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ABSTRACT OF THE DISSERTATION

Host-pathogen interactions of the innate immune system

by

Elliot Woong Kim
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2018

Professor Robert L. Modlin, Chair

Understanding host-pathogen interactions between microbes and the innate
immune system will provide insight into the host defense pathways and microbial
virulence factors. The macrophage (M®) is a sentinel of the innate immune system and
serves as the first line of defense against microbial infection. The M® provides
protection to the host by 1) rapidly recognizing harmful pathogens, ii) internalizing
pathogens to contain the infection and iii) clearing the pathogen from the host before the
onset of disease. Here, we study effector pathways of the M® that combat invading
pathogens in the host and determine their effects on the invading pathogen.

M® are a phenotypically heterogeneous immune subset that provides different
functions in host defense. Previous studies in our laboratory have found that interleukin-

15 (IL-15) induces a M® differentiation program in primary human monocytes (IL-15

ii



M®) that express the vitamin D metabolism pathway. Vitamin D supplementation to
these specialized immune subsets exhibited an antimicrobial response against
mycobacteria in vitro. However, clinical trials that supplemented tuberculosis (TB)
patients with vitamin D as an adjuvant have largely been unsuccessful in vivo. Therefore,
we investigate whether vitamin D status prior to the onset of microbial infection would
contribute to host defense. Our data demonstrates that vitamin D status during IL-15 M®
differentiation bestows the capacity to mount an antimicrobial response against
Mycobacterium leprae. These data suggest that future clinical trials that assess the
relationship between vitamin D supplementation to mycobacterial infection will
determine if vitamin D can provide prophylactic effects that are therapeutically
beneficial.

Similarly to vitamin D, the bioactive form of vitamin A, all-trans retinoic acid
(ATRA), triggers an antimicrobial responses against M. tuberculosis in vitro. However,
high ATRA levels in humans’ results in severe or even fatal side effects in vivo.
Therefore, we investigate how the immune system regulates ATRA production at the site
of TB disease. Our data demonstrates that dendritic cells express the vitamin A
metabolism pathway, which converts the circulatory form of vitamin A, retinol, into
ATRA. The dendritic cells subsequently release ATRA and induce vitamin A-dependent
antimicrobial responses in neighboring monocytes and M®. Interestingly, this immune
model has provided insight into the site of TB disease by showing that the dendritic cell-
mediated retinol metabolism pathway is significantly diminished in the lung of active TB

patients relative to normal lung. These data demonstrate a novel transcellular effector
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pathway between dendritic cells and M® that contributes to the host defense against
microbial infection.

Toxoplasma gondii is capable of infecting any nucleated cell in vitro, but M® are
the first immune subset infected by 7. gondii in mice in vivo. It is well known that both
interferon-gamma-induced responses and M® functions are critical to controlling 7.
gondii infections in mice in vivo. Interferon-gamma induces the expression of two
different families of immune loading proteins called the immunity-related GTPases
(IRGs) and guanylate binding proteins (GBPs) that function to clear the parasite from the
M®. However, T. gondii is equipped with secretory organelles called the rhoptries that
inject ROP proteins into M® to modulate host cell functions. We have found a novel
rhoptry pseudokinase effector, ROP54. Disruption of ROP54 demonstrates a 100-fold
decrease in virulence in mice in vivo and increased GBP2 protein loading onto the
parasite containing vacuole in vitro. Immunoprecipitation of ROP54 demonstrates that
none of the known ROP effector proteins formed a complex with the pseudokinase,
which suggests it may be a divergent effector protein. Collectively these data show that
ROP54 is a novel virulence factor that evades a [IFN-gamma-mediated immune response
in M® and may be a potential drug target for the development of novel therapeutics.

The data presented in this thesis evaluates the efficiency of immune pathways
against disease causing pathogens. The host-pathogen interaction from these models
provides insight into microbial infection, which may help in the development of novel
therapeutics and identification of drug targets. These data contributes to the importance

of micronutrient supplementation and how it can help contain the spread of
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mycobacterial-related diseases. Additionally we found a novel ROP effector protein that

may be a potential drug target in toxoplasma infection.
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CHAPTER 1

Introduction

Host-pathogen interactions of the innate immune system



The two arms of the human immune system are the innate and adaptive immune
systems. The innate immune system serves as the first line of defense against invading
pathogens. The adaptive immune system provides a secondary antigen specific immune
response and the development of memory. Host-pathogen interactions between the
immune system and commensal flora have developed metabolic and homeostatic
functions in the host. However, pathogenic relationships between the immune system
and invading microbes have evolved defense mechanisms to protect the host from
infection and disease. The immune system employs an array of host defense mechanisms
that serve to rapidly recognize and clear harmful deleterious microbes from the host in
vivo. This thesis will focus on understanding host-pathogen interactions of the innate
immune system and deleterious microbes.

