter his or her ability to detect and combat an invading pathogen. Taken together, these studies

provide sufficient in vitro evidence for the role of NOD2 in the host response against



M. tuberculosis infection; however the epidemiological data indicate that there are additional

layers of complexity yet to be clarified.

IMMUNE ACTIVITY OF 1,25-DIHYDROXYVITAMIN D

There have been many studies on the role of 1,25(0OH).D on innate and adaptive immune
responses (64-66). Insight into vitamin D-induced antimicrobial activity by human monocytes
and macrophages against M. tuberculosis was first suggested by experiments in the labs of Rook
in 1986 (67) and Crowle in 1987 (68). These experiments were performed by adding
1,25(0OH).Dj; to the extracellular medium of M. tuberculosis-infected human monocytes and
macrophages in vitro, which resulted in reduction of the intracellular bacterial load. However,
the authors noted that “concentrations of 1,25(OH).D near 4 pg/ml were needed for good
protection. These levels seemed unphysiologically high compared with 26 to 70 pg/ml being in
the normal circulating range.” Nevertheless, these studies opened new questions regarding the
role of vitamin D in the physiological response to M. tuberculosis and the identity of the vitamin
D-dependent antimicrobial effectors.

Nearly a decade later, the vitamin D-induced antimicrobial activity of the macrophage
began to be elucidated. One study by Sly et al. reported that 1,25(0OH).D;-induced antimicrobial
activity was regulated by phosphatidylinositol 3-kinase and mediated through the generation of
oxygen intermediates via NADPH-dependent phagocyte oxidase (69). Interestingly, these
authors observed that the 1,25(0OH).D;-induced oxidative burst occurred earlier than the
resultant antimicrobial activity, thus leading the authors to postulate that there was another key
factor (69). Anand et al. proposed an alternative mechanism in their study demonstrating that
1,25(0OH).Ds-induced antimicrobial activity was associated with downregulated transcription of
the host protein, tryptophan aspartate-containing coat protein (TACO) (70). They also
demonstrated that TACO plays an important role in M. tuberculosis entry and survival in

human macrophages (71).
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In 2005, using a genome wide scan for vitamin D response elements (VDRESs), Wang et
al. reported that the genes encoding antimicrobial peptides, cathelicidin (CAMP) and hBD2
(DEFB4), were regulated by the VDR (772). Prior to this study, human macrophages were not
thought to utilize antimicrobial peptides as a defense mechanism. In the same year, human
monocytes were demonstrated to express cathelicidin at both the mRNA and protein levels
when stimulated with 1,25(0H).D; (11,72,73). Two years later, a critical role for cathelicidin in
the 1,25(0OH).Ds-induced antimicrobial activity against intracellular M. tuberculosis was
demonstrated in human monocytic cells using siRNA knockdowns (74).

In contrast to its effects on macrophages, many studies have reported that 1,25(0OH).D,
induces immunosuppressive effects on the adaptive immune response, including but not limited
to i) inhibition of IL-12 secretion, ii) inhibition of lymphocyte proliferation and immunoglobulin
synthesis and iii) impairment of dendritic cell maturation, leading to the generation of
tolerogenic dendritic cells and T-cell anergy (75-78). In particular, it was suggested that
1,25(0OH).D; produced by macrophages in granuloma-forming diseases, like tuberculosis and
sarcoidosis, exerts a paracrine immune inhibitory effect on neighboring, activated lymphocytes
expressing the VDR, which slows an otherwise “overzealous” adaptive immune response (79).
The physiological significance of this has been highlighted by the development of 1,25(0H).D5-
deficient mouse models where CYP27B1 had been knocked out (80,81). A notable feature of
these animals was that they presented with enhanced adaptive immunity signified by multiple
enlarged lymph nodes. However, whether this enhancement was due to a loss of 1,25(0OH).D;-

mediated suppression of the adaptive immune response, remains to be tested.

Antimicrobial peptides
Antimicrobial peptides consist of a highly diverse family of small peptides, which can
function as chemoattractants (82,83), dendritic cell activators (84), and importantly, direct

antimicrobial effectors (85,86). They exert antimicrobicidal activity by disrupting the pathogen
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membrane through electrostatic interactions with the polar head groups of membrane lipids
(87), or through the creation of membrane pores (85). Given this mechanism of activity,
antimicrobial peptides exhibit a wide range of microbial targets including bacteria (88), fungi
(89,90), parasites (91,92) and enveloped virii (93). Specifically, the antimicrobial peptide,
cathelicidin, has been shown to have broad-spectrum activity against Gram-positive and Gram-
negative microorganisms (94).

Aside from macrophages, epithelial cells, located at the interface of the outside and
inside environments of the host, can express antimicrobial peptides (95). This has been
demonstrated in urinary bladder epithelial cells (23), gingival epithelial cells (25), and gastric
epithelial cells (24). However, it is the population of innate immune cells buttressing this
barrier, such as neutrophils (96), mast cells (97) and monocytes/macrophages (73,98) that is
recognized to be the major producer of antimicrobial peptides.

Several antimicrobial peptides produced by macrophages have been demonstrated to
have direct antimicrobial activity against M. tuberculosis, including but most likely not limited
to LL-37 (cathelicidin) (11,99), hBD2 (DEFB4) (100), and hepcidin (101). In humans, the
promoter regions of the genes encoding cathelicidin (CAMP) and hBD2 (DEFB4) were found to
contain activating VDR response elements (72). Activation of the VDR in
monocytes/macrophages resulted in the expression of cathelicidin at both the mRNA and
protein levels (11,72,99). siRNA knockdown of cathelicidin in human monocytes resulted in
complete loss of 1,25(0OH).D;-induced antimicrobial activity (74), suggesting that generation of
antimicrobial peptides by the active vitamin D metabolite represents a major human

macrophage host defense mechanism.

Oxidative Stress: Reactive Oxygen Species
Generation of reactive oxygen species (ROS) is dependent upon the enzymatic activity of

the reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and occurs
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predominately in neutrophils, and to a lesser degree, in macrophages (102). NADPH oxidase is
a complex of both membrane and cytosolic components assembled on the cell membrane. The
membrane bound components of the complex include gpg1rhox and p22rhex, which are the a/f
subunits of flavocytochrome bgss, respectively. In addition, the cytosolic proteins include
p47°hox, p67phox and Rac (103,104). Another molecule, p4orhox, which negatively regulates
NADPH-oxidase activity, also associates with the complex (17). The NADPH oxidase complex
functions through the transfer of electrons, converting molecular oxygen (O.) into the
superoxide anion (O.), which can then be converted to hydrogen peroxide (H.0O.), the hydroxyl
radical (OH) or other ROS (105). Functionally, ROS have been shown to cause microbial DNA
damage, oxidative damage to proteins, and disruption of membrane lipids as possible direct and
indirect antimicrobial mechanisms (105,106). All the products of this reaction exhibit varying
degrees of antimicrobial ability. The earliest products, O.- and H.O.,exhibit the weakest
antimicrobial activity, whereas downstream products, hypochlorites (OCI-) and chloramines
(RNH.CI), are the most potent (106).

The assembly of NADPH oxidase is regulated by the phosphatidylinositol 3-kinase
(PI3K), which can be induced by certain proinflammatory cytokines such as tumor necrosis
factor alpha (TNF-a) and granulocyte-macrophage colony stimulating factor (GM-CSF) (107).
Induction of PI3K in neutrophils as part of a priming response results in a stronger oxidative
burst upon either phagocytosis or encounter with microbial stimuli (107). The induction of
NADPH oxidase activity by 1,25(OH).D5; on human monocytes is through increased expression
of the p47 subunit (108) and mediated through PI3K pathway (69). Other immune stimuli, such
as interferon gamma (IFN-y) and microbial products, can directly induce transcription of the

NADPH oxidase complex components (109).
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Oxidative Stress: Reactive Nitrogen Species

Generation of reactive nitrogen species (RNS) is achieved through a family of nitric oxide
synthases (NOS): inducible NOS (iNOS), neuronal NOS (nNOS), and endothelial NOS (eNOS)
(110). The iNOS isoform is predominately responsible for generation of nitric oxide radicals
(NO’) by cells of the innate immune system, which functions as a potent antimicrobial effector
(111). These enzymes are multi-domain proteins with an amino-terminal oxidase domain
containing a heme center, a calmodulin-binding domain, and a carboxy-terminal reductase
domain. In addition, they contain binding sites for L-arginine, and tetrahydrobiopterin, while
the reductase domain contains binding sites for NADPH, flavin adenine dinucleotide (FAD), and
flavin mononucleotide (FMN). The transfer of electrons from NADPH to FAD, then FMN, and
finally to the heme iron, results in generation of nitric oxide (NO°) and citrulline from L-arginine
(112). In the presence of oxygen, nitric oxide can be future catalyzed into nitrogen dioxide
(NO), nitrogen trioxide (N,Os), nitrate (NO5), and other RNS (105). NO can also interact with
super oxide to form peroxynitrite (ONOO-) and peroxynitrous acid (ONOOH) (102).

The RNS-mediated antimicrobial mechanisms are more complex than those of ROS. NO
can inhibit both microbial DNA replication and cellular respiration (113-115). Through
interactions with ribonuclease reductase, RNS can limit the precursors required for DNA
replication and repair (116). Nitrogen dioxide (NO.), nitrogen trioxide (N.Os), and nitrate
(NO3) can potentiate oxidative damage similar to damage by ROS (117-119). Together with
H.0. and myeloperoxidase, ONOO- can nitrate tyrosine residues on proteins (120).

Regulation of iNOS activity by immune cells is predominately at the transcriptional level.
Inflammatory cytokines such as interferons (IFNs), IL-1f3, and TNF-a can induce transcription
of iNOS through the p38-MAPK, NF-kB, as well as the Janus activated kinase (JAK) and signal
transducer and activator of transcription (STAT)-IRF3 signaling pathways (121-123).

Interestingly, despite numerous reports of human macrophages inducing the iNOS transcript
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and promoter activity (124-127), there have been a sparingly small number of publications that
have detected robust levels of NO, comparable to those of other animal models (128).

The ability of 1,25(0OH).D; to regulate iNOS activity in innate immune cells seems to be
evolutionarily divergent in animals. Using avian monocytic cells, 1,25(OH).D5 synthesis
through CYP27B1 activity was demonstrated to be dependent upon and regulated by the level of
NO production by the same cells (129,130). The authors of the study hypothesized that the NO
produced in these cells acted as a source of electrons for the hydroxylation reaction. For rat and
mouse monocytic cells, LPS-induced iNOS expression and function was inhibited by
1,25(0H).D5 (131,132); however the role of NO in 1,25(OH).D generation was not explored. In
contrast, 1,25(OH).Ds stimulation of bovine monocytes induced the expression of iNOS (133).
For human promyeloid cells, 1,25(0OH).D; stimulation alone did not induce either iNOS mRNA
expression or NO, whereas co-stimulation with both 1,25(0OH).D; and phorbol 12-myristate 13-
acetate (PMA) resulted in a robust induction of both iNOS mRNA and NO. These results
suggest a more intricate mechanism of iNOS regulation in humans involving multiple pathways,
which may include the vitamin D pathway. Primary human monocytes stimulated through
TLR2/1 did not produce appreciable levels of NO (10); whether or not sufficient bioavailability

of 25(OH)D; would alter this result remains to be tested.

Autophagy

Recent studies have demonstrated autophagy, the cellular process by which a cell
degrades its own intracellular compartments, as a previously unappreciated innate immune
defense mechanism (134). Stimulation of mouse macrophages with the key immune cytokine,
IFN-y, induced an autophagy-dependent antimicrobial activity against M. tuberculosis (134). A
separate study demonstrated that lysosomal-hydrolyzed ubiquitin peptides have direct
antimicrobial activity against M. tuberculosis (Figure 1A) and are delivered in an autophagy-

dependent manner to phagosomes harboring mycobacteria (135). Further studies revealed the
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mechanism for delivering bacilli to the autophagosome depends on sensing of extracellular
bacterial DNA by the STING-dependent cytosolic pathway (136). Mice with macrophages
deficient in this pathway showed increased susceptibility to infection with M. tuberculosis (136).
Autophagy can be induced via a variety of methods in macrophages; most immunologically
relevant includes IFN-y, TLR activation, and 1,25(0OH).D5 (134,137-139). In human
macrophages, induction of autophagy was required for 1,25(0OH).D;-induced antimicrobial

activity against M. tuberculosis (137).

VITAMIN D PATHWAY AND TUBERCULOSIS

Many studies have identified genes that may confer some degree of susceptibility to
tuberculosis, including: HLA-DR alleles (140-142), NRAMP1 (143), interferon-[] pathway genes
(144), SP110 (145), complement receptor-1 (146), and notably, the VDR (18-22). However, these
studies did not identify a clear-cut host defense mechanism explaining the linkage. Several
studies have linked serum levels of 25(OH)D, to both tuberculosis disease progression and
susceptibility (22,147). In 1985, a study of Indonesian patients with active tuberculosis reported
that out of 40 patients, the 10 patients with the highest 25(OH)D levels at the outset of therapy
had "less active pulmonary disease" (147).

Another aspect of the vitamin D pathway, which has been extensively studied, is the VDR
itself. There are two major VDR polymorphisms that have been studied in terms of tuberculosis
susceptibility, yet with conflicting results. These polymorphisms are Taql (19-21) and FokI
(21,148), located in exons nine and two of the VDR gene, respectively (149). Bellamy et al.
concluded that the tt allele of the TaqI polymorphism protects against tuberculosis; however,
studies by two other groups reported no such association (20,148). Liu et al. described that the
FokI ff allele is associated with active tuberculosis among the Chinese Han population (21), but
there are no other studies concluding an association between FokI ff and tuberculosis. These

conflicting results became clarified in a study examining the relationship between vitamin D
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deficiency, VDR polymorphisms, and tuberculosis in the Gujarati Asians living in West London
in the year 2000 (22). The study reported both the Taql (Tt/TT) and FoKkI (ff) alleles were
associated with tuberculosis only when the individual exhibited serum 25(OH)D deficiency (22).
These studies illustrated one problem with regard to vitamin D and human tuberculosis, when
comparing the in vitro studies with the in vivo observations: the in vitro studies used the active,
1,25(0OH).D metabolite to affect antimicrobial activity, while the association to tuberculosis was

with serum 25(OH)D levels.

Role of 25-hydroxyvitamin D on the innate immune response

Relatively little is known about the direct effects of 25(OH)D on innate immunity.
Hewison et al. found that 25(OH)D at physiologic levels (100nM) suppressed CD40L-induced
IL-12 production in day-7 GM-CSF/IL-4 derived dendritic cells (DCs) in vitro (150). Other in
vitro studies have shown that intracrine metabolism of 25(OH)D to 1,25(0OH).D via endogenous
expression of CYP27B1-hydroxylase is a more efficient mechanism for modulating the
phenotype of either DCs or monocytes compared to the exogenous addition of active 1,25(0OH),D
itself (151). In relation to the adaptive immune response, Yang et al. showed significant blunting
of the cell-mediated immune response to cutaneous dinitrofluorobenzene (DNFB) challenge in
mice with profound reduction of serum 25(OH)D levels (152). Administration of 25(0OH)D to
humans with head and neck squamous cell carcinoma increased plasma IL-12 and IFN-y levels,

and improved T-cell blastogenesis (153).

Vitamin D-mediated antimicrobial response

In 2006, a potential mechanism by which a person’s circulating 25(OH)D status may
alter that individual’s innate immune response against M. tuberculosis was reported (11).
Activation of human TLR2/1 on monocytes resulted in the induction of key genes in the vitamin

D pathway (Figure 1B), including the vitamin D receptor (VDR) and CYP27B1. Under conditions
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in which the extracellular concentration of 25(OH)D was present at sufficient levels, TLR2/1
activation of monocytes resulted in a CYP27B1- and VDR-dependent expression of the
antimicrobial peptide, cathelicidin, as well as direct microbicidal activity against intracellular
M. tuberculosis (Figure 1C). The induction of CYP27B1 and VDR in monocytes was
subsequently demonstrated to be mediated through the actions of TLR2/1-induced IL-15
expression (Figure 1D) (154). Interestingly, the human, but not the murine cathelicidin
promoter, contains an activating VDRE (73), perhaps suggesting a point of divergent evolution
between mice and humans in the antimicrobial effectors used by the TLR-mediated innate
immune response. Since murine species are nocturnal and have limited opportunity for UV-
mediated vitamin D synthesis, the importance of vitamin D levels to their immune response is
unclear.

In addition to cathelicidin, TLR activation of human monocytes resulted in the vitamin
D-dependent expression of DEFB4, an antimicrobial peptide gene also characterized with a
VDRE in its promoter (72,155). Convergence of IL-1f3 and vitamin D transcriptional activation
was required for the TLR-induced expression of DEFB4 (Figure 1E). Triggering of TLR2/1 was
found to modulate IL-1f activity by increasing the cell’s responsiveness to secreted IL-13
through the i) simultaneous secretion of IL-f3, ii) upregulation of cell surface IL-1R1, and iii)
downregulation of the baseline IL-1 receptor antagonist (IL-1RA) (155). These findings provide
a potential molecular mechanism for the previously known associations of IL-f3 and IL-1RA
polymorphisms with tuberculosis (156), as well as the requirement for the IL-1R1 in host defense
against M. tuberculosis (157). Inhibition of the VDR, as well as knockdown of cathelicidin or
DEFB4, resulted in ablation of the TLR2/1-induced antimicrobial activity, implicating VDR
activation as a critical step in the innate immune response against M. tuberculosis (11,155). This
potentially explains the association of low 25(OH)D serum levels with susceptibility to
tuberculosis: low 25(OH)D levels in circulation cannot provide sufficient substrate 25(OH)D for

CYP27B1-mediated production of 1,25(0OH).D and subsequent activation of the VDR-dependent
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antimicrobial activity. Interestingly, TLR activation of bovine macrophages in the presence of
25(0OH)D; resulted in CYP27B1 activity and expression of iNOS (133). This demonstrates an
evolutionary conservation of the TLR-induced vitamin D-dependent antimicrobial pathway as a
mechanism of host defense with the exception of the end result: humans induce antimicrobial
peptides while ruminants utilize iNOS (11,133). It remains to be seen if other diurnal species
also maintain this conservation.

Through rheostatic regulation of CYP27B1 activity and conversion of substrate 25(OH)D
to product 1,25(0OH).D, the macrophage directly controls its intracellular level of 1,25(0OH).D
(158). These data suggest that it is serum 25(OH)D, and not the serum 1,25(OH).D
concentration, which controls the intracellular 1,25(OH).D level that is essential for the TLR-
induced antimicrobial activity. This explains why in previous experiments in vitro, a super-
physiologic concentration of 1,25(0OH).D in the conditioning extracellular media was required to
generate sufficient intracellular levels of the metabolite to affect the VDR and to achieve an

antimicrobial effect in human macrophages (67,68).

Adaptive immune response and vitamin D

The preceding studies have provided evidence for the role of 1,25(0OH).D synthesis in
TLR2-triggered host defense against M. tuberculosis infection. A recent study demonstrated
that the adaptive immune response may play a role in regulation of the vitamin D-dependent
innate immune response as well. The presence of the key adaptive immune response T-cell
cytokine, IFN-y enhanced the TLR2/1-induced cathelicidin and DEFB4 expression (159). This is
biologically significant, since IFN-y drives the Th1 type adaptive immune response, which is
critical for defense against intracellular pathogens such as M. tuberculosis. In contrast, the Th2-
driving T-cell cytokine, IL-4, blocked TLR2/1L-induced cathelicidin and DEFB4 expression, and
the key Th17 cytokine, IL-17, had no effect. The surprising finding was that the effects of IL-4 on

the vitamin D pathway was not at the level of 1,25(OH).D synthesis, since both the mRNA levels
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and enzymatic activity of CYP27B1 remained intact; instead, the IL-4 mediated inhibition of the
vitamin D pathway was due to increased conversion of 25(OH)D; into the inactive 24,25(0OH)D;
metabolite. This IL-4-induced conversion of 25(OH)D; into 24,25(0OH)D; was regulated at the
level of the enzymatic activity of CYP24A1, the enzyme predominately responsible for vitamin D
degradation, and not at the level of transcription or post-transcriptional modification (159).
However, the mechanism by which IL-4 influences CYP24A1 activity remains to be elucidated.
These results further highlight the vitamin D pathway as a key player in host defense and show
that the pathway is subject to control by T-cell cytokines, as well as regulated by the metabolism

and catabolism of vitamin D metabolites.

VITAMIN D PATHWAY AND LEPROSY

Leprosy presents on a spectrum of disease with self-limiting tuberculoid leprosy (T-lep)
at one end and progressive lepromatous leprosy (L-lep) at the other end (28). Studies
comparing the two phenotypes have revealed underlying mechanisms driving host resistance

versus susceptibility to mycobacterial infection.

Cytokines, macrophages, and vitamin D

Previous studies have shown the association of various cytokines with each leprosy
phenotype. Specifically, IFN-y, TNF, IL-2, IL-6, IL-12 and IL-15 are found in tuberculoid
leprosy lesions whereas IL-4 and IL-10 are the main cytokines found in lepromatous leprosy
lesions (28-31). Among many cell types found in leprosy skin lesions, macrophages are present
and shown to be infected with M. leprae (160). Montoya et al. studied the effect of cytokines on
macrophage differentiation and subsequent function (161). These studies showed that
differentiation of macrophages with L-lep associated IL-10 versus T-lep-associated IL-15
resulted in divergent phagocytic properties. IL-10-derived macrophages were programmed for

increased lipid uptake leading to the formation of foamy macrophages. On the other hand, IL-
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15-derived macrophages were less phagocytic. In the context of vitamin D, IL-15-derived
macrophages were primed for vitamin D-mediated antibacterial activity. They had increased
expression of CYP27B1 and increased conversion of 25(0OH)D to 1,25(OH).D. IL-10-derived
macrophages had low CYP27B1 expression and activity. Furthermore, using
immunofluorescence, Montoya et al. showed the presence of the IL.-10-derived macrophage
subtype in L-lep lesions and the IL-15-derived subtype in T-lep lesions.

Moreover, Teles et al. analyzed gene expression profiles from leprosy skin lesions
revealing contrasting interferon signatures in T-lep versus L-lep lesions (162). Type I
interferon-induced genes were enriched in L-lep lesions whereas type II interferon-induced
genes were enriched in T-lep lesions. Type II interferon, IFN-y, has previously been shown to
activate the macrophage intracrine vitamin D system and associated antimicrobial activity
through vitamin D-mediated upregulation of cathelicidin and defensin B2 (159,163,164).
Indeed, increased IFN-y gene expression was detected in T-lep lesions and correlated with
increased CYP27B1 and VDR expression. In contrast, type I IFN, IFN-f3, and downstream type I
IFN-inducible, IL-10, were detected in L-lep lesions and negatively correlated with CYP27B1 and
VDR expression. Additionally, monocytes treated with IFN-y had increased antimicrobial
activity that was blocked by the addition of IFN-§ demonstrating that type I interferon
suppresses type II IFN induction of the vitamin D-dependent antibacterial response.

Taken together, studies by Montoya et al., Teles et al. and others have begun to elucidate
the signaling pathways by which cytokines regulate immune cell function and influence
resistance or susceptibility to mycobacterial diseases. Additional studies showed that IL-32
mediates the induction of the type II IFN-induced vitamin D-dependent antimicrobial response
(165). Knockdown of IL-32 ablated IFN-y-induced CYP27B1 expression (165). These results
add to studies to define one pathway for the triggering of antibacterial response as IFN-y - IL-

15 2 IL-32 = CYP27B1 and VDR - CAMP and DEFB4 - bacterial killing. Additional studies
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on the repression of the vitamin D-dependent antibacterial response have defined one pathway

to be IFNf - IL-27 - IL-10 --/ IFN-y (162,166).

Vitamin D pathway and immune evasion

Liu et al demonstrated that two factors are necessary for the vitamin D-mediated
antibacterial response: 1) activation of the intracrine vitamin D system; and 2) availability of
substrate 25(OH)D. Thus, in describing a role of vitamin D, these studies also suggest a target
for mechanisms to evade host defense. Repression of CYP27B1 hampers the conversion of
circulating 25(OH)D to biologically active 1,25(OH).D necessary for induction of antimicrobial
peptides, CAMP and DEFB4. As described above, Teles et al. showed that M. leprae induces a
type I IFN gene program that is correlated with a repressed vitamin D system (162). By blocking
IL-10 signaling, type I IFN suppression of the vitamin D-dependent antimicrobial response was
reversed. Furthermore, analysis of microRNA expression in L-lep and T-lep skin lesions
provides additional evidence of regulation of the vitamin D pathway during immune evasion.
microRNA-21 (mir-21) was shown to be highly expressed in L-lep lesions as well as induced by
M. leprae infection of monocytes (33). Furthermore, mir-21 inhibited TLR2/1 induction of
CAMP and DEFB4 by directly binding to the 3’ untranslated region and downregulating

expression of both CYP27B1 and IL-1f transcripts.

Clinical relevance

This requirement of adequate 25(OH)D in the extracellular environment of the human
macrophage for the induction of host defense mechanisms via TLR2/1 provided a link between
two well-documented clinical observations: compared to lightly-pigmented human populations,
darkly-pigmented black individuals are i) more susceptible to virulent infections of tuberculosis
and ii) have lower circulating, serum 25(OH)D levels owing to their relatively diminished

capacity to synthesize vitamin D in their skin during sunlight exposure. The biosynthetic
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pathway of 25(OH)D in humans involves the absorption of ultraviolet B (UVB) photons from
sunlight by 7-dehydrocholesterol (7HDC) in the basal layer of the epidermis and its non-
enzymatic conversion to a pre-vitamin D5 precursor in the skin; in fact, the melanin in
pigmented skin will competitively absorb these UVB rays preventing this photoreaction (167).
In human monocytes cultured in sera from pigmented African American subjects and
stimulated with a TLR2/1 ligand, there was no upregulation of cathelicidin mRNA, whereas the
same human monocytes conditioned in sera from lightly-pigmented subjects did. Moreover,
supplementation of the African American sera with exogenous 25(OH)D; restored the induction
of cathelicidin mRNA (11).

The ability of monocytes from human subjects to mount a cathelicidin response
following TLR challenge was recently shown to be directly proportional to circulating levels of
25(OH)D but not 1,25(0OH).D (163). Importantly, this study also demonstrated that TLR-
induction of cathelicidin was enhanced in subjects supplemented with vitamin D [500,000 IU
vitamin D, over 5 weeks], indicating that the immunomodulatory effects of 25(OH)D also occur
in vivo. Another study demonstrated a single oral dose of vitamin D was able to increase the in
vitro response to mycobacterium infection in a whole blood assay (168). Furthermore, the
TLR2/1L-induced vitamin D-dependent antimicrobial pathway was shown to involve autophagy,
mediated through the VDR (169), which highlights another key host defense pathway reliant

upon the host’s vitamin D status.

BARRIER FUNCTION AND ASSOCIATED INFECTIOUS DISEASES

The first line of immune defense is the responsibility of the barrier cells, including the
epithelia of the eyes, the oral mucosa, and the cells of the skin, urinary tract, and respiratory and
digestive systems. In addition to the specialized functions each of these cell types perform, they
also serve as a barrier to exclude invading pathogens, which is the most effective way of

preventing infection. Vitamin D has been demonstrated to play an integral role in maintenance
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of this barrier (170); however, there is emerging data implicating barrier cells as an active
participant in the innate immune response in relation to the detection and elimination of
microbial pathogens. In particular, the vitamin D-mediated innate immune response
participates in the host defense by cells of the respiratory lining (171), urinary bladder (23), and
gingival (25).

Traditionally, activation of endogenously produced vitamin D4 requires two
hydroxylation steps: vitamin Ds is converted, by a liver 25-hydroxylase, into 25(OH)D; (172),
then metabolized into 1,25(OH).D; by the 1a-hydroxylase, CYP27B1, in the kidneys (173). Now,
studies have revealed that non-renal tissue can also convert 25(OH)D; to the active 1,25(0OH).D,
form (173,174). This has been demonstrated by 1a-hydroxylase activity in innate immune cells,
such as macrophages (11), monocytes (175), and dendritic cells (176), as well as in respiratory
epithelial cells (171), urinary bladder epithelial cells (23), gingival epithelial cells (25), colonic
epithelial cells (177), keratinocytes (178,179), prostatic cells (180), and mammary epithelial cells
(181).

While epithelial cells comprise an important physical barrier to microbes, their
importance is augmented by the expression of CYP27B1, required for launching the vitamin D-
dependent innate immune response to pathogens. This has been clearly demonstrated by

respiratory (171), urinary bladder (23), and gingival (25) epithelial cells.

Respiratory epithelia

Several studies have demonstrated that lung epithelial cells express functional Toll-like
receptors capable of being triggered by their cognate ligands (182-184). Notably, TLR2
expression in primary small airway epithelial cells was strongly induced following stimulation
with the cytokines, IFN- and TNF-a, both recognized to be important for resistance to
tuberculosis (183). Activation of TLR2 on lung epithelial cells resulted in both direct and

indirect immune modulatory responses, including the expression of the antimicrobial peptide,
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DEFB4, and induction of chemokines (182), whereas 1,25(0OH).D, stimulation resulted in the
expression of the antimicrobial peptide, cathelicidin (171). Furthermore, other studies have
shown that respiratory tracheobronchial epithelial cells constitutively express CYP27B1 and thus
can activate vitamin D (171). In contrast to monocytes and macrophages, where TLR2/1
activation is needed for induction of the vitamin D pathway, respiratory epithelial cells activate
vitamin D at a baseline level (171). In addition, stimulation of respiratory epithelial cells with
TLR2 ligands did not induce the expression of CYP27B1 and cathelicidin ; yet TLR2/1-activation
of the epithelial cells resulted in upregulation of cathelicidin as well as the TLR coreceptor CD14
(171). Taken together, these studies indicate lung epithelial cells provide several key innate
immune mechanisms for defense against infection through i) barrier function, ii) recognition of
pathogens through TLRs and iii) induction of direct antimicrobial effectors, i.e. antimicrobial

peptides DEFB4 and cathelicidin.

HISTORY OF VITAMIN D, SUNSHINE AND TUBERCULOSIS TREATMENT

Establishment of vitamin D's role in host defense against tuberculosis provides new
insights into the historical understanding of tuberculosis treatment prior to the advent of
antibiotics. In the late 19t century, two young physicians, who themselves had contracted
tuberculosis, were instructed by their physicians to travel to mountainous regions of Europe
during the summertime as part of their attempt to recover. Their trek into this high UVB
environment led to the “remission” of their disease. As a consequence of this success, Hermann
Brehmer built the world’s first high-altitude tuberculosis sanitorium in Germany, designed to
allow patients to be exposed to “fresh air and sunlight”. At about the same time in the United
States, Edward Livingston Trudeau of New York published his original scientific finding that
rabbits infected with tuberculosis had a more severe course of disease if caged in the dark and
indoors, as opposed to being kept outdoors on a remote island. These experimental

observations led him to build the first sanitorium at Saranac Lake, NY. In fact, it was the
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success of treatment facilities like these which paved the way to the 1903 Nobel Prize in
Medicine awarded to the Danish physician, Niels Ryberg Finsen, who demonstrated that UV
light was beneficial to patients with lupus vulgaris, a form of cutaneous M. tuberculosis
infection. Despite widespread skepticism about the value of sanitoria at the time, it is likely that
the prolonged exposure to sunlight increased cutaneous vitamin D production, increased
substrate 25(OH)D levels and enhanced innate immunity to combat tuberculosis.

There is a long history of using vitamin D to treat mycobacterial infections with apparent
success. In 1946, Dowling et al. reported the treatment of patients with lupus vulgaris with oral
vitamin D (185). Eighteen of 32 patients appeared to be cured; nine improved. Morcos et al.
treated 24 newly-diagnosed cases of tuberculosis in children using standard chemotherapy with
and without vitamin D (186); they noted more profound clinical and radiological improvements
in the group treated with vitamin D (186). Nursyam et al. administered vitamin D or placebo to
67 tuberculosis patients following the 6th week of standard treatment (187). Out of 60 total
patients, the group with vitamin D had a statistically significantly higher sputum conversion rate
and radiological improvement (100%) than the placebo group (76.7%). Despite the clear
benefits of vitamin D treatment for tuberculosis, the mechanism of action had not been
elucidated. The fact that TLR-activated macrophages can convert vitamin D to produce
antimicrobial peptides illustrates a possible mechanism by which supplementation of patients

with inactive vitamin D leads to a positive therapeutic outcome.

CONCLUSION

In all, these studies demonstrate that a host deficient in 25(OH)D could suffer impaired
immune responses mediated by barrier cells and innate immune cells, resulting in increased
susceptibility to infection. Returning the circulating 25(OH)D to levels that achieve
immunosufficiency could restore their host defense mechanisms; however, the appropriate

25(OH)D levels needed for the optimum immune response remains to be defined. As antibiotic-
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resistant pathogens continue to develop, understanding the mechanisms by which we can
enhance our body’s natural immune response will be paramount to the development of
successful therapies. As such, insights into the role of human vitamin D metabolism and action
in host defense against infection provide hope that vitamin D supplementation could prove to be

a safe, simple, and cost-effective strategy for the treatment of infectious diseases.
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FIGURE LEGEND

Figure 1. The role of 25(OH)D in the innate immune response. (A) 1,25(0OH).D;-induction of
autophagy leads to antimicrobial activity against intracellular M. tuberculosis (M. tb) infection.
(B) TLR activation results in: i) induction of expression of the CYP27B1-hydroxylase and
vitamin D receptor (VDR) genes; ii) intracrine generation of 1,25-dihydroxyvitamin D
(1,25(0OH).D), from substrate 25-hydroxyvitamin D (25(OH)D) when present in sufficient
quantities. (C) 1,25(0H).D triggering of the VDR leads to i) transactivation of the cathelicidin
gene via interaction of the 1,25(OH).D-VDR complex with an VDR enhancer element in its
promoter; ii) expression of the cathelicidin gene product and iii) killing of ingested
mycobacteria. (D) Activation of TLR2/1 induces both IL-15 and key components of its receptor,
leading to downstream expression of CYP27B1 and VDR. (E) TLR-induction of IL-1f3 activity

converges with the VDR pathway, resulting in expression of DEFB4.
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CHAPTER 1

Type I interferon induction during Mycobacterium leprae infection inhibits vitamin D

metabolism
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Abstract

Leprosy is a debilitating disease caused by cutaneous infection of Mycobacterium leprae (M.
leprae). Previous studies have demonstrated the role of the vitamin D system in mediating the
antimicrobial response to mycobacterial infection; however, it is not understood how
dysregulation of the vitamin D system contributes to disease outcomes. The present study
investigates the factors that regulate vitamin D metabolism and activation in leprosy. Human
monocytes were infected with M. leprae and analyzed for vitamin D system gene expression and
metabolism. In contrast to stimulation with synthetic toll-like receptor 2 (TLR2) ligand or the
type II IFN-y, M. leprae infection did not induce conversion of pro-hormone 25-hydroxyvitamin
D to the biologically active 1a,25-dihydroxyvitamin D. Furthermore, gene expression of
activating enzyme 1a-hydroxylase (CYP27B1) and vitamin D receptor (VDR) were not induced
by infection. However, infection induced the type I IFN gene program demonstrated by
increased expression of downstream gene, 2’-5’-oligoadenylate synthetase 1 (OAS1). Blocking of
type I IFN signaling decreased expression of OAS1 as well as increased expression of CYP27B1.
Moreover, exposure of cells to irradiated M. leprae induced expression of CYP27B1 and VDR.
This suggests that the pathogen is utilizing the type I IFN pathway to evade the host
antimicrobial response through repression of the vitamin D pathway. Interestingly,
macrophages already capable of triggering the antimicrobial pathway through vitamin D
metabolism, such as those found in tuberculoid leprosy lesions, are resistant to type I IFN-
mediated repression. This suggests that type I IFN may play a more pivotal role during the early
stages of disease as compared to the chronic state of infection. The major finding of the present
study is that successful regulation of the vitamin D system in response to M. leprae infection by

either the host cell or the pathogen is a critical determinant to the outcome of the infection.
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Introduction

For over a century, use of vitamin D as a treatment against pathogenic infections has been
investigated 7; however, only in recent years has the mechanisms by which the immune system
regulates the vitamin D system been described. Human monocytes and macrophages can
synthesize the active vitamin D hormone 1a,25-dihydroxyvitamin D (1,25D) from the inactive
prohormone substrate 25-hydroxyvitamin D (25D) upon stimulation via innate or adaptive
immune signals as part of an antimicrobial response to infection 8. Previous in vitro studies
have demonstrated that the intracrine vitamin D metabolic system plays a major role in
macrophage antimicrobial activity against Mycobacterium tuberculosis (M. tb) infection 812, As
the role of vitamin D in the human immune response against mycobacterial infection becomes
increasingly established, studies have also emerged linking these mechanistic findings to human

diseases.