The innate immune system consists of multiple different immune subsets that
collaborate together to eliminate invading microbes. These subsets are a conglomerate of
highly evolved network of cells that cooperate to clear pathogens from the host. This
network consists of dendritic cells, M®, neutrophils, eosinophils and keratinocytes in
which each has distinct functions in host defense. Both primary human M® and dendritic
cells reside within tissues throughout the body and respond immediately to the onset of
infection. However, additional M® and dendritic cells can be derived at the site of
infection from primary human monocytes that circulate in the blood and infiltrate the
area. The differentiation and function of these immune subsets are determined by the
cytokine profile of the microenvironment at the site of infection. The work of this thesis
will investigate the immune responses of M® and dendritic cells and determine their

effect against invading microbes.



This introductory chapter outlines previously established innate immune models
that detail the link between pattern recognition receptor (PRR) activation and the
differentiation of immune subsets and their functions. We will describe how the
activation of TLR2/1 and NOD?2 has revealed direct and indirect effector pathways of the
immune response at the site of infection. In contrast, we will also describe how the
activation of TLR2/1 has also been shown to inhibit immune responses against M. leprae.
The observations from these studies led to the investigation of divergent M® phenotypes
and functional profiles that correlate with the prognosis of leprosy patients.

These innate immune models have led to the investigation of host-pathogen
interactions between M®/dendritic cells and harmful microbes. Here, we study the link
between micronutrient metabolism pathways in immune subsets that contribute to the
host defense against mycobacteria. We investigate how vitamin D status affects the
differentiation and function of antimicrobial M®. Provide evidence that the transcellular
metabolism of vitamin A by dendritic cells triggers an antimicrobial response in
monocytes and M® against M. tuberculosis. Then we evaluated the status of vitamin A-
mediated transcellular metabolism in the lung of active TB patients. Finally, we
investigate the role of a novel effector protein of 7. gondii that evades an immune loading
protein in the M®. Despite the current knowledge of host-pathogen interactions, how
innate immune effector pathways are regulated in the context of microbial infection

remains unknown.

Pathogens



Mpycobacterium tuberculosis

M. tuberculosis, the causative agent of TB, is the one of leading causes of death
by a single infectious agent worldwide. Currently one-third of the world’s population is
infected and according to the Centers for Disease Control and Prevention (CDC) 10.4
million new M. tuberculosis infections occurs each year '. However only 10% of the
infected population succumbs to active TB disease. TB is an easily transmissible disease
because it spreads from person to person in aerosolized saliva droplets that contain the
bacteria. M. tuberculosis infects the alveolar M® in the lung and is and an extremely
virulent bacteria; as little as a single bacterium is sufficient to establish either latent or
active disease. Latent TB patients do not present active disease and develop granulomas,
which is a tight gathering of activated and inactivated M®, tissue-like M®,
multinucleated giant cells and lymphocytes that surround the bacteria to contain the
infection within the host . Active TB patients present a spectrum of clinical
manifestations that range from pulmonary cavitation to disseminated disease. Tuberculin
skin tests and IFN-gamma release assays are used to determine whether someone is
infected with M. tuberculosis, but these tests do not reveal the severity of the disease *.
Additionally, the antibiotic regimen for active TB patients is expensive and requires 6-9
months of treatment. The emergence of drug resistant and totally drug resistant strains of
M. tuberculosis has been found, which calls for the need for more research to find new
treatments against the pathogen and disease *’.

We model the interactions between the host innate immune system and M.
tuberculosis to gain insight into infection and disease. The vast majority of TB exposed

individuals i) do not exhibit any form of the disease *, ii) HIV+TB+ rapidly succumb to



disease *'° and iii) PET imaging shows that lymph nodes are different sizes in M.
tuberculosis individuals ', which collectively indicates that the immune system plays a
significant role in regulating M. tuberculosis infection. Therefore, we are interested in
the factors that influence M® function against M. tuberculosis. Mycobacteria reside in a
phagosome within M® isolated from the cytoplasm '*. Therefore, investigating the
antimicrobial mechanisms against M. tuberculosis in the M® will provide insight into
how the immune system controls M. tuberculosis infection. In contrast, understanding
the evasion mechanisms of the bacteria in the M® will recapitulate the outcome of
disease. The knowledge gained from these host-pathogen interactions will help in the

development of effective therapies that may treat and prevent the spread of disease.