In particular, studies on leprosy, a dermal granulomatous diseased caused by Mycobacteria
leprae infection, have indicated a critical role for vitamin D in the outcome of infection. Leprosy
presents as a spectrum of disease in which the clinical manifestation indicates the
immunological state of the patient, where at one end is the self-limiting tuberculoid form (T-lep)
and the other end is the disseminated lepromatous form (L-lep) 3. Each pole is accompanied by
a well-defined immunological profile including cytokines, macrophage subsets and T cell subsets
13, Gene expression profiling of lesions derived from different forms of leprosy suggested a
correlation between the vitamin D pathway components and favorable disease outcomes 2.
However, how the vitamin D system is regulated at the site of infection in either form of leprosy
is not well defined. We hypothesized that the host immune response to pathogenic infection is
limited by vitamin D availability. Furthermore, disease-associated dysregulation of the vitamin

D system contributes to pathology.
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Materials and Methods

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood obtained from
healthy donors with informed consent. Monocytes were enriched using a plastic adherence
protocol in which PBMCs were cultured for two hours in RPMI 1640 media (Invitrogen,
Carlsbad, CA) with 1% FBS (Omega Scientific, Tarzana, CA) followed by washing. Monocytes
were cultured in RPMI media with 10% FBS and treated with 100ng/mL Pam;CSK,, M. leprae
(MOI 10, gift from J.L. Krahenbuhl), or irradiated M. leprae (equivalent to MOI 10, gift from
J.L. Krahenbuhl). For macrophage differentiation, monocytes were treated with 103 U/mL IL-4
(Peprotech, Rocky Hill, NJ), 1oug/mL IL-10 (R&D Systems, Minneapolis, MN), or 200ng/mL
IL-15 (R&D Systems) for 48 hours. For blocking type I IFN signaling, monocytes or
macrophages were treated with 10ug/mL anti-IFNAR antibody (PBL, Piscataway, NJ). Vitamin
D supplementation experiments were carried out using 25-hydroxyvitamin D5 (Enzo Life

Sciences, Farmingdale, NY).

High-performance liquid chromatography (HPLC): Monocytes or macrophages were incubated
with radiolabeled 3[H]-25D, (PerkinElmer, Waltham, MA) substrate for 5 hours in serum-free
RPMI media. [3H]-metabolites were purified using a C18 column and separated using a Zorbax-
sil column (Agilent, Santa Clara, CA). Radioactivity was measured in each sample by
scintillation counting. The amount of each metabolite present was quantified from counts per

minute plotted against elution profiles for 25D, 1,25D5, and 24,25D5.

Quantitative polymerase chain reaction (QPCR): Total RNA was harvested using TRIzol
(Thermo Fisher Scientific, Waltham, MA) and cDNA synthesized using SuperScript III Reverse
Transcriptase (Thermo Fisher Scientific). mRNA expression levels were assessed for 1a-

hydroxylase (CYP27B1), 24-hydroxylase (CYP24A1), vitamin D receptor (VDR), cathelicidin
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(CAMP), and interferon beta 1 (IFN-) using the Tagman system (Applied Biosystems, Foster
City, CA). Fold change was quantified by comparing to the housekeeping gene 18S rRNA and
using the AACt method. mRNA expression was also assessed for 2’-5’-oligoadenylate synthetase
1 (OAS1) using the SYBR Green system (Bio-Rad Laboratories, Irvine, CA). Fold change was

quantified by comparing to the housekeeping gene h36B4 and using the AACt method.

Antimicrobial assay: Total RNA was harvested as above and DNA was isolated using a
manufacture-provided sodium acetate back-extraction protocol and cDNA was synthesized.
Bacterial 16S rRNA and M. leprae repetitive genomic element DNA (RLEP) were measured
using quantitative PCR. Bacterial viability was calculated by comparing 16S rRNA to RLEP DNA

as previously published 4. The 16S and RLEP primers used were previously described 4.
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Results

To determine the effects of M. leprae infection on vitamin D metabolism, monocytes were
infected with live M. leprae at a multiplicity of infection (MOI) of 10 overnight. Following
infection, the monocytes were isolated and cultured with radiolabeled 25D for 6 hours, and the
levels of 25D, 1,25D and 24,25D were measured using high performance liquid chromatography
(HPLC). While monocytes treated with a Toll-like receptor 2/1 ligand (TLR2L), were able to
convert 25D into 1,25D, consistent with previous studies 8, M. leprae-infected monocytes did not
(Figure 1A). The ability of these cells to metabolize 25D was correlated with the gene expression
of CYP27B1 which was highly induced following TLR2L treatment but not during M. leprae
infection (Figure 1A). Conversely, production of the 25D catabolite, 24,25D, was not
significantly affected by TLR2/1 activation or infection despite both conditions resulting in a
significant reduction of 24-hydroxylase gene expression (Figure 1B). These results suggest that
despite having a cell wall-associated lipoprotein capable of activating TLR2/1 15, M. leprae
infection does not activate the TLR2/1L-mediated antibacterial response in the same manner as
described for purified ligands. Therefore, we hypothesized that expression of CYP27B1 was

inhibited during M. leprae infection.

To investigate the mechanism by which CYP27B1 expression is inhibited during M. leprae
infection, we measured IFN-[3 gene expression, which has previously been shown to inhibit
CYP27B1 expression %17 and induced during M. leprae infection 8. As expected, M. leprae
infection but not TLR2/1 ligand significantly induced expression of IFN-3 (Figure S1). To
determine if infection induced IFN-f contributes to suppression of CYP27B1, we neutralized
IFN-( activity using a monoclonal antibody against the interferon alpha/beta receptor (IFNAR).
The IFNAR monoclonal antibody was added to the monocytes prior to M. leprae infection, and

24 hours post-infection, IFN-f activity was evaluated by measuring expression of the IFN-f3
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inducible gene OAS1. Infection with M. leprae resulted in significant expression of OAS1 mRNA
(Figure 2A). Neutralization of IFN-f3 signaling by the IFNAR specific monoclonal antibody
during M. leprae infection resulted in a significant induction of CYP27B1 and VDR gene

expression (Figure 2B).

To determine whether inhibition of CYP27B1 gene expression during M. leprae infection is an
active or passive process, we compared gene expression of CYP27B1, VDR and OAS1 in
monocytes treated with live M. leprae, irradiated M. leprae, and the TLR2/1 ligand. Compared
to infection with live M. leprae, monocytes treated with irradiated bacteria had significantly
higher induction of CYP27B1 and VDR gene expression similar to TLR2/1 activation (Figure
3A). On the other hand, OAS1 gene expression was lower in monocytes treated with irradiated
M. leprae compared to those infected with live M. leprae (Figure 3B). These results indicate
that M. leprae-mediated suppression of CYP27B1 expression and function was likely through an

active bacterial process triggered upon initiation of infection.

Linear regression analysis comparing the expression levels of CYP27B1 and OAS1 in the
experiments above indicate a significant inverse correlation between the two genes (Figure 4A).
To determine if this correlation extends to the disease state in vivo, we examined the co-
expression of CYP27B1 and VDR against OAS1 in microarray data derived from skin lesions of T-
lep and L-lep patients. Our analysis indicates a dichotomy in which L-lep lesions expressed high
OAS1 and low CYP27B1 whereas T-lep lesions expressed low OAS1 and high CYP27B1 (Figure
4B). These result suggest that the counter regulation of IFN-3 and the vitamin D machinery

maybe an important determinant to disease outcome.

Previous studies have defined macrophage subtypes specific to T-lep and L-lep lesions that also

have differential capacity for vitamin D metabolism 2. To better understand the interplay
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between type I IFN and vitamin D metabolism we differentiated L-lep- or T-lep-like
macrophages by treating monocytes with IL-10 or IL-15 cytokines, respectively. We conducted
HPLC to study vitamin D metabolism as described above in the macrophage subtypes.
Consistent with previous findings 2, IL-15-derived-, but not IL-10-derived- macrophages
converted 25D to 1,25D. Furthermore, CYP27B1 gene expression was highly induced in IL-15-
derived, but not in IL-10-derived, macrophages (Supplemental Figure 2). The effects of M.
leprae infection on the vitamin D metabolic system in these cells were not addressed; therefore,
we infected IL-10- and IL-15-derived macrophages and assayed CYP27B1 gene expression. In
IL-10-derived macrophages, there was no change in CYP27B1 expression following M. leprae
infection whereas TLR2/1 stimulation induced a significant increase (Figure 5A). On the other
hand, CYP27B1 gene expression in IL-15-derived macrophages, which have high CYP27B1 gene
expression at baseline, was not significantly affected as a result of either infection or stimulation
with TLR2/1L (Figure 5A). Similar to monocytes, the IL-10-derived macrophages showed
significant induction of OAS1 gene expression with M. leprae infection but not TLR2/1
stimulation (Figure 5B). On the other hand, IL-15-derived macrophages did not express OAS1
as a result of infection (Figure 5B). These findings suggested that the T-lep-associated

macrophages may be resistant to M. leprae-mediated regulation of vitamin D metabolism.

To investigate if M. leprae infection has a functional impact on vitamin D metabolism in IL-15-
derived macrophages, we used HPLC analysis to assay vitamin D metabolism during infection.
Similar to CYP27B1 gene expression findings, IL-15-derived macrophages had high 1,25D
conversion at baseline which was not significantly affected by M. leprae infection (Figure 6A).
Given that CYP27B1 expression and function are not suppressed by M. leprae infection in IL-15-
derived macrophages, we hypothesized that provisions of the 25D substrate to these infected
macrophages would result in activation of the vitamin D-dependent antimicrobial pathways,

which is critically dependent on induction of the antimicrobial peptide cathelicidin, encoded by
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the gene CAMP 8. Indeed, when provided with exogenous 25D, IL-15-derived macrophages
dose-dependently induced CAMP gene expression (Figure 6B), suggesting that the macrophages
retain the ability to engage the vitamin D-dependent antimicrobial pathway during M. leprae

infection.

In contrast to the IL-15-derived macrophage, our results suggested that the IL-10-derived
macrophages are susceptible to type I IFN-mediated regulation of the vitamin D system during
M. leprae infection. IL-10-derived macrophages were treated with a neutralizing monoclonal
antibody specific for IFNAR prior to M. leprae infection and assayed for gene expression of
CYP27B1 and VDR. Blocking IFN-f signaling during M. leprae infection resulted in the
significant induction of CYP27B1 and VDR in IL-10-derived macrophages (Figure 7A). As
expected, OAS1 gene expression was also reduced when the IFNAR antibody was present,
indicating that the type I IFN pathway was active during M. leprae infection in these cells as well
(Figure 7B). Finally, we addressed the ability of type I IFN signaling to regulate bacterial
viability during M. leprae infection of IL-10-derived macrophages. When comparing IL-10-
macrophages cultured in vitamin D-sufficient serum and treated with isotype control versus the
type I IFN neutralizing monoclonal antibody, M. leprae viability was significantly lower in the
IFNAR neutralized macrophages (Figure 7C). Taken together, these results suggest that M.
leprae can avoid the macrophage vitamin D-dependent antimicrobial response through type I
IFN-mediated inhibition of the vitamin D metabolism, thus contributing to disease

pathogenesis.
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Discussion

We investigated how the vitamin D system is regulated by the immune response during
intracellular infection using leprosy as a model. In contrast to direct activation of TLR2/1 using
a purified ligand, monocytes infected with M. leprae did not significantly induce CYP27B1 gene
expression or 1a-hydroxylase activity. However, both M. leprae and TLR2/1L significantly
inhibited CYP24A1 gene expression; although, both conditions did not significantly affect 24-
hydroxylase activity. Based on previous data showing induction of type I IFN during M. leprae
infection 8, we showed that blocking type I IFN signaling relieved repression of CYP27B1 gene
expression. Additionally, using irradiated M. leprae, we determined that CYP27B1 repression
was dependent on live bacteria. Analysis of in vitro studies showed a negative correlation
between CYP27B1 and OAS1 expression that was mirrored in leprosy lesions from L-lep and T-
lep subtypes. Moreover, we found that L-lep- and T-lep-associated macrophages had
differential susceptibility to type I IFN-mediated repression of CYP27B1. Whereas T-lep-
associated macrophages had elevated CYP27B1 expression that was not affected by M. leprae
infection, the opposite was observed in L-lep-associated macrophages. Under vitamin D-
sufficient conditions, M. leprae infection triggered the vitamin D-mediated antibacterial
response in T-lep-associated macrophages; however, to trigger the same response in L-lep-
associated macrophages, type I IFN signaling first had to be neutralized. Nevertheless, our
findings suggest that regulation of the vitamin D pathway is a key switch during M. leprae

infection.

Although the ability of innate immune cells to recognize mycobacterial lipoproteins and
subsequently initiate an immune response through Toll-like receptors (TLRs) is well
characterized, it is unclear if these same immune mechanisms are engaged when the cells

encounter the intact pathogen 19-20.21, For mycobacteria, one of the key immune mechanisms is
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the intracrine vitamin D system which initiates an important host defense mechanism upon
activation 8. Currently, there is little evidence that activation of the vitamin D pathway during
the immune response has a direct correlation to disease outcome in mycobacterial infections,
partly because suitable animal models for studying the utilization of the vitamin D pathway
during the innate immune response to mycobacteria have yet to be identified. Therefore, we
investigated this defense mechanism in the context of M. leprae infection. Our finding of
induction of the vitamin D system by irradiated M. leprae but not by live M. leprae suggested
that M. leprae utilizes an active immune evasion mechanism to suppress the vitamin D-
mediated antibacterial response. Other studies have also suggested potential mechanisms in
which M. leprae subverts host defenses. For example, several studies point to the role of
phenolic glycolipid 1 (PGL-1), a component of the mycobacterial cell wall, in manipulating host
defense mechanisms, such as complement activation, phagocytosis, and cytokine release, to
inhibit maturation of dendritic cells and modulate T cell responses 22 23.24.25, Related to vitamin
D-mediated antibacterial responses, our previous study showed that microRNA-21 (miR-21) was
highly expressed in L-lep lesions versus T-lep lesions and inhibited CYP27B1 gene expression
and function 26. Similar to the results presented here, miR-21 induction was exclusive to live M.
leprae infection and not induced by purified TLR2/1 ligands or M. leprae sonicate. However,
the precise mechanism by which live M. leprae infection regulates miR-21 expression is
unknown. Taken together, these results support the hypothesis that M. leprae utilizes an active

immune evasion mechanism which directly targets the vitamin D pathway.

Induction of type I interferons (IFN) is a well-studied host defense mechanism against viral
infection 27. However, their role in the immune response against intracellular bacteria is less
well-defined 27. Our recent study has shown the induction of type I IFNs during M. leprae
infection 8. Interestingly, there is evidence indicating that although type I IFNs are critical for

viral immunity, type I IFN signaling leads to impaired antibacterial responses against the
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extracellular pathogen Streptococcus pneumoniae 26. When comparing expression of the type I
IFN inducible gene, OAS1, to CYP27B1, we found a consistent inverse correlation in both in vitro
models of infection as well as the leprosy lesions. Since type I IFN signaling and low CYP27B1
expression was characteristic of lepromatous lesions and vice versa in tuberculoid lesions, it
supports a pathogenic role for type I IFNs and a protective role for the vitamin D pathway in
mycobacterial diseases. Indeed, there is a direct regulation of the two pathways, as
neutralization of type I IFN during M. leprae infection relieved inhibition of CYP27B1
expression. These results suggest that M. leprae manipulates the host defense system to mount

an inappropriate antiviral program to subvert the vitamin D-mediated antimicrobial response.

Naturally, the immune microenvironment within the leprosy lesions is different between the two
poles of the spectrum, one key factor being the different macrophage subsets present. The
function and response of the macrophage is critical to the outcome of disease since they are the
host cell of M. leprae. Previous studies have defined macrophage subtypes that are present in
each phenotype which can be differentiated in vitro using cytokines associated with L-lep or T-
lep lesions 9 2. Our studies showed that L-lep-associated macrophages were susceptible to type
I IFN-mediated inhibition of CYP27B1; on the other hand, T-lep-associated macrophages were
resistant. Furthermore, neutralization of type I FN signaling during M. leprae infection of L-
lep-associated macrophages alleviated CYP27B1 repression leading to decreased bacterial
viability. These findings support a potential therapeutic invention that relies on blocking type I

IFN signaling in order to mount an effective vitamin D-mediated antibacterial response.

The use of vitamin D to treat mycobacterial disease has been studied in numerous clinical trials
showing inconsistent benefits 57.29-32, Our findings suggest a possible explanation for the varied
outcomes. The efficacy of elevation in systemic 25D levels to affect local antimicrobial responses

at the site of infection is predicated on the ability of the macrophages to convert the circulating
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25D into 1,25D. Thus, if the pathogen bearing macrophages, such as those found in L-lep
lesions, were unable to convert 25D, it would not be surprising to see minimal therapeutic
benefit following vitamin D supplementation. More broadly, our findings suggest that the
clinical management of disease using vitamin D supplementation will require simultaneous

management of the vitamin D metabolic system to achieve therapeutic benefit.
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Figure Legends

Figure 1. M. leprae infection of monocytes does not induce conversion of 25D to

1,25D

Primary human monocytes were treated with 10ong/mL Pam;CSK, or M. leprae at a
multiplicity of infection of 10:1 for 24 hours followed by incubation with radiolabeled 25(OH)D,
for 5 hours. Conversion to (A) 1,25(0OH).D; and (B) 24,25(0OH)D; was measured by high
performance liquid chromatography. Additionally, (A) 1a-hydroxylase (CYP27B1) and (B) 24-
hydroxylase (CYP24A1) gene expression levels were determined by quantitative PCR. Data are
shown as mean + SEM, n >3. Statistical significance was determined using one-way ANOVA

followed by Bonferroni correction. (**p < 0.01, ***p < 0.001).

Figure 2. Blocking type I IFN signal during M. leprae infection relieves repression
of CYP27B1

(A) Primary human monocytes were infected with M. leprae and co-treated with either antibody
against the type I IFN receptor, IFNAR, or isotype control for 24 hours. Blocking of type I IFN
signaling was determined by measuring OAS1 gene expression and represented as percent
inhibition. Data are shown as mean + SEM, n = 8. Statistical significance was determined using
one-way ANOVA followed by Bonferroni correction. (*p < 0.05, **p < 0.01, ***p < 0.001). (B)
CYP27B1 and VDR gene expression levels were measured using quantitative PCR. Data are
shown as mean + SEM, n = 8. Statistical significance was determined using one-way ANOVA

followed by Bonferroni correction. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3. Irradiated M. leprae induces CYP27B1 in primary human monocytes

(A) Primary human monocytes were infected with M. leprae at a multiplicity of infection of 10:1
or treated with an equivalent amount of irradiated M. leprae or 100ng/mL Pam;CSK, for 24
hours. Total RNA was collected from each sample. (A) CYP27B1, VDR, and (B) OAS1 gene
expression levels were measured using quantitative PCR. Data are shown as mean + SEM, n =
10. Statistical significance was determined using one-way ANOVA followed by Bonferroni

correction. (*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 4. CYP27B1 gene expression is negatively correlated with OAS1 gene
expression in in vitro studies and in leprosy lesions

(A) Correlation of CYP27B1 and OAS1 gene expression (mean fold change) was calculated by
liner regression analysis. (B) CYP27B1 and OAS1 expression data from microarray analysis of T-

lep (n = 6) and L-lep (n = 5) human skin lesions.

Figure 5. IL-15-and IL-10-derived macrophages differentially respond to M. leprae
infection

Primary human monocytes were treated with 1oug/mL IL-10 or 200ng/mL IL-15 for 48 hours
followed by infection with M. leprae or addition of Pam;CSK, for 24 hours. (A) CYP27B1 and
(B) OAS1 gene expression levels were assayed by quantitative PCR. Data are shown as mean +
SEM, n = 3. Statistical significance was determined using one-way ANOVA followed by

Bonferroni correction. (**p < 0.01, ***p < 0.001).
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Figure 6. M. leprae infection induces cathelicidin expression in IL-15-derived
macrophages

(A) IL-15-derived macrophages were infected with M. leprae or treated with Pam;CSK, for 24
hours followed by incubation with radiolabeled 25(OH)D; for 5 hours. Control macrophages
were derived by treating primary human monocytes with 103 U/mL IL-4 for 48 hours.
Conversion to 1,25(0OH).D; was measured by high performance liquid chromatography. Data
are shown as mean + SEM, n=3. Statistical significance was determined using one-way ANOVA
followed by Bonferroni correction. (*p < 0.05, **p < 0.01). (B) IL-15-derived macrophages
were infected with M. leprae and supplemented with 20nM 25(0OH)Ds, 100nM 25(OH)D3, or
vehicle for 24 hours. Cathelicidin (CAMP) gene expression was assayed by quantitative PCR.
Data are shown as mean + SEM, n = 3. Statistical significance was determined using one-way

ANOVA followed by Bonferroni correction. (**p < 0.01).

Figure 7. Blocking type I IFN signaling during M. leprae infection of IL-10-derived
macrophages reduces bacterial viability

IL-10-derived macrophages were infected with M. leprae and co-treated with either antibody
against the type I IFN receptor, IFNAR, or isotype control for 24 hours. (A) CYP27B1, VDR, and
(B) OAS1 gene expression levels were measured using quantitative PCR. Data are shown as
mean + SEM, n < 5. Statistical significance was determined using one-way ANOVA followed by
Bonferroni correction. (*p < 0.05, **p < 0.01). (C) IL-10-derived macrophages were infected
with M. leprae and co-treated with either antibody against the type I IFN receptor, IFNAR, or
isotype control for 5 days under vitamin D-sufficient conditions. The ratio of 16S RNA to RLEP

DNA was calculated as a measurement of bacterial viability.
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Supplementary Figure 1. M. leprae induces IFN-f3 gene expression in primary
human monocytes

(A) Primary human monocytes were infected with M. leprae at a multiplicity of infection of 10:1
or treated with 100ng/mL Pam;CSK, for 24 hours. Total RNA was collected from each sample.
Interferon beta 1 (IFN-f) gene expression was measured using quantitative PCR. Data are
shown as mean + SEM, n = 4. Statistical significance was determined using one-way ANOVA

followed by Bonferroni correction. (*p < 0.05).

Supplementary Figure 2. IL-10- and IL-15-derived macrophages have distinct
vitamin D metabolic profiles

(A) Primary human monocytes were treated with 1oug/mL IL-10 or 200ng/mL IL-15 for 48
hours. Control macrophages were derived by treating monocytes with 103 U/mL IL-4 for 48
hours. Macrophages were incubated with radiolabeled 25(OH)D; for 5 hours and conversion of
25(0OH)D; to 1,25(0OH).D; was measured by high performance liquid chromatography. Data are
shown as mean + SEM, n = 3. Statistical significance was determined using one-way ANOVA

followed by Bonferroni correction. (***p < 0.001).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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TUBERCULOQSIS

IL-32 is a molecular marker of a host defense network
in human tuberculosis

Dennis Montoya," Megan 5. Inkeles,® Phillip T. Liu,"”* Susan Realegeno,”* Rosane M. B. Teles,’
Poorva Vaidya," Marcos A. Munoz," Mirjam Schenk,” William R. Swindell,* Rene Chun,?
Kathryn Zavala,> Martin Hewison,? John 5. Adams,? Steve Horvath,®” Matteo Pellegrini,®
Barry R. Bloom,* Robert L. Modlin™**

Tuberculosis is a leading cause of infectious disease—related death worlkdwide; howewver, only 10% of people infected
with Mycobacterum tuberculosis develop disease. Factors that contribute to protection could prove to be promising
targets for M tuberculosis therapies. Analysis of peripheral blood gene expression profiles of active tuberculosis pa-
tients has identified correlates of risk for disease or pathogenesis. We sought to identify potential human andidate
markers of host defense by studying gene expression profiles of macrophages, cells that, upon infection by M. tuber-
anlosis, @n mount an antimicobial response. Weighted gene coexpression network analy sis revealed an assodation
between the cytokine interleukin-32 (IL-32) and the vitamin D antimicobial pathway in a network of interferon-y - and
IL-15-induced “defense response” genes. IL-32 induced the vitamin D-dependent antimicrobial peptides cthelicidin
and DEFE4 and to generate antimicrobial activity in vitro, dependent on the presence of ade quate 25-hydroxyvitamin
D. In addition, the IL-15-induced defense response macrophage gene network was integrated with ranked pairwise
comparisons of gene expression from five different clinical data sets of latent compared with active tuberculosis or
healthy controls and a coexpression network derived from gene expression in patients with tuberculosis undergoing
chemotherapy. Together, these analyses identified eight commaon genes, including IL-32, as molecular markers of latent
tuberculosis and the IL-15-induced gene network. As maintaining M tuberculosis in a latent state and preventing
transition to active disease may represent a form of host resistance, these results identify IL-32 as one functional

marker and potential correlate of protection against active tuberculosis.

INTRODUCTION

Tuberculosis (TE) & a global disease, with 87 milion new cses and
1.4 million deaths reported worldwide in 2011 (1). In the United
States, estimates are that 10 to 15 million people are infected with M-
cobacterium tubsroulosis (2, 31 About one third of the world's popu-
lation is thought to harbor latent or pemistent TB mfection (1], which
refers to those individuals who are infected with M tuberculosis but do
not have adive disease. The meent emergence of mulidrug-mesistant
(MDE) and edensively dmg-resistant (XDE) TB n individuals m maore
than 100 countries is an emerging global threat (4). This has mderscored
the urgency in understanding the immune medanisms of pmtection in
human TE and devdoping new strategies for prevention and treatment.

Thmugh the measurement of gene expression profles in peripheral
blood of TB patients, several laboratories have identified sets of genes
that distingnish indvidnals with active TB from those with latent nfec-
tion (5, 6). Most studies thus far largely identify genes that are dif-
ferentially expressed in adive disease. From these data sets, the focus
has been to define biomarkers for disease progression, with the most
striking “signature” for active TB being the incease in type [ interferon
(IFN}-regulated genes (5, 7). The induction of the type [ IFN gene pro-

"Division of Dermatology, Devid Geflen School of Medicine at Unkvesity of Calibmia
Lo Angebes [UCLA), Los Angeles, CA 90095, USA "Deganment of Molsoular Call and
Devebgmentl Bidogy, UTLA, Los Angees, CA 90095, USA. WUCLAOmhopaedic
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Univesity of Michigan School of Medicne, Ann Ador, M1 48109, USA ®Human
Genetics, David Geflen School of Medidne a1 UOLA, Los Angeles, CA 90095, LRA
"HasEstics, Schood of Publc Health, UCLA, Los Angeles, CA 90095, LEBA "Hanand
School of Pulblic Heath, Bosion, MA 02115, LEA
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gram was assodated with the edent of disease (5) and resolved within
months of treatment (8). In vitmo studies indicated that type I IFN indoced
mterleukin- 10 (IL-10), which msulted in the inhibition of human antinry-
oobacterial mechanisms (91, The type | IFN gene signature i therefore
nsidered to be one of the ®orrdates of risk or pathogeness™ for TE.

In contmst, in the absence of a sucoessful vaccine tdal in which some
ndividuals are protected and others devdop disease, it has been difficult
to identify “corrdates of protection” for TE. Although some candidate
genes have been identified (5, 6), there have not bem clear functional
data eluddating how the encoded protoins might contribute to human
host defense. Our approach was initially to identify genes that might
mrrelate with protection, sedeing those rdated to host antimicrobial
pathways against M. tubercudosis in human macrophages. Subsequently,
these data were integrated with gene expression profiles in blood from
mdividuals with evidence of M fuberuloss infection that do not pro-
gress to active disease, that is, ndpviduals with latent TB. We reasoned
that becanse innate andfor adaptive immune killing of intmedhular my-
aobacteria is critical to the outcome of the battle between the host and
the pathogen, gene sets regulating the two areas of investigation, micro-
bicidal macrophages, and latent infection compared with active TE
might be expressed in common and be informative about mechanisms
of protection against TH.

RESULTS

IL-3 2-associated gene modules were identified during
differentiation of microbicidal macrophages

To identify genes that might contribute to macophage antimicro-
bial activity against M. tuberouloss, we stimulated primary coltures
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of human monocytes from four healthy donors for 6 and 24 hours
in vitro with IL-15 to induce MI1-like macophages, which have been
associated with host defense against mycobaceria (10, 17}, or con-
versly with [L-10 or IL-4 to induce M2 like macrophages, which have
been assodated with pathogenesis in mycobacterial infection (% 11, 12).
As outlined in Fg. 1A, gene eqpression profiles were obtained from the
cytokine-derived macrophages and analyzed wing a systems hiology
approach to identify modules of highly interconnected genes: weighted
gene coexpresdon network analysis (WGCHN A). A network was con-
structed from this micmarray data set on the bads of pairwise comdations
of gene epression of highly interconnected genes that have significantly
aimrdated coepresion. Subsequently, gene modoles of the highly con-
neced genes are derived (Fig. 1B). Two advantages of the WGCHNA
approach are that it is inbiased by any supervidgon derived from data-
bases or publications, and it reduces multiple hypothesis testing.

The most significantly corrdated module eigenegene (ME) identi-
fied with amy treatment, represented as MEbladk, was assodated with
IL-15 stimulation at 24 hours (P = 6 % 10°"*) and contained 802 probe
sets (Fg. 1B), hereto referred to as IL15black. Analysis uding Database
for Annotation, Vismlization and Integrated Discovery (DAVID) (13, 14)
revealed that the black module was enriched for the Gene Ontology term
“defense r " a cluser of 48 genes [false discovery rate (FDR) =
309 » 10°°]. The ME of al lnown genes annotated with defense re-
sponse, 1706 probe sets, corrdated most strongly with IL-15 stimula-
tion at 24 hours as shown m the module-tmit rdatonship diagram (P =
1 % 10°%). We noted that the IL15black defense response cluster con-
tained [1-32, which had previously been implicated in host defense in
TE. IL-32 is induced by M tubemuloss (15) and is reported to stmulate
an antmicmbial activity against M. fuberadosis in the THP-1 cell line,
which was about 2% dependent on caspase-3 (16). Although not
expressed in resting monocytes, nor yet to be identified n the mouse,
IL-32 is induced in human monocytes/macrophages by stimulation
with [IFN-y (15) or by activation of mdeotide binding aligomerization
domain-containing protein 2 (NODZ2) by muramyl dipeptide (MDF)
(17} or of Tall-lke receptor 4 (TLR4) by lipopolysaccharide (18).

Analysis of the [L-15-indneed defense response duster by odl type-
spedfic signatune scoring was performed because the macmphages wene
derived from adherent PEMCs. Of the 48 genes in this cluster, 35 were
expressed at baseline in the mydoid cell lineage in addition to IL-32
(Fg. 1C).

IL-15 defense response network links IL-32 to the

vitamin D antimicrobial pathway

Given that IL32 was the most highly connected myeloid gene in the
module, a2 “hub gene” (intramodular connectivity, KME = 0,930, table
51}, a comrelated network: of the [L-15-nduced defense cluster was dis-
played in which the relationship of the most highly connected (topolog-
ical ovedap > 0685) mydoid genes to 132 was vismlized. Annotation
of this duster showed 132 eppression corrdated with four components
of the vitamin [ antimicrobial pathway (19-21} CYP27BI (the vitamin
D 1-a-hydroxylase), CD, CYBB, and IL15 (Fig. 2). JL32 was
connected to additional genes annotated as antimicrobial, nchuding ma-
jor histocompatibility complec (MHC) class [ presentation, chemaotaxis,
and lipid metabolism. In the micmarray data, CYP27E1 was indnced by
36.4-fold by [1-15 and comelated with 132 expression with a topolog-
ical overlap score of 0.70 (table 52). It is to be noted that although the
network indictes correlations, the cusal relationships remain to be
formally established.

The ability of IL-15 to induce IL-3Z, as evident in the micmarray
data (fig. 51 and table 54}, was confirmed by polymeras: chain reaction
(PCR) using additional primary human monocytes and was compamble to
mduction by IFN-y (Fig. 3A and table 54). IPN-y induction of [L-32 was
dependent on [L-15 because its lnockdown by small interfering RMA
(siBNA) significntly reduced PNy induction of IL-32 by 96% (Fg.
3B and table 54) but did not affect a control gene (fig. 52 and table 54,

IL-32 is necessary and sufficient for the induction of the
IFN-y-dependent vitamin D pathway

Although WGCNA of the marophage subsets revealed a link, defined by
topological correlation, between IL-32 and CYPZ7b, the cusal rdation-
ships and the directionality of the rdationship eemain to be formally
established. We iund that treatment of adherent monocytes with IL-32
was sufficient to up-regulate CYP27h1 mBMA, at levels compamble
with [FN-y or [L-15 treatment (Fig. 3C and table 54), and that induction
was dose-dependent (fig 53 and table 54). In additon, [L-32 induced
anversion of 250 to the bicactive 125-dilydroxyvitamin [ (1,250
(Fg 3D and table $4). The ability of IFN-y to nduce CYP27h1 mENA
T} AT was dependent on [1-32, as shown by Inodwdown of IL32
(Fg 3E and thle 54), but not a control gene (fig. $4 and table 54). The
oograte molsmlar target of 1,250, vimmin D receptor (VDR), was also up-
regulated n monocytes by treatment with [L-32 (Fg 3F and table 541

IL-32 triggers a vitamin D-dependent antimicrobial peptide
response against M. tuberculosis

IL-32 was suffident by itsdf to nduce mRNA epression of the anti-
micmbial peptides catheliddin and DEFE4 in monocytes, at levels com-
parable with stimulation by IFN-y or IL-15 (Fig. 4A and table 54), and
was similarly dependent on the VDR because addition of the VDR an-
tagomist VAZ (22) completely blodied induction (Fig. 4B and table 54).
To determine whether IL-32 was suffident to induce an antimicrobial
activity, macrophages were infected with the live virdent M tuberruloss
and treated with [L-32 When the viability of the bacilli was assessed
4 days later, IL-32 had nduced an antimicrobial activity of 70% when
the macrophages were cultured in 250-sufficient serum (Fig. 4C and
tahle 54). In contrast, when the macrophages were cultured in 250-
msuffident serum, no antimicrobial activity was ohserved. In addition,
when the 25 D-insufficient serum was supplemented in vitro with 250
to sufficient levds, the antimicrobial response was restored. In these
experiments, a paralld response to [FN-y was observed, as previoushy
described (23). Together, these data mdicate that 11-32 induees CYPZ7h1
and the VDR, as well as the vitamin D-dependent induction of antimi-
crobial peptides and antimicrobial activity, and is a functional mediator
af PNy activation of human macophage microbicdal activity.

IL-32 is part of an IL-15-induced gene set differentially
expressed in latent TB

We reamned that integration of the IL-15-indnced gene set with gene
expresdgon profiles in human TB would identify molecular markers of
host defense. We sought to integrate the entre [L-15-induced gene
module IL15blad: with two distinct anabyses of blood gene expression
profiles in human TEB: ranked pairwise comparisons of gene expres-
sion in five different dinical data sets of latent versus active TE or healthy
oontrols, and a coegpression network derived from gene ecpression in
patients with active TB undepoing chemotherapy (Fig. 5A). Latent TR
mfection was defined by a positive blood mterferon-y rdease assay (JGRA)
test in those studies.
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Fig. Z IL-15 defense response network links IL-32 to the viamin D
antimicrobial pathway. Visualization of IL-15-induced defense response
connectivity network by topological overlap (»0U685). Only those genes
expressed in mydoid cells (FOR < Q05) determined by cell type—spedfic
score and connected to IL-32 are labeled. Color of each node depicts
fodd-change (FQ induction by IL-15 at 24 hours as indicated in the legend.

The first analysis was based on the hypothesis that thos penes
with elevated expression in latent TE versus active TE and healthy
controls were lkdy to be rdevant to host defense agamst active dis-
ease. A pairwise comparison of gene expression profiles derived from
five different data sets (table 53) of peripheml blood from individuals
with labent versus active TE nfection {Berry et al. [UK10 (5)], Berry et al.
[SA"10 (5)], Maertedord et al. [GER'12 (6)], Bloom et al [SA'1Z (SA) (8]],
and Kaforou et al [KAF13 (24)]} was computed Similarly, compari-
sons of peripheral blood gene epresion profiles were calculated for
each of two data sets of latent TE versus healthy contmols {Berry et al
[UE10 (5)] and Maertzdorf et al. [GER'12 (6)]} (table 53). In total,
366 gene expression profiles were analyzed, from active T patients
(r = 168}, individuals with latent TB (nn = 173), and healthy controls
(m= 25). We wed a nonstringent cutoff (fold chan ge 2 1.2) to identify
positive genes and ranked these on the basis of the number of data sets
in which they passed the threshold (25). We then determined which of
the genes in the IL15blacd: module were differentially expressed in at
least three of five latent versus active TE data sets and one of two la-
tent TE versus healthy control data sets. Eighteen genes wene identi-
fied (hypergeometric P = 0.002), of which only IL32 was up-regulated
in latent versus active TE and latent TH versus h.ca]ﬂ;l}-' ntrols by at
least 1.2-fold in seven of seven data sets (P = 9.6 x 10", expected value
0.016 genes) (fig. S4A).

In the second analyss, we analyzed a data set of serial blood sam-
ples from TE patients undergoing chemotherapy (n = 29) (8). We per-
formed WGCHA of this data set, which revealed four modules that
were significantly enriched in the latent TE group (fig. 55B). Of these,
the tan module, referred to as LATENTtan, contained 88 probe sets
corresponding to 64 genes, including IL32. The tan ME (MEtan) was
significantly associated with latent TE (F = 0,03} and inversely cor-
rdated with active TB (P = 0.00Z) but beame significantly devated
in active TB after & months of chemotherapy (P = 0.0005). Overlap
of the IL15black module with the LATENTtan treatment module me-
veded 14 common genes (hypergeometric P = 1.5 x 1077), including
1132 (fig. 55C). The intersection of the comparisons of the IL15kldk
module with the pairwise analysis of the five dinical data sets and the

Wi Sk

ltent TE gene modules identified eight common genes, including
IL32 (Fig. 5 Band C). At least three of the identified genes may derive
from CD8" T cdls or natural killer aells, such as CD84, GZMH, and
PRF1, because IL15black was obtained by studying adherent PEMC,
and the clinical data sts involve gene expression profiles from blood.

IL-32 mRNA levels were greatest in peripheral blood of patients
with latent TE, lower in healthy contmls and lowest in active TE pa-
tients (Fig. 500). The GER' 2 latent TE versus active TE pairwise com-
parison of [L-32 mRNA was significantly different. Although IL-32
mPMNA GER'1Z data were 1.3-fold greater in latent TB versus healthy
controls, similar to the UK'10 data, the GER'12 data did not achieve
signifimnce beause of the small number of individuals with latent
TE. In addition, IL-32 mENA expression was lowest in a group of
patients categorized as having “other diseases,” induding pneumonia,
malignancy, and a variety of other infections in which TB was a pos-
dhle differential diagnods (FRg. SE). We note that [L-32 mRNA expres-
gon was also comparativly low in peripheral blood geme epresion
profiles from patients with sarcoidods (fig. 56), although the gene sig-
matures of sarcoidosts and active TB were reported largdy to ovedap (6).

Gene expression profiles were also obtained from peripheral blood
of healthy infants in South Africa vacdnated with attenuated modified
waccinia virns Ankam epresing M. ribermdoss antigen 854 (MVABSA)
(26, 27). This vacdne induced an IFN-y response in antigen-activated
T cdls in vitro but failed to engender protection aganst nfection or
discase (28). We note that there was no nduction of [FN-y or IL-32
mFMN As in the unstimulated blood at 2 or 7 days after vaccination (fig.
57). in contrast to the elevated 1L-32 mENA in unstimulated blood of
latent TE vemsus both active TB and healthy controls.

In the data set from TB patients undergoing chemotherapy (n = 29)
(&), IL-32 mBMNA, although lowest in active T patients, ncreased dor-
g chemotherapy as early as 2 weds, reaching the levels ohserved n
latent TE infection by 6 months of treatment (Fig. 5F).

DISCUSSION

Most individuals infected with M. tuberculoss devdop, in addition to
mnate immunity, an acquired cel-mediated immune response agamst
the pathogen, as determined by tuberculin diin testing or in vitro IFN-y
release assays. In about 90% of immunommpetent individuals, the in-
fection is contaned; in an unknown percentage of mdividuals, infec-
tion persists in a latent or persistent state for long periods and can
mactivate, resulting in clinical disease. There ane 2 number of markers
that have been assodated with active TB in patients, ncluding mary
IFN-p-induced genes (29).

Maolecular markers for immune responses mesponsible for contain-
myg the pathogen ina latent state would thus represent a valuable mea-
aure of immune protection against progression to active disease. Given
the difficulty in identifying a set of genes that are biomarkers for pro-
tection and have a plausible biologic fundction in host defense, we ini-
tiated studies to identify the pathway activated by IFN-y leading to
antimicrobial activity of human macrophages. W had previously shown
that [FN-y induced IL-15, which rapidly induces the differentiation
of monocytes into macrophages with antimycobacterial actvity. Our
strategy here was initially to identify gene modules n IL-15-treated
monocytes that might be critical to antimicrobial activity and then
to compare those with gene expression modules in databases charac-
terizing gene ocpression of labent TE patients, seeldng genes that were
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power of WGCHNA to reveal previoushy
unknown fundional assodations This
analysis identified an IL-15-induced
host defense network in macrophages,
which induded both IL-32 and CYP27h1.
We movered the directionality of this
prodicted connection by demonst rating
in vitro that (i} the ability of IFN-y to
induwce IL-32 was dependent on [L-15;
(i) IPN-y induction of CYP27b1 was
IL-32-dependent; (iii) IL-32 triggered
the up-regulation of CYP27b1 and [L-32
induced the conversion of 250 o 1,250y
(iv) IL-3 induced the ecpression of the
vitamin D-dependent antimicrobial pep-
tides cathdicidin and DEFB4; and (v)
IL-32 induced antimicrobial activity
in vitro against M. fubsruiogs in macm-
phages. [L-32 i a human secreted pm-
temn, not yet identified n mowse, that is
reported to trigger monocyte activation
induding cytoldne release and differen-
tiation (34) and thought to contribute
to the pathogeness of nfections (35, 36)
and autoimmune (37) diseases, as wdl
as inflammatory bowel disease (38) and
cancer (39). Infection of monooytes by
M. tuberdees (15), as well as activation

3

IFN-

OsilL32

o
Media

IFM-¢

Fig. 3. IL-32 is necessary and suffident for the inducton of the IFN-y-dependent vitamin D
pathway. (Al Adherent PBMC were treated with IFM-y (1.3 ng/mil] or IL-15 (200 ng/mi] for 24 hours,
and IL-32 gene expression was measured by gPCR (mean fold change £ SEM, n = 4). (B] Monooyte-
derived macrophages (MDMs) were transfected with siRMA oligos specific for IL15 (silL15) or nonspedfic
[siCtrl) and then treated with IFM-y (1.3 ng/ml} for 24 hours, and IL-15 and IL-32 mRMNAs were assessed
by gPCR (mean fold change £ 5EM, n = 4). (€ and F) Adherent PBMCs were stimulated with 1IL-32 (50 ng/mil),
IFM-y (1.3 ngdfmill, or IL-15 (200 ng/mil for 24 hours in 10% fetal calf serum (FCS), and OPZ7B1 (0 or VDR [F)
expression was asses=d by gP(R (mean fold change £ SEM, n =5 to 7). (D) OYP27b1 adivity measured by
treating adherent monocytes with IL-32 (100 ng/mil) IFM-y (1.3 ngfmll or IL-15 (200 ng/fmil} in 10% FCS for
48 hours and for an additional 5 hours with [*H]2503. The amount of conversion to FHI1,2503 was
measured by high-performance liguid chromatography (HPLCL [E) MDMs were transfected with sill-32 or
siCtrl and treated with IRN-y (1.3 ng/ml} for 24 hours IL-32 and CYP27B1 gene expresson was determined
by gPCR imean fold change £ 5B, n= 7L Fvalue by Students © test.
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by MDP via NOD2 (17, indoces IL-32.
In the THP-1 ol line, [1-32 induced an
antimicrobial activity aganst M. fuber-
culosis that was about 2% dependent
on caspase-3 (16). We found that the
ahility of IL-32 to trigger an antimicm-
bia response in the presence of 250-
insuffident serum required the addition
of affident leves of 250 in vitro, as has
bemn found for other in vitro stimuli or
after vitamin [ supplementation in vivo
(1% 23, 40-42). Our data demonstrate
that in primary human macrophages,
the IL-32-nduced antimicobial response
was completdly dependent on the leve of
25D, confirming the importance of suf-
fident extracd lular levels of 250 to aip-
port an optimal human antimicrohial
response aganst M. fubercdoss.

In addition to nducng an antimi-
crobial response, IL-32 triggers the dif-
ferentiaion of monocytes into dendritic

shared in common between microbiddal macophages in vitro and
peripheral blood of latent TE patients.

Activation of human monocytes/macrophages dther by the mnate
immune system [TLRs (19, 30-32)] or the acquired immune response
[TFN-y (23)] converges on a common pathway through the induc-
tion of [L-15 (33) and up-regulation of CYP27b1 and the VDR, Our
analysis revealing a linkage between IL-32 and the vitamin [ anti-
microbial pathway was an unexpected finding, demonstrating the

cells with enhanced @pacity to aoss-
present antige via MHC dass o CD8' T cdls (17) (fig. S8). A role
for CDE' T cells in protective immunity against TB has been shown in
animal studies and inferred from human studies (43). Human CDE*
T cdls were found to be both cytolytic and able to activate an anti-
microbial response against M. tuberculosis-infected macrophages
[44-46). These CDE' T cells express ol surface tumor necrosis factor—
and contain granulysin in cytotoxic granules, an antimicrobial protein
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Fig. 4. IL-32 triggers a vitamin D-dependent antimicobial response
against M. tuwberculosis. (Al Human monocytes purified by negative selec-
tion were cultured in 109 vitamin D-sufficient human serum and stimulated
with IL-32 (50 ng/fmill, IFN-y (1.2 ngfmll or IL-15 (200 ngfml} for 24 hours.
mRNA expression of the antimicrobial peptides catheliddin (Cath) and
DEB4 was detamined by gP(R (mean fold change £ 5EM, n = 3 to 5.
(B] Purified monocytes were pretreated with the VDR antagonist VAZ
[ZK159222) for 15 min and treated with IL-32 (50 ng/ml) for 24 hours.
RMA expression of the indicated genes measured by qPCR (mean fold
change £ 5BV, n = 3L #C) Human MDMs were infected with M. fubercubss
H37Rv owemnight After infection, cels were freated with IL-32 (100 ng/ml) or
IFN-y (1.3 ngfml) for 4 days. Viability of M. tuberculosis was aloulated by the
ratio of bacteria 165 RNA and DNA (156110) as measured by gPCR. and
percent inmease or deaease relathve to no treatment (media) was deter-
mined (mean fold change £ 5BV, n = 3L P wvalue by Students f test.

with activity against M. tuberculoss (47, 48) also not found in mouse
macrophages. Three of the eight genes identified in the overlap be-
tween the IL-15-induced network and the latent TE gene profile

are exprossed by CDE' T cells, consistent with a role for this T cdl
subset in host defense. It is possible that [L-32 may sequentially induce
the killing of the intracdlular pathogen within phagolysosomes by a
vitamin D-dependent pathway, releasing antigen to the MHC class |
pathway to further induce andfor activate CDS' T cells (fig. 58). In-
duction of the vitamin [} pathway involves autophagy (23, 31, 32)
and phagolyscsmal fision, which contribute to the antimicrobial ac-
tivity, but these cellular processes may also facilitate antigen presenta-
tion to T cdls (4%, 50).

The IL-15-induced “host defense” network in macrophages as
determined by WGCNA identified the connection between 132 and
gemes involved in the vitamin [ antimicrobial pathway (CYP27BI,
4y, CYBE, and IL15). An additional set of genes implicated in anti-
microhial responses was identified (IFIH1, APOBEC3G, C3, CFB, NMI,
and IDOT). Of these, NMT is noteworthy for its abdity to regulate type 1
IFN responses (51), which block type IT IFN (TFN-y ) antimicrobial re-
gponses aganst mycobacterial infection (9], It & interesting that D]
(indoleanine 23-diceoygenase) is part of this network, indicating that the
hodt & responding as if defending agamst a tryptophan awotroph, for
eample, Leidomania spp., but because M fuberruilosis & a pototroph, it
is not effective in llling this pathogen (52). In the IL-15-induced
network, [L32 & linked to MHC dass | antigen presentation (TAFPI,
TAFZ, and TAFPBP), consigent with its role in cross presentation (17
There are a mumber of genes that are mvolved in chemotads required to
direct the immune response to the te of infection. Finally, the IL-15-
mduced host defense network indudes genes mvolved in lipid metabolian
(PLA2GT and AFOLI), reflecting the connection betwesen mycobacterial
mfection and host lipid metabolism (53-55). The functional role of
these genesin the [L-15 network and the role of IL-32 in orchedrating
ther participation in antimicrobial activity remam to be determined.

Two different approaches were used to determine whether the
gmes induced by [L-15 treatment of adherent monocytes were rel-
evant to the pathogenesis of clinical TB. First, by a ranked analysis
of the gene expression profiles in the blood of individuals with TE
spanning five different data sets, a set of genes was identified, which
when overlapped with the IL-15 macophage modules identified 18
genes. Second, informatics analysis of a set of data from individuals
with latent TE, and patients with active TE, before and during chemo-
therapy, identified an IL-32—containing gene module associated with
latent TE. When this module was overlapped with the IL-15-induced
host defense networds, 14 genes were identified. Together, both ap-
proaches identified a set of dght common genes. In all of these analy-
ses, [L-32 was the only gene assodated with latency in five of five data
sets comparing latent versus active TB and two of two data sets com-
paring latent T versus healthy controls.

We recognize that there are almod certainly other genes and mech-
anisms likely to be involved in human macrophage antimicrobial
activity yet to be defined. 'We acknowledge that this type of study
has several imitations Because of the different platforms used in the
different gudies, most likely [L-32 is one of a set of genes, some of
which we identify here, that together could serve as candidates for
potential biomarkers for latency. There were two data sets comparing
midvichals with latent TB versus healthy controls; one data st (GER'12)
aontained only four samples of latent TB, thus limiting the statistical
power of our analysis. However, a reanalysis comparing only data sets
from Mumina platforms and omitting the one Agilent platform data
set GER'12 did not contribute any additional protein-coding genes
that overlapped with ILI5hack and LATENT tan. Ideally, it would
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be important to test candidate biomarkers inlongitudinal studies or in
vaccine trials that show some protection for their comelation with pro-
tection against disease and then to validate them in ndependent study
populations to esablish true correlates of protection.

The emergence of MDR and XDR strains of M. tuberculosis and
the rather small pipdine of new drugs against TB have made the im-
portance of developing immunological approaches to controlling TB
compdling. Because of the low prevalence of TB in most populations
and the confounding effects of HIV/AIDS and environmental myco-
bacterial exposure, TB vacdne efficacy trials must inevitably be large,
complex, long-term, and very expensgve. A 15-year major randomized
controlled trial of Bacille Calmette-Guérin in 366,000 people n India
in the 1950s showed no protection in any age groups (56). In the -
cent phase 2b clinical trial of the modified vacdnia Ankam expressing
M. tuberculnsis antigen 854 (MVABSA) against TB, an IFN-y re-
sponse was detected in recipients, but the vaccine failed to engender
any protection against either infection or disease (28). Our analysis of
the gene expression pmofile data of vaccinated subjects (27) revealed
that [L-32 mENA levels were not increased at day 2 or 7 after vacd-
nation, which is consistent with the immunologic findings that neither
an antimicrobial nor a CD8' T cdl response against antigen 85 A was
detected. Although many studies have stablished that IFN-y is a nec-
esary mndition for protection against TB, the findings that IFN-y is
produced in most patients with active or latent disease, as wedl as in
vaccine recipients who fail to show protection, dearly mean that it is
not itsdf a suffident condition or weful correlate of protection. With-
out some cedible molecular biomarkers or corrdates of protecion
derived from small human studies, it is unlikely that there will be
the resources to test many of the current and future vaccine andidates
(57) i large-scale clinical dfficacy trials.

In summary, our analysis indicates that [L-32 is linked in an inter-
action network with a number of genes associated with various aspects
of human immune defense, including genes volved in syntheds of
the bioactive form of vitamin D), antimicrobial activity, chemotaxis,
and MHC dass F-restricted antigen presentation. Further, with vac-
cine trials against TE being enommously costly and requiring years
to evaluate, there is an urgent need for molecular corrdates of protec-
tion. The exiging gene opresion data on immunaologic responses in
latent and active TE reveal [L-32 to be at least one gene that correlates
with the latent state and not active disease and which has a function-
ally defined mle in host defense, which we believe justifies its consid-
eration as one in a set of potmtial biomarkers for protective immune
responses against TH.

MATERIALS AND METHODS

Study design

The ohjective of this study was to identify human @ndidate markers
of protection againg TB by use of three different computational and
experimental approaches. First, to gain insght on the microbicidal ac-
tivity of macrophages, a total of 32 gene expression profiles of differ-
entially polarized macrophages from four healtthy human donors
(blood from heathy donors was obtained with informed consent) at
two time points were contrasted via gene coexpression analysis to
identify an antimicrobial network Second, medhanistic studies dud-
dating the antimicrobial network were performed in vitro on cdls
from healthy blood donors without blinding or randomization. The

number of replicates i indicated for each eperiment in the respective
figure legends. Third, the in vitro antimicrobial network was in-
tegrated with five publically avalable clinical data sets of whole blood
gene expresion profiles from active TE patients (n= 168), individuals
with latent TE (n = 173}, and healthy controls (m = 25), and 29 pa-
tients with T undergoing chemotherapy at various time points (n =
103} were retrieved from the Gene Expression Omnibus (table 53). In
total, 469 gene expression profiles were analyzed, each patient cohort
was obtained, and patients were classified according to critena defined
by authors of each stady (5, 6, 8, 24). Bridly, active TB was ddined as
aulture-positive pulmonary TB patients, and latent TB as asympto-
matic IGRA' patients. The GER'12 whort originally reported four
IGRA" patients dasified as hedthy contrals (6) but were clearly identi-
fied aslatent TB. Mormalized data as processed by author were anabyzed
unless study was normalieed to latent TB (8], m which mw data from
each patient group wen: nomalized by robust multichip average (RMA)

Reagents

Recombinant human [L-32y, IL-10, IL-15, and M-C5F (macrophage
lony-stimulating factor) were purchased from R&D Systems and
used at the indicated concetrations. IFN-y was purchased from BD
Biosciences. 2503 was purchased from BioMaol. VDR antagonist ZK
159 222 (VAZ) was from Bayer Schering AG and wed at 10°° M.

Monocyte and macrophage cultures

Adherent PEMCs were isolated from healthy human donors as pre-
viously described (9). Monooytes were enriched by negative sdection
by EasySep Human Monocyte Enrichment Kit without CD16 Deple-
tion (STEMCELL Technologies) according to the mamdacturer’s protocol
and confirned by fow optometry to have greater than 90% purity for
CD14" monocytes. MDMs were differentiated from CD 4 postivdy se-
lected monooytes stimulated with M-CSF (50 ng/ml) for 4 days as pre-
viously described (23], Cells were stimulated with the ndicated serum:
104 FCS (Omega Scientific) or 10% pooled non-heat-inactivated hu-
man serum with 2503 concentrations determined to be 40 + 1 ng/ml
(2503-sufficient) or 14 ng'ml (25D 3-insufficient as previously de-
scribed (23).

Microarray of macrophage subsets

Adherent PEMCs from four healthy donores were stimulated with 1L-10,
IL-15 ([R&D Systems), or IL-4 in RPMI 1640 supplemented with 10%
FCS. Cells were harvested at 6 and 24 hours after stmulation, and
monocytes were purified by CD14 MicoBeads (Miltenyi Biotec) for a
wnfirmed monooyte punty of at leas 90%. Total RNA was solated
and then processed by the Univemsity of California Los Angdes Clinical
Microarmy Core Fadlity usng Affymetrix Human U133 Plus 20 array
and normalized as previously described (3],

Weighted gene coexpression network analysis

WGCNA was applied to data as previously described (58). Probes were
filtered according to mean probe set expression across all samples to
yield a target number of probe sets between 15000 and 20,000
The function “bloclwisehlodules()” was used to construct unsigned,
weighted correlation networs with a soft thresholding power of 4 for
macrophage data and 9 for TB data, based on the edge distribution of
each data set. For each network, modoles of coepressed genes were
constructed using a measure of network interconnectedness, topalog-
ical overlap, which 1s calculated from an adjacency matrix of pairwise
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correlations of al genes raised to the soft thresholdng power. MEs,
linear combinations of genes that capture a large fraction of the var-
iance in each module, wene calculated for each module and correlated
to cytokine treatment status (for adherent PEMC data) or TE disease
status (for TH data) by taking the correlation of each ME to the ex-
pression profiles of each condition. Corrdations and corresponding P
values were displayed in a heat map using the WGCKNA command
labded Heatmap(), with ME corrdations and a binary matrix repre-
sentation of sample treatments where a *1” corresponded to the time
point and cytoldne treatment wsed for that particular ample and a "0
corresponded to all other time pointsftreatments not wsed. Similarly,
eigengenes for all human genes annotated with the Gene Ontology
term “defense response” or IL32 were correlated to expression profiles
of cytokine treatment status. For each module, hub genes, or genes
with high module membership, were identified on the basis of kME.
The signed KME() fimction was used to rank genes within each module.
Gene rdationships within a module were visualized using the visANT
program and the eportMetworkToVisANT() function (59).

Cell type-specific signature scores
Cell type-spedfic signature scores for each gene were based on a

database of publically available microarray samples of 24 different cell
types, as previowsly reported (60). Briefly, 687 publicly available mi-
cmarray samples on the Affymetrix HG-U133 Flus 20 platform were
selected as beng representative of spedfic all types, with the number
of samples per cell type roughly equal Using this database, we eval-
uated genes for cell type-specific expression, even though such genes
might have detectable expression n multiple cell types. Genes were
determined to have expression significantly higher n samples for a
particular cell type, compared to the other 23 odl types, by fold dhanges
estimated as the ratio of a gene’s cxpression ina geven odl type (numer-
ator} rdative to its expression among the 23 other el types (denom-
inator). P values were calcolated on the basis of the empirical Bayes
approach and moderated ¢ statistic. FDR was determined by adjusting
P values using the Benjamini-Hochbery method

M. tuberailosis infection

M. tuberculosis H37 By were cultured and infeded into macophages
as previously described (61 at a biosfety lewel 3 fadlity. Briefly, M. te
bercidosis was plated on 7H11 agar plates from frozen stocks for 3 to
4 weeks of incubation at 37°C, 5% C0., and the solid colonies were
picked and placed in 1x phosphate-buffered saline. The bacterial sus-
pension was gently separated with a sonicating water bath (Branson
2510) for 30 s and then centrifuged at 735¢ for 4 min to create a single-
cdl aspension and enumemted by absohance at 600 nm wsing spec-
trophotometry. MDMs were infected at a multipliaty of infection of
one bacternm per cell overnight, and subsequently, the cels were vig-
omusly washed three imes with fresh RPMI 1640 medium to remove
extracellular bacteria. M. tuberculosis—infected MDMs were then stim-
ulated as indicated and incubated for 4 days.

Antimicrobial assay

M. tuberculosis viabdity from infected MDMs was assessed by the
red-time PCR-based method as previously desaibed (61-63), which
compares 165 RNA levels with genomic DN A (1561 10) levels as indi-
ator of hacterial viability. Genomic DNA was isolated from the inberphase
by phenol-chloroform method using the badc-edmdion provioal, as de-
saribed by the mamufachrer. Total RNA and geoomic DNA was isolated

using TRIzol reagent (Life Technologes) via phenal-chloroform extraction
from the aqueous phase or interphase, respectivey. RNA was further
purified, and demcyribonuclease digestion was performed using an
ENeasy Miniprep Kit (Qiagen). Complementary DNA (dDNA) was
gynthesized from the total RNA wsing the iScript DN A Synthesis Kit
(Bio-Rad), according to the manufacturer's recommended protocal.
The bacterial 165 ribosomal ENA and genomic dement DNA levels were
assesaed from the dDNA and DNA using quantitative PCR (gPCR), and
the redative 165 values were caloulated using the AACT analysis, with the
156110 value serving as the “howsdweping gene” Each reaction was nor-
malized to the control media, and peromt decrease of TB viabdity after
gimulation relative to media alone was reported.

Real-time qPCR

RMA from monocytesimacrophages was isolated, dDMA was synthe-
siwed, and qPCR was performed for vitamin [ pathway genes [CYP27h1,
VDR, athdicdin (CAMP), and DEFB4] as previously desaribed (191 or
H37Ry viability dements 165 and 156110, Paimer sequences spedfic for
IL-32y are IL-32y forward, GTAATGCTCCTCCCTACTTCT, and I0-
32y reverse, AAMATCTTTCTATGGCCTGGT. TLES: TLRT forward,
TCACCAGACTGTTGCTATGATGE, and TIRT mveme, CAGUCANA-
ACCCACTOGGT. Reactions were done using SYBR Green PCR Master
Mix (Bio-Rad) and normalized to h3684, and rdative arbitrary units
were caloulated using AACT analysis as described (19).

Measurement of vitamin D bioconversion

The rate of CYPZ7h1 activity was asesed in 48-hour [1-32- and [FN-p-
treated adherent monocytes as previously described (17). Briefly,
[*H]25D3 was added to 10° treated cells in 200 pl of serum free me-
dium and then incubated for 5 hours at 37°C. Vitamin D metabolites
were extracted and separated by HPLC, and dution profiles were de-
termined by ultraviolet absorbance at 264 nm.

Primary macrophage siRNA transfection

ON-TARGETplus siRNA pools targeting 1132 (L-015988-00-0005)
and control nontargeting pool (D-001810-10-05) were purchased from
Dharmacon. Lipofectamine-siEN A compleces were formed usng 1 to
2yl of Lipofectamine 2000 and 20 to 60 pmol of sifN A according to
the manufacturer’s instructions and acceptable levels of cdl viability
(>90%) as determined by trypan blue exclision. MDMs were seeded
in a 24-well plate at 4 x 10° cells, and each well was transfected with
Lipofectamine-g BN A complews for 4 hous at 37°C and 5% CO;, then
washed three times, and placed in fresh RPMI 1640 in 10% BCS for
24 hours to recover. Transfected MDMs were then stimulated as in-
dicated for 24 hours.

Analysis of latent TB signature

For each patient cohort, fold change was clonlated by dividing the av-
erage latent TB value by the awerage active TE or healthy control value for
all peness annotated with gene symbols commeon to all microarray plat-
fms (16,727 genes); for genes that have more than one probe, the pmbe
with the highest average intensity across all samples was chosen. The
genes were mnked by having a consstent fold change greater than 1.2
across at least theee of the five latent versus active data sets and at least
one of two latent veraus healthy control data sets. Fvalues and expected
values of top-ranked genes were cloilated through MATLABR amula-
tions of mndomized data sets with ecact number and pmportions of
genes with ld change greater than 1.2 for each aohort. 11-32 mBNA
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epresdon were displayed as arbitmry units, which are the postnormali-
mtion intensity values from each array; i an amray platform contained
mare than one probe for 1132, the probe with the highest average inten-
sity acmes all samples was chosen. Venn diagmams of gene lists wene com-
pared using Venny (64

Statistics

Differences in individual gene expression among TH patients were
tested on GraphPad Prism software on the log-transformed intensity
vales. Pairwise comparisons between patient growps within each data
set were analyred wsing an unpaired two-tailed Student’s ¢ test. SA'12
data set of individual active TB patients undergoing treatment over
time was analyzed using a paired t test. Differences in gPCR data were
analyzed on log-plus-one transformation of fold changes compared to
media udng a paired Student’s ¢ test.

SUPPLEMENTARY MATERIALS

WA soenceTanskason dmedione ongogyon men vl e 250 250a1 14700
Fig. 51. Expeession of I-332 in adherent PEMC microamay.

Fag. 52 PNy nduced DDXE0 expression ks unchanged by @IL15 onockd own.
Fig. 53 IL-32 inducsion of OYP2T01 i dose-dependent

Fig 54 IFNy-mduced TLAT expresson ks unchanged by sill- 32 ko dodown.
Fig. 55 Commaon genes expressed in btent TR

Fig. 56 IL-32 hegher in et T8 patents veras pasents with secoidosis.
Fig. 57.1L-32 and FN-y expeession after teatment with MVASSa vaacine.
Fig. 52 Role of IL-32 in haost defense.

Table £1. Top hub genes of i 15hlack defense respon se netsoric
Takie 52 Myedosd genes conelated with IL-22 in the IL-15 defense respon se funcional duster.
Takie £3. T8 data sets used n this study.

Takbie 54 Ongnal dat used for graphs (peovided as separate Exced Sle.
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Fig. 51. Expression of IL-32 in adherent PBEMC microarray. Adherent peripheral bloed meononuclear cells (PBMC) from four
healthy donors were stimulated by IL-15, IL-10, IL-4, or media alone for 24h. Expression of IL-32 shown as arbitrary units as
measured by Affymetrix Human U133 Plus 2.0 expression array. Red line indicates mean intensity. P-value by paired
student's t-test.
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Fig. 52. IFN-¥-induced DDXE0 expression is unchanged by silL15 knockdown. Monocyte-derived macrophages were
transfected with siRMA oligos specific for IL15 (silL15), or nonspecific (siCtl) and subsequently treated with IFMN-Y for 24 h.
DDX50 mRMA assessed by gPCR (mean fold change £ 5EM, n = 4). P-value by paired student’'s i-test.
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Fig. 53. IL-32 induection of CYP27b1 is dose-dependent. Adherent PBMC were stimulated with indicated concenfration of
IL-32 for 24h im 10% FCS5 and CYPZ7B1 mRMNA expression assessed by qPCR (mean fold change £+ SEM, n =4 fo 10).
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Fig. 54. IFN-1~induced TLRT expression is unchanged by silL-32 knockdown. Monocyte-derived macrophages wers
transfected with siRMNA cligos specific for IL32 (silL-32), or nenspecific (siCtrl) and then treated with IFMN-7 for 24 h, TLRY
mRMNA assessed by gqPCR (mean fold change £ SEM, n = 7). P-value by paired student’s t-test
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Fig. $5. Common genes expressed in latent TB. (A) Top eighteen genes expressed in the blood of latent TB vs. active TB
and latent TB vs. healthy controls by fold-change analysis. Average fold-change of genes (rows) across TB cohorts (columns)
indicated inside 2ach box, green indicates FC > 1.2 in latent TB over active or healthy controls. Genes are ranked in order of
consensus across the seven comparisons as indicated on right Genes are filtered to have higher expression in latent TB vs.
active TB 2 3 studies and latent TB vs. healthy controls 2 1. (B) Heatmap of weighted gene co-expression analysis (WGCNA)
of SA"12 cohort with active patients undergoing chemotherapy treatment and latent TB patients. Number of probe sets per
each module indicated at beginning of each row, red indicates positive correlation, green inverse correlation. LATENTtan
module containing IL-32 indicatad. (C) Average fold-changes depicted across TB cohorts of the 14 gene overlap of
LATENTtan and IL15black from Figure 5B, green indicates FC > 1.2 in latent TB over active or healthy controls.

o1



IL-32 mRMNA

20000 - P < Q0007
P=
P = 0,002
P=goog  FE00001
1500090 & .
= L]
5 - a
£ 10000 .
[ -
H
L wg¥
soond * e * *
s i
L]
Ll
a

Latent Active Healthy SARC
™® ™

Fig. 56. IL-32 higher in latent TB patients versus patients with sarcoidosis. Raw intensity values of IL-32 from Maerzdorf
et al 2012. Red line indicates mean value. P-value by unpaired student’s t-test.
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Fig. 57. IL-32 and IFN-Y expression after treatment with MVA85a vaccine. Healthy volunteers were vaccinated with
candidate TB vaccine, M\JVABS5a (27). RNA was isolated for microamay expression analysis from unstimulated perpheral blood

manonuclear cells at indicated timepoints post-vaceination as described in original study. Raw intensity values of IL-32 or IFN-
T mRNA shown, red line indicates mean value.
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Figure S8. Role of IL-32 in host defense. This model shows the IL-15 dependent induction of IL-32 by IFN-Y leads to dual
pathways in which IL-32 can enhance antimicrobial activity of macrophages infected with M. tuberculosis. The cumrent study
demonstrates IL-32 can directly induce the vitamin D-dependent antimicrobial pathway, while previous studies have shown IL-
32 triggers differentiation of dendritic cells that can cross-present to activate CD8 T cells which can also activate an
antimicrobial response against M. fuberculosiz.
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Defense Module eigengene

response hub based connectivity

genes {kMe)
CCRT 0.936
TRAG 0.932
IL32 0.930
D01 0.923
GATAS 0.902

Table 51. Top hub genes of IL15black defense response network. Hub genes as defined by intramodular connectivity
(kME = D.80). IL32 and /DO are expressed in myeloid cells as depicted in cell-type specific scoring analysis (Fig. 1C).
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Inductionby Topolegical

IL-15 Overlapto
(FC) IL-32
CYP27B1 36.4 0.702
cCL13 29.3 0.691
IDO1 21.6 0.717
ccL2? 9.8 0.689
CD40 8.3 0.711
PPBP 7.6 0.601
CFB 5.5 0.699
cCL8 5.1 0.713
APOL1 4.4 0.702
TAP2 3.6 0.691
cCL24 2.9 0.684
NDST1 2.9 0.687
TAP1 2.9 0.706
IL15 2.6 0.688
APOBEC3G 2.4 0.726
TAPEP 2.3 0.712
IFIH1 2.3 0.691
CACLIY 2.0 U695
c3 1.6 0.699
PLA2GT7 1.5 0.685
CYBB 1.4 0.717
NMI 1.3 0.732

Table 52. Myeloid genes correlated with IL-32 in the IL-15 defense response functional cluster. Gene induction as
measured by Affymetrizx Human U133 Plus 2.0 expression amray by shown as fold-change (FC) over media at 24 h from IL-15
stimulated adherent peripheral blocd mononuclear cells. Topological overap (connectivity) to IL32 for each myeloid gene in
the IL-15 induced "defense response’ network as determined by weighted gene co-expression analysis
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Country of  Latent Active treatment Healthy Other Mieroarray GED
in enhnrt ™ ™R artive TR d = i di 1 Stindly misth pilatfrirm anr@Teinn
, . lumina Hurnan
UKD United Kingdom 17 13 - 12 Berry el al HT.12 va.0 GSE19430
. . Burmina Human
5410 Sauth Africa n 20 - - Bemy et al HT-12 V3.0 GSE19442
GER 12 Germany 47 9 - 13 18 - Macrzdorf et al  Aglen-014850  GSEZL608
SA'2  SeuhArica 38 20 29 . : . Boometal  MTTRUTAN  Gsggssa
. Malawi South Burmina Human
KAF 13 Mrica B3 ar B3 Kalarou et al HT-12 4 0 GSEITZS50
Total patients: 173 168 9 25 18 B3

'Other diseases of which TH is differential diagnosis
2ERA+ pabents reclassified as labent TB from healhy control

Table 53. TE data sets used in this study.
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Suppression of Iron-Regulatory Hepcidin by Vitamin D
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ABSTRACT

The antibacterial protein hepcidin regulates the absomption, tissue distribution, and extracellular concentration
of iron by suppressing ferroportinmediated export of cellular iron. In CKD, elevated hepcidin and vitamin D
deficiency are assodated with anemia. Therefore, we explored a possible role forvitamin D in iron home ostasis.
Treatment of cultured hepatocytes or monogtes with prohormone 25-hydroogvitamin D or active 125
dihydroogvitamin O decreased expression of hepcidin mRMNA by 0.5-fold, contrasting the stimul atory effect of
25hydromyvitamin O or 1,25 dibydrosgyvitamin O on related antibacterial proteins such as cathelicidin. Fromoter-
reporter and chromatinimmunoprecipitation analyses indicated that directtranscriptional suppression of
hepcidin gene (HAMF) expression mediated by 1,25 dihydrosgyvitamin D binding to the vitamin D receptor
caused the decrease in hepcidinmRMA levels. Suppression of HAMF expression was associated with a concom-
itant increase in expression of the cellular target for hepcidin, ferroportin protein, and decreased expression of
the intracellular iron marker ferritin. In a pilot study with healthy volunteers, supplementation with a single oral
dose of vitamin D (100,000 |U vitamin Dy} increased serum levels of 250-hydroeyvitamin D from 27 =2 ng/ml
before supplementation to 44+3 ng/ml after supplementation (P<0.001 ). This response was assodated with a
34% decrease in droulating levels of hepcidin within 24 hours of vitamin D supplementation (P=0.05). These data
show thatvitamin D is a potent regulator of the hepcidin-ferroportin axis in humans and highlight a potential new
strateqy for the management of anemia in patients with low vitamin D and/or CKD.

JAm Soc Nephrol 25: 584=572, 201 4. dai: 100148 1/A5N 201 3040355

Patients with CEID require ron supplementation and
erythropoiesis simulating agents (ESAs) to mrmed
disease-assodated anemia! However, ESA hyporss-
ponsiveness is commaon, with the iron homeostasis
factor hepcidin (mooded by the HAMP pmne) amerg-
ing as a possible culprit? Hepoidn post-translationally
suppresses membrane expression of frmporting the
only known exporter of intracellular iron® Elevated
plasma hepcidin, common to patients with CEDH or
inflammation,* causes intracellular sequestration of
iron and increass risk of anemin, By contrast, patients
with hemochromatosis or iron deidency exhibit de-
creased hepadin®

Studiesof patimtswith CEID suggest thatvitamin D
status (serum comentrations of the prohormone 25-
hydmeoyvitamin I [251 ]} correlates inversely with the

L1.0 BN - 1044847 12503544

prevalmee of anemia” and ESA resistance® and directhy
with bloed hemoglobin levels® In hemodialysi pa-
tients with anemia, vitamin I repletion has been
shown to correlate with lower ESA requirements, 19
Vitamin [ is known to eert physiologic activities be-
yond its dassic skeletal funchon, notably as a potent
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inducer of animicrobal proteans sudh as catheliadin antihacteral
protemn (enoded by the cathelicidin [CAMP] gene)?™2 In this
respect, it is interesting that hepcidin was mnitally described as an
antimicrobial peptide (encoded by the gene for hepcidin antibac-
terial protein, HAMP)' with its role in imn homeostasis bemga
later observation. We therefore hypothedzed that vitamin D can
act to regulate expression of hepcidin, in a similar fashion to
its effects on other antimicrobal protens, To test this hypothesis,
vitamin D-mediated changes in hepcidin and cathelicidin were
compared using i vitro and i vive models.

RESULTS

Vitamin D Metabolites Suppress Expression of HAMP
Studies i vitro wang PEMC monocytes, THP1 cdls, and HepG2
cdls showeed that treatment with 250 ( 100 nb} or 1,25-dibydroe-
yvitamin I (1,250 ) (5 nM ) for 6 hours deaeased expression of
mBMNA for HAMP (Figure 1A ). In PEMC monocytes and THP1
cells, this response contrasted the effect of 25D and 1,250 1n
stimulating expression of mBEMNA for antibacterial CAMP (Figure
1B} and the vitamin D catabolic eneyme CYP24A 1 (Rgure 1C). In
HepG2 cells, treatment with 250 or 1,250 appeared to have no
effect on expression of CAMP, and 125D mduced only a small
increase in mBNA for CYP244 1. Additional experiments with
PEMC monocytes showed that suppression of mRNA for
HAMP was also obsarved after 24-hour treatments with 100
nM 250 (0.57-fold*0.21, n=3; P<<0.05) or 1,25D (0.27-
fold+0.36, n=3; P<0.01).

To determine whether vitamin D-mediated suppression of
hepadin alsy eccurs in nonhuman models, further studies were
carried out fm vitro wsing mouse monocytes. Peripheral
blood-derived monocytes from wild-type C57BL/6 mice
showed nochange in mous: hepadm (Harmp) gene expresdon after
24-hour treatment with mcreasing doses of 1,250 (Supplemental
Figure 1A). Similar results were also olbserved for the mowse
monocyte cell line [774 after 6-hour treatment with 250 (100
nbd) or 1250 (10 nb} (Supplemental Figure 16). To assess pos-
sible effects of vitamin [ on hepatic expression of Harmrp & vive,
1 2-week-old C57BLA male mice were plhoed on a vitamin -
defidgent diet for 6weeks and then transterred toa 4 ppm imomn dict
for 1 weds. Groups of mice (m=4 in each case) were then treated
with intraperitoneal injections of either 0.2 ug'p body weight 250,
1 ppfe 250, or 0.2 pef'p 1,250 A amiar vohime of intraperito-
nedl saline was wsed as a control. Analysis of bver mBNA from
these mice 24 hours after treatment showed no effect on expres-
sion of Harrp (Supplemental Figure 1C).

Vitamin D Receptor-Mediated Transcriptional
Repression of HAMP

Inhuman cells, the suppression of HAM Pexpression by 1,250 or
25D appears to be due to direct inhibition of FHAMP transcrip-
tion. fin sifico analyses identified consensus vitimin D response
elements (VDREs) within a 107 1-bp HHAMP proxmal promoter
DMNA sequence (Supplemental Table 1). As shown in Figure 24,

J Am Soc Nephrol 25 584-572, 2014
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Figure 1. Vitamin D suppresses expression of hepcidin (HAME) in
human monocytes and hepatooytes. Effedt of in Witro treatment of
FEMC monocytes (PEMCm), monooytic THPT cells, and HeplG2
hepatooytic cells with wehicle, 250 (100 nM), or 1,250 (5 nM) for
& hours on expression of mRNA for HAMP (&), CAMF (B), and
CYP24A71 {C). Data are shown as mean fold-change in gene ex-
pression (X50) relative to vehide {0.1% ethancl) controls. *P<0.05;
**Po 0, *P=0.001, statistically different from wehicle-treated
cells. For RT-PCR data, n=8 separste donors for PEMC monocytes,
n=4 separate cultures of THP1 cells, and n=5 separate cuttures of

HepG2 cells.

chromatin immunoprecipitation (ChIP) assays wsing PEMC
monocyte extracts demonstrated binding of vitamin D receptor
(VDR} protan to DNA from a 1-kb fragment of the HAMP
proximal promoter that includesthe VDREsoriginally identified
in Supplemental Table 1. Further ChlP analyses using extracts
from the same cell type demonstrated similar VDR binding to
promoter fragments for known VDR targa penes sudh as CAMP

Witarnin D and Hepcidin 565
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Figure 2. VDR-mediated suppression of hepcidin (HAMP) gene expression by 1,250, (&) ChIP analysis of VDR and RMA Pol Il in-
teraction with the HAMP gene promoter. PEMC monocytes are treated with 1,250 5 nM, 24 hours), chromatin extracts are prepared,
and ChiP-grade antibodies are used to detect VDR and RMA Pol |l interactions. The resulting enriched genomic DMNA is gPCR ampilified
using primers for CYF2441 (—1 kb from the trenscription start site and — 2 ks from the transoription start site), CAMP (— 1 kb from the
tranaription start site), HAMP (— 1 kb from the transcription start site). A negative contral sequence for VDR and RNA Pol Il 1GXTA) &
also used. Data are shown fist 25 mean arbitrary units for PCR amplification of DMA zssociated with RMA Pol 1l or VDR in cells treated
with wehicle or 1,250 (mean of two separste chromatin preparations). In addition, fold-change values are presented showing the
change in RMA Pol [l or VDR binding to DMA after treatmentwith 1,250 relative to vehicle-treated cells. (B) Effect of 250 (100 nh) and
1250 (5 nM) on HAMP promater reporter activity in VDR-expressing MC3T3 mouse ostecb lastic cells. Data are shown as HAMF target

wehicle

gene firefly/Renilla housekeeping luciferase activity (%1073). *P<0.05, statistically different from vehicle-treated cells.

and CYP24A1. Treatment of PEMCs with 1,25D enhanced VDR
enrichment on the CYP2441 and CAMP promoters (Figure 2A),
consistent with the transcriptional induction of these genes by
125D (Bpure 1, B and C). By contrast, VDR enrichment de-
creasad (L5-fold for the HAMP promoter after treatment with
1250, A similar differential promoter response to 1,250 was
also observed for ChIP analysis of RN A polymerase 11 (RNA Pol
11}, which is sssential for gene transcription. Further analysis of
the dfects of vitamin [ on HAMP gene expression using a lu-
ciferase promoter-reporter onstruct transfected into VDR-ex-
pressing MO3T3 cells showed that treatment with 1,250
produced a 24% decrease in transcripion rdative to vehicle-
treated cells (Figure 2B). However, in the absence of CYP27E1
expression la-hydroxylase acivity in MC3T3 lls, treatment
with 250 was without effect

Vitamin D-Induced Suppression of HAMP |s Associated
with Changes in Ferroportin and Ferritin Expression

In contrast to the suppression of HAMP in human mono-
cytes or hepatocytes, 250 and 1,250 had no effect on levels
of mRMNA for ferroportin in PEMC monocytes, THPI cells, or
HepG2 cells (Figure 3A). However, Western blot and immu-
nohistochemical analyses showed that treatment with 250
or 1,250 increased expression of ferroportin protein in hep-
atocytes and monocytes (Figure 3, B and C), supggesting a
post-transcriptional mode of action for the effects of vita-
min [} metabolites on ferroportin, To assess the functional
effect of vitamin D-mediated induction of ferroportin, fur-
ther studies were carried out to determine expression of
ferriin, an established marker of intracellular iron concen-
trations, Treatment with 250 or 1,250 decreased expression
of mENA for ferritin in PEMC monocytes, THP1 cells, and
HepG2 cells (Figure 30). Immunchistochemical analysis of
ferritin protein in HepG2 cells confirmed that treatment

L1.0] Journal of the Amescan Socety of Mephrology

with 25D or 1,250 also decreased expression of ferritin pro-
tein (Figure 3E).

Effect of Vitamin D Supplementation on Circulating
Hepcidin in Healthy Volunteers
To assess the i vive effect of vitamin [ on hepcidin, a single-
arm supplementation study was performed in seven heal thy
volunteers reciving a single oral dose of vitamin D, (ergo-
caldferol, 100,000 IU). Analysis of serum samples before and
after supplementation showed that circulating levels of 25D
increased from 27.022 ngfml (67.5%25 nM) before supple-
mentation to 43.5% 3 ng/ml (108.827.5 nM, P="0.001) after
supplementation (Figure 4A). By mntrast, supplementation
with vitamin D had no effect on circulating levels of active
1,250 ( Figure 4B). Analysis of circulating hepcidin levels by
ELISA showed no significant variation in serum hepddin be-
tween baseline samples. However, after vitamin I supple-
mentation, crculating hepcidin levels decreased by 34% at
24 hours after supplementation (P<0.05) and 33% at 72
hours after supplementation (P<<0.01} (Figure 4C). First,
analysis of serum ferritin concmnitrations showed that baseline
(—24 hours) data for all the healthy volunteers were within
normal ranges (18-160 ngfml for female volunteers and 18—
2710 ng/m] for male volunteers). Second, supplementation
with vitamin I} resulted in a small (10%) but significant
(P=0.4) decrease in serum ferritin after vitamin [ supple-
mentation (138 8322503 ng/ml at —24 hours versus
1245022170 ng'ml at 72 hours). No statistically significant
changes in serum iron concentration, iron binding capacity, or
transferrin saturation were observed 72 hours after vitamin D
supplementation.

In parallel with analysis of hepoidin and ferritin, assays
were also carried out to assess circulating concentrations of
hormones classically associated with vitamin D function.

J &m Soc Mephwol 25: 564-572, 2014
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Figure 3. Effect of vitamin D' metabolites on femoportin and ferritin expression in
human monocytes and hepatocytes. (&) Effect of in vitro treatment of PEMC mono-
cytes (FEMCm), monocytic THPT cells, and HeplG2Z hepatocytic celk with wehicle, 25D
{100 nM) ar 1,250 (5 nM) for & hours on ferrepertin mREMNA expression. Data are shown
2z mean fold-change in gene expression (=50 relative to wehicle [0.1% ethanal]
controls). (B) Western blot anzalysis of protein for femoportin protein in HepG2 cells
treated with vehicle, 250 (100 nM), or 1,250 (5 nM) for 24 hours. Loading is nor
malized by znalysis of the housekeeping protein §-actin. {C) Immunchistochemical
analysis of feroportin protein in PBMC monocytes after treatment with vehicle or
125D {5 nM) for 24 hours. Femoportin protein is shown in red with 47, &diamidino-2-
phenylindole (DAP] stzining of nuclei shown in blue. {0 Effect of in vitro treatment of
PEMC monocytes, THP1 cells, and HepG2 cells with vehicle, 250 {100 nM), or 1,250
{5 nM) for & hours on femitin mRMA expression. Dats are shown a3 mean fold-change
in gene expression {*50 relative to vehicle controls). (E) Immunohistochemical anal-
ysis of ferritin protein in HepG2 cells after treatment with vehicle, 250 (100 nM), or
1250 {5 nM) for 24 hours. Ferrtin protein is shown in red with DAP! staining of nudei
in blue. *P=0.05; *P=0.01; **P=0001, statistically different from wehicle-treated
cells. For RT-PCR dats, n=B separate donors for PEMC monocytes, n=4 separate
cultures of THP1 cells, and n=5 separate cultures of HepG2 oells.
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wnomirations (58,86 26,43 ppiml versus
51292747 peiml; P=0.06, two-tailed ¢ test)
but no significant change o serum  calcium
concentrations (9.1920.12 mg/dl versus
Q07202 mg/d; P=0.36, two-taled ¢ test ).

DISCUSSION

Data presented in this study show for the
first ime that vitamin I is a potent regu-
lator of the iron-regulatory protein hepci-
din in both monocytes and hepatocytes.
ChIP and promoter-reporter assays indi-
cate that this cocurs as a consequence of
direct transcriptional suppression of the
HAMP pene procamal promoter by 1,250
bound to its cognate nuclear receptor,
VDR, This response contrasts the 1,250-
VD E-mediated induction of related anti-
bacterial proteins such as cathelicidin and
A-defensin-2. ™ However, in a similar fash-
iom to cathelicidin,?* 1,250-mediated reg-
ulation of hepcidin expression appears to
oocur directly, with liganded VDR binding
tor a specific VD RE within the HAMP gene
promoter. Previous studies have shown
that transcriptional regulation of CAMP
by 1250-VDR is primate spedfic,’- in-
dicating that antibacterial responses to vi-
tamin D have evolved relatively recently. It
was therefore interesting to note that sup-
pression of HAMP by 25D or 1,250 was not
ohserved in murine models, sugpgesting
that vitamin D—mediated regulation of
hepoidin may be part of the same evolu-
tionary adaptations observed for otheran-
tibacterial proteins.

In all three cell types studied, regulation
of HAMP was observed after treatment
with either active 125D or inactive 25D,
suggesting an intracrine mode of action
similar to that previously described for
other antibactenal actons of vitamin D13
Intracrine regulation of HA MP is endorsed
by the fact that PEMC monocytes, THP1

Fibroblast growth factor 23 (FGF23) and parathyroid hormone
(FTH} concentrabons were analyzed for six subjects at —24
hours and +72 hours after vitamin D supplementation. Data
indicate that supplementation with vitamin I resulted in a
significant increase in serum concentrations of FGF23
(6257 %670 RU/ml versus 747120 88 RU/ml; P=0.03, two-
tailed t test), and phosphate (3.2720.67 mg/dl versus
3601 2033 mg/dl; P=00001, two-tailed ¢ test), Vitamin D supple-
mentation resulied in a trend toward deceased serum PTH

J Am Soc Nephrol 25: 584-572, 2014

cells, and HepG2 cells express mRMNA for the enzyme that
catalyzes conversion of 25D to 1,250, 1o-hydroxylase/
CYP27B1, as well as the VDR (data not shown). A similar
maode of action has been reported for antibacterial effects of
vitamin [ in monocytes! -1* and antiviral responses to vita-
min [V in human hepatocytes. ¥ Intracrine responses to vita-
min [} appear to be exquisitely sensitive to the availability of
substrate 250,518 supeesting that the hepadin- ferroportin
homeostasis system may be influenced by serum vitamin D
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(25D} status (Figure 5). This hypothesis is supported by sup-
plementation data from healthy volunteers showing that ele-
vated serum concentrations of 25D (but not 1,25D) after a
single oral dose of vitamin D; produced a 34% decrease in
serum hepcidin concentrations that persisted for 72 hours
(Agure 4). Moreover, the regulation of serum hepcidin after
vitamin [ supplementation in vive was at least as sensitive as
muore established markers of serum 25D status such as FTH,
sugpesting that hepcidin may be a useful marker of vitamin D
function for future studis.

Drata for ferroportin and ferritin expression in vitamin D—
treated monocytes and hepatocytes are consistent with the

actions of hepadin in promoting post-transcriptional sup-
pression of ferroportin protein.!? On the basis of data presen-
ted in this study, we speculate that 25D and 1,250 an act to
oppose this response and maintain membrane expression of
ferroportin (Figure 5). Hepoidin-mediated loss of membrane
ferrop ortin is known tobe associated with intracellular reten-
tion of iron, leading in turn to iron-restrictive anemia.® This
has immediate implications for the control of systemic iron
homeostasis but will also influence host defense during acute
infections. Irom is essential for the survival and growth of al-
maost all organisms, and an important strategy for mammalian
antimicrobial defense is based on depriving pathogems of this
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Figure 4. Effeds of supplementation with vitamin D on circulating hepcidin levels in
healthy humans. A single-am pharmacokinetic study is performed in seven healthy
woluntears ffour men; median age 42 years; range, 27-63) to 2ssess changes in serum
levels of hepcidin after a single dose of ol vitamin Dz (100,000 ). Two blood
samples are drawn before supplementation and two are drawn zfter supplementation.
Serum ooncentrations of 250 fngmi) (4), 1,250 {pg'ml) {B), and hepcidin {ngfmi) ).
Diatz are shown as the mean=SEM. Experimental means were compared statistically
using & paired t test*P<005, *P<0.01; **P<0.001, statistically different from
bazeline values.
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Figure 5. Vitamin D and the hepcidin-femoportin iron-regulatory axds. Schematic
representation of 2 proposed mechaniam for vitemin D regulation of hepddinHAMP -
ferroportin (Fp) interadtion in hepatooytes and monooytes. Under conditions of witamin
D defidency, elevated synthesis of hepddin by hepatocytes or monooytes may in-
cresse intracellular and systemic concentrations of hepddin and deoesse membrane
expression of Fp in these cells. The resulting suppression of iron export will, in turn,
lead to intracellular accumulation, inoeased cellular femitin, and decreased systemic
levels of iron. Under conditions of vitamin D sufficiendy, decreased transcription of
HAMP may lead to deeased intracellular and systemic concentrations of hepcidin
and concomitant increased membrane expression of Fp. The resulting enhancemant
of iron export may then lead to decreased intracellular iron and femitin and increased
systemic levels of iron.
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essential mutrient 20 Thus, snother fcet of
hepaidin physiology is its contribution to
host innate immune function®-*? By tar-
geting ferroportin and decreasing extracel-
lular iron, hepcidin appears to play a
pivotal role in the so-called “hy pofer remia™
or “anemia” of infection, in which there is
restriction of systemic imn to pathogens, 2
Conversely, the resulting accumulation of
intracellular iron will promote the growth
of internalized pathogens such as Salmo-
reelln typharrmwertueen, ™ Mycobacteriim tuber-
culosis, -2 and Chlamydia pattad,® and
inmate irmmune and viral stmul are keown
to stimulate the expression of hepddin, =%
In this setting, the offects of vitamin D in
suppressing hepadin and promoting fer-
roportin are consistent with its esablished
intracellular antibacterial activity.* We
therefore hypothesize that regulation of
the hepadin-ferroportin axis is another
key facet of viamin D-mediated innate
immune function, complementary to its
reported effects on antibacterial pro-
teins, 13 and autophagy. 2T In future
studies, it will be interesting to determine
the extent to which regulation of monocytef
macrophage iron homeostasis contributes
to the generalized antimicrobial actions of
vitamin [

Hepadin was originally identified as an
antibacterial protein, but its potential as a
climical target stems primarily from its role
in the anemia of inflammation. Unlike
dietary iron restriction, anemia of inflam-
mation involves intracellular retention of
iron by monocytes and macrophages,*? and
is thus intimately linked to aberrant hepei-
din activity and assodated dysregulation of
membrane ferroportin function.®* Al-
though this is a problem that is common
to many chronic dseases™ it is likely to be
particularly important in patients with
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CED where elevated hepcidin levels may be a erucial factor in
the development of multiple pathologic complications asso-
clated with renal impairment.® Consequently, targeting of
hepcidin has been proposed as an alternative to supplemen-
tary iron and/or ESAs as therapy for the anemia associated
with CKD.* Potential strategies for suppression of hepoidin
include direct effects of antiboedies to hepoidin® hepcidin-
binding oligoribonudeotides ™ and inhibitors of hepodin ex-
pression,™ as wdl as indirect targeting via anti-inflammatory
responses>® However, we bdieve that this is the first demon-
stration of rapid direct suppression of hepdin in humans,
High-dose testosterone has alo been shown to suppress hep-
cidin, but effects were only evident after 1 week of therapy#® It
was dlso interesting to note that the suppressive effect of vitamin
[ supplementation i vive on serum hepcidin conentrations
was accompanied by decreased levels of serum ferriting The
precise significance of this remains unclear but may reflect a
generdlized anti-inflammatory response to elevated serum
levels of 25D,

Theetfect ofvitamin [Von the hepadin-ferroportin axis also
sugpests that low vitamin [ sta tus may be a contributing factor
to the anemia of chronic disease. CKD is characterized by
impaired vitamin D status, which is cosdy associated with
adwverse CKD health outcomes *! In CED patients, low serum
levels of 250 correlate inversely with the prevalence of ane-
mia® and ESA resistance,® and correlate directly with blood
hemoglobin levels ® Data presented in this study suggest that
these observations are lmked by the dfeds of vimmm D on the
hepadin-ferroportin axis. In hemodialysis patients with ane-
mia, vitimin D' repletion has been shown to rrelate with
lower ESA requirements.”® We therefore propose that by act-
ing to suppress expression of hepadin in hepatocytes and
monoecytes, simple vitamin [ supplementation may provide a
cost-effective and safe adjuvant therapy for managing the ane-
mia associated with this discase.

COMNCISE METHODS

lsolation, Treatment, and Culture of Cells
Human hepatocellular carcdinoma Hepi2 cells (American Type

Culture Collection [ATCC), Manassas, VA) were cultured in
DMEM with 10% FBS, Human THF] monocytic cells (ATCC) were
cultured in RPMI 1edd medium (Invitrogen, Carlshad, CA) and
1% FBS. Mouse J774A macrophages (ATCC) were cultured in RPMI
1640 medium and 10% FBS. Ficoll-isolaed PEMCs derived from
anonymows healthy donos (screened in accordance with standard
tmnsfision medicine protocols) were obtained from the Center for
ATDS Research Virnlogy Core/BSL3 Fadility (suppaorted by Mational
Institutes of Health award AI-28697 and by the University of
California Los Angeles [UCLA | AIDS Institute and the UCLA Council
of Bisscience Resources). PEMC monocytes were isolated as pre-
vipusly described ** PEMC monocytes were seeded in BPMI 1640
(Invitrogen ) with 109 human AB serum (Omega Scentific, Tarzana,
CA) and GM-CSF (10 TU/ml; PeproTech, Inc., Rocky Hill, NJ).
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MC3T3-E1 (MC3IT3) murine astechlastic cells (ATOC) were main-
tained in a-MEM plus 10% FBS before transfection with promoter-
reporter constructs, MC3IT3 cells were cultured to 50% confluence
before transfection with luciferase firefly or Renilla constructs. Farall
cell types, invitrs treatments at 379C and 5% COuinchided 25D ( 100
nbd) and 1,250 (5 nh), with 0.1% ethanol as wehicle.

Animals

All of the animak used in these studies were subject to recormmen-
dations for animal use and welfare outlined by the UCLA Division of
Labormtory Animal Medicine, as well as guidelines from the Mational
Institutes of Health. The UCLA Animal Research Committee
approved the protocol (no. 2012-024-024) for the use of mice in
our study. Twelve-week-old male C57 BL/6 mice were placed on a
vitamin D—deficient diet (Research Diets, Inc., Mew Bruonswick, M)
for & weeks then transferred to a 4 ppm iron diet for 1 week. Groups
of mice (n=4 in each case) received the following intraperitoneal
injections: 0.2 pg'g of 2503 (Enzo Life Sdences, Farmingdale,
NY), 1| pegig 250, 0.2 pegfg 1,250 (Enzo Life Sciences), or a similar
volume of saline. In each case, mice were euthanized 24 hours after
treatment and BMA were extracted from livers as previously de-
scribed +

Prospective Vitamin D Supplementation Pilot Study
A single-arm pharmacokinetic study was performed in seven healthy

volunteers to examineg thechange in hepcdin serum levels, assessed by
competitive ELISA (Intrinsic Life Sciences, La Jolla, CA) aftera single
daose of oral vitamin Dy, (100,000 TUT). For serum 2503, a rapid, direct
RIA developed in the laboratory of Dr. Hollis and mamfactured by
Diasorin Corporation (Stillwater, MM was used * An RIA mamifac-
tured by Diasorin Corporation was used to measure total droulating
1 250 concentrations ** Circulating levels of PTH and FGF23 were
measired with an LA kit, a first-generation immunometric asay
(normal range, 1065 pg/ml; Immutopics, San Clemente, CA),
and a second-generation C-terminal kit (Immutopics), respectively.
Twao samples were drawn before supplementation (so that each sub-
ject acted as its own control) and two samples were drawn after sup-
plementation (24 and 72 hours). All hiologic samples were obtained
at & am after an overnight fast. This human study was approved by the
UCLA Hurnan Subjects Protection Committes, and consent was ab-
tained from all subjects.

Extraction of RNA and Quantitative RT-PCR
Adherent cell cultures or centrifuged pellets of PEMC monocytes,

THP1 celk, orHep(G2 cells were initially lysed with 1 ml BN Azal. Each
sample was then transferred to Eppendorf tubes and RMA was
extracted by adding 0.2 ml chloroform in a fume cabinet, and then
vortexing samples for =5 seconds follewed by centrifugation at
12,00 g for 15 minutes at 45C. The agueous phase was collected
for each sample and mixed with 1 el gycogen and 0.5 ml iso propanal.
Sarmples were then vortexed and centrifuged again as described ahove.
All fluid was then discarded and the resulting BMA pellet dried in the
Eppendorf tube. The resulting pellet was then washed with 1 ml 70
ethanol and vortexed and centrifuged again, followed by further air
drying of the resulting pellet. Finally, BMA pellets were resuspended
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in = 14 pl of AMase free water and stored at —20°C after RMA quan-
tification and quality assesament (260/280 ratio; Manodrop).

Aliquots (300 ng) of resuspended RMA were revese-transcribed
using the SuperScript 111 BT enzyme as recommended by the
marfacturer (Invitrogen) and as previowsly described.' Quantita-
tive real-time RT-PCR was performed in a Stratagene cycler (La Jolla,
CA), wing Taghan probes and primers [(Applied Biosystems, Foster
City, CA) "4 Expression of mRNA for the VDR [ VDR)
(Hs®d1721113_m1), the vitamin D-activating enzyme Loe-hydroooy-
lase (CYP2PRI) (Hs00168017_m1), the vitamin D catabolic enzyme
24-hydroxylase [CYP24A1) (HsOO167999_m1), HAMP
(Hs00221783_ml), ferritin (HsD0830226_gH), ferroportin
(Hs00205888_m1), CAMP (Had)18%038_ml), and mouse hepeidin
(Harnp) (MmO0842044_gl) was quantified using TagMan human
gene expression assays, as previously described ™ All reactions were
amplified under the following conditions: 955C for 10 minutes fol-
lowed by 40 cwcles of 95°C for 30 seconds, 55°C for 1 minute, and 72°C
for | minute. Data were obtained as ACt values (the difference be-
tween Ct of the tamget gene and Ct of the housekeeping 185 MMA
gene). For visual representation, ACt data for each treatment were
comverted to fold-change relative to ACt for control vehicle-treated
cells (AACH) using the equation 27447,

Western Blot and Immunoflucrescence Analyses
Expression of ferroportin protein was asessed by Western blot
analyses using previously reported protocols* involving overnight
incubation with primary ferroportin antibody (1/1000; Amgen,
Thousand Craks, CA). A B-actin antibody (Sigma-Aldrich, St Louis,
M was used as a loading control. Immunofluorescence analysis of
ferroportin and ferritin was carried out using adaptations of previ-
ously described methods ** Briefly, monocytes or hepatocytes were
seeded on 4-well gas slides, and incubated for 1 hour with anti-
bodies to ferroportin ( 1/200; Amgen) or ferritin (1/200; Abcam).
Secondary antibodies labeled with Alexa 594 were applied for 1
hour, and finalized with 4" &-diamidine-2-phendindale {1/ 10,000,
5 minutes).

ChIPgPCR Analyses of the Hepcidin Promoter
To predict potential HAM P promater chromatin hindingsites for the

VDR protein, the MuhiScan program (www.nibiscanunibas.ch) was
used. A —1071-bp HAMP gene promoter sequence was analyzed
using the general weighted matrix for nuclear receptor half-sites (in-
chuding the VDR canonical half sites), enabling direct-repeat 3 sites
characteristic of VDR to be acquisitioned. For the seanch parameter,
an aumomatic scan with a raw score threshold of 0.5 was used, where
the aptimal match would have a raw score of 1.

To assess physical hinding of the VDR and associated tmanscrip-
tional machinery to the HAMP gene promoter, ChIP was carried out.
PEMC maonocytes were treated with 1,250 (5 nM, 24 hours) and
chromatin extracts prepared as previously described 4 ChIPqPCR
assays were performed wsing the ChIP-TT Express kit [Active Maotif)
and the ChampionChIP kit (SABissciences, Inc., Valencia, CA).
ChIP-grade antibodies were used to detect VDR (sc-13133) and
RMA polymerase IT (SABiosciences, Inc.) interactions. The resulting
enriched genomic DNA was purified (QTAquick kit; Ciagen, Inc.,
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Valencia, CA) and measured by qPCR using the EpiTect ChIP-
qPCR Primer Assay for CYP24A1 (GPHO21775(—)01A (—1 kb
from the transcription start site) and GFHO21775(— 024 (—2 kb
from the transcription start site), for CAMP (NM_004345.3,
—1 kb: GPH100%280( —)0LA), for HAMP (NM_021175.2, —1 kb:
GPHI006776(— 0 1A), and for the negative control sequence
TGXIA (all Chagen). The qPCR program was 10 mimes at 95°C,
followed by 15 seconds at 95°C and 1 minute at #0°C for 40 cwcles.
A dissociation curve analysis was run to monitor the specificity of
amplification and lack of primer dimers. Diata were shown fist as
arhitrary units for gPCRamplification of DA asodated with RMA
Pal ITar VDR in cells treated with vehicle or 1,250 Inaddition, fold-
change values were calculated to show the change in RMA Fol 1T or
VIR binding to DNA after treatment with 1,250,

Lucerase Reporter Analysis of Vitamin D-Mediated
Regulation of the HAMP Promoter

A pGLAL1T firefly luciferase reporter vector containing the entire
procimal promaoter (2997 bp) DMA sequence wasused for analysis of
1 250250 regulated HAMP tramscription wsing previously reported
protoools ¥ All transient transfections were performed using Lipo-
fectamine 2004 Reagent (Invitrogen) at a ratio of 1:1 (total DNA to
lipofectamine) according to the manufacturer's recommendations.
Briefly, cells were seeded into 96-well plates at a densityof 2310%ells
per well 24 hours before transfection. Each transfection was per-
formed using 200 ng HAMP construct cotransfected with 50 ng Re-
nilla luciferase plasmid to nomalize transfection efficiency. Trans-
fection recipient MC3T3 celk, which express VDR but do not express
CYF27B1, were treated with vehicle (<02 % ethanaol), 250 (100 nh),
or 1,250 (10 nM) 24 hours before harvest with 30 wl Pasive Lysis
Buffer (Promega, Fitchburg, WT). Luciferase activity in cell lysates
was assessed using the Dual Luciferase assay kit (Fromega) according
to the mamifacturer’s protocol and measured using a FLUOstar
Omega instrument (BMG Labtech, Cary, MC). Specifically, 20 gl of
each sample was transferred into a white %6-well plate. The FLUOstar
was programmed to inject 90 ul Luciferase Asay Reagent 1T followed
by 90 gl Stop & Glo. Transcriptional activity was expressed as cif-
erase activity relative to Renilla activity, Each treatment was per-
formed in triplicate and repeated on at least three separate oocasions.
Results were expressed as fold-change over untreated cells by dividing
the firefly Renilla ratio of treated cells by the firefly/ Renilla ratio of
untreated cells

Statistical Analyses
RT-PCR data for in vitre and ex vive studies were com pared statisti-

cally using an unpaired ¢ test. Where indicated, multifactorial data
involving 25001, 250 treatments were compared using one-way AN-
OWVA with the Holm-5idak method used asa post hoc multiple com-
parison procedure. Matistical analyses were carried out using raw ACt
vahes and fold-changes Spearman correlation test was used for bi-
variate analyses

For the vitamin D supplementation in healthy volunteers stdy,
clinical dataare presented as the mean =50 for variables with normal
distributions, or median (range) for variables with skewed distribu-
tion., A paired rtest was wed to compare baseline samples, and
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baseline 1 with post-treatrnent samples. All statistical tests were per-
formedat the two-sided 005 level of significance. Analyses were per-
formed using the SPSS software (version 19.0; 5PSS, Inc., Chicagp,
1L for Windows.
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Supplemental Table 1. In silico nuclear receptor site prediction for vitamin D response elements in the
HAMP gene promoter (-1071 bp) For general nuclear receptor target prediction the NubiScan program
(www nubisean unibas ch) was used_ A -1071bp HAMF gene promoter sequence was analyzed using the

general weighted matrix for nuclear receptor halfsites (including the VDR canonical halfsites), whereby direct-
repeat 3 sites were acquisitioned. For the search parameter, an automatic scan with a raw score threshold of 0.5
was used, where the optimal match would have a raw score of 1.

SEQUENCE LENGTH POSITION STRAND RAW SCORE P VALUE SITE SEQUENCE
1071 72 - 0.602588 0.132854 AGTCCGatgAGTACA
1071 952 + 0.596919 0.259562 AGGGGAgggGGCTCA
1071 422 - 0.564744 0.580772 TGGCCAIRaATGACA
1071 903 - 0.564162 0.457681 AGATAAQCgGGAACA
1071 649 + 0.526702 0.868162 TGTGCAIgIAGGCGA
1071 193 - 0525093 0.687983 AGCCCAggaGGCTGA
1071 10 + 0.507491 0.791509 GGCTGAgHGGTGCA
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Supplemental Figure 1. Effect of vitamin D on expression of hepcidin in mice. S1A_Peripheral blood-derived monocytes
from wild type C57BL/6 mice showed no change in mouse hepcidin (Hamp) gene expression following 24 hr treatment with
increasing doses of 1,250 (1-100 nM). S1B. Similar results were also observed for the mouse monocyte cell line J774 following 6
hr treatment with 25D (100 nM) or 1,25D (10 nM) . S1C. To assess possible effects of vitamin D on hepatic expression of Hamp in
vivo, 12 wk old C57BL/6 male mice were placed on a vitamin D-deficient diet for 6 weeks then transferred to a 4 parts per million
(ppm) iron diet for one week. Groups of mice (n=4 in each case) were then treated with either 0.2 pg/g body weight of 25D by
intraperitoneal (IP) injection, 1 pa/a 25D 1P, 0.2 pg/g of 1,25D IP_ A similar volume of saline IP (saline) was used as a control
Analysis of liver mMRMNA in these mice 24 hours after treatment showed no effect on expression of Hamp.
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