Mycobacterium leprae

Leprosy is a disease that primarily affects the skin and the causative agent of the
disease is M. leprae. Leprosy is a dynamic condition that provides an opportunity to
investigate mechanisms of the innate immune system that contribute to the host defense
and pathogenesis of disease. Similarly to TB, the disease presents a spectrum of clinical
manifestations and immunological responses that correlate with the prognosis of the
patient. The two ends the clinical spectrum of leprosy disease are tuberculoid leprosy (T-
Lep) and lepromatous leprosy (L-lep) . T-lep patients represent the resistant end of the
spectrum and present organized granulomas that localize around the bacilli to either
restrict the growth or kill the bacteria '*'7. The lesions in T-lep patients contain a small
number of bacilli, but a strong cell-mediated immune response that is mediated by a Th1

cytokine and type II interferon. In contrast, L-Lep patients present the disseminated and



progressive form of the disease, which reflects a susceptibility to M. leprae infection. L-
lep lesions contain a large number of skin lesions/bacilli, tissue damage and nerve
damage. The lesions of L-lep patients show a humoral immune response in combination
with a Th2 cytokine and type 1 interferon. Leprosy patients that demonstrate reversal
reactions are showing an upgrade in L-lep patients towards the T-lep pole, which
represents the process of M. leprae clearance from host '*. The immune models found in
leprosy have provided useful paradigms that contribute insight into the human immune

response against mycobacteria infection.

Toxoplasma gondii

Toxoplasma gondii is an intracellular parasite and is a member of the phylum
Apicomplexa '°. The lifecycle of T. gondii can be briefly described as two different
components: a sexual component that occurs in cats and an asexual component that
occurs in any warm-blooded animal, also known as intermediate hosts. The ingestion of
unwashed vegetables or cleaning the litter box of an infected cat is the mode of
transmission to intermediate hosts *°. These vehicles are contaminated with bradyzoites,
the cyst form of the parasite, which have rigid cyst walls that allows the parasite to
survive outside of the host and bypass the acidic nature of the stomach ***'. To establish
infection, the bradyzoites convert into tachyzoites to initiate the acute infection. The
tachyzoites infect the cells in the intestinal epithelium and spreads throughout the body
by the blood stream **. The infection of intermediate hosts is usually asymptomatic, but
severe disease only occurs in immunocompromised individuals. This suggests that the

immune system is sufficient in containing the disease in check. However, once the



immune system is attenuated the clinical manifestations of toxoplasmosis ranges from
encephalitis to fatal illness '°.

Tachyzoites are armed with secretory organelles that secrete proteins into target
cells that evade the immune response of the host and to establish infection. The secretory
organelles are the micronemes, rhoptries and dense granules and each serve distinct
functions in either invasion of host cells or modulation of host cell functions *. The
micronemes are located towards the apical end of the parasite and secrete adhesion
proteins that attach parasite to target cells *. The rhoptries are bulb-shaped organelles
that contain two types of proteins called the ROPs and RONs. The ROPs are positioned
in the bulbous-end of the rhoptries and RONs are located towards the neck of the
rhoptries. After the micronemes attach the parasite to the cell, the RONSs are injected into
the host-cell membrane and assemble the invasion machinery and initiate formation of
the parasitophorous vacuole (PV) **. Simultaneously, the ROPs are injected into the host
cytosol where they transit either to the host nucleus to alter host cell functions or to the
outside of the PV to evade immune loading proteins that kill the parasite. The dense
granule organelle constitutively secretes dense granule proteins (GRAs) into the milieu
between the parasite and host cell to maintain the PV *°. The GRAs have been associated
with other functions such as acquiring nutrients and modulating the immune response of
the host cell. The role of the parasite organelles has been established, but the proteins

involved in 7. gondii virulence remains largely unknown.

Innate immune models of mycobacteria




The main challenge of studying the dynamics of active TB is that infection and
disease occurs in the lung. The lack of an animal model that fully recapitulates the
human immune response and the difficulty in acquiring lung biopsies from active and
latent TB patients has led us to use leprosy as a model to study the immune response
against mycobacteria >’. We will highlight the immune models developed from leprosy

and how they project into immune models of TB disease.

Pattern Recognition Receptors (PRRs)

The role of innate immune system is to provide a variety of defense mechanisms
that serve to protect the host from harmful pathogens. The immune response by PRRs is
one mechanism by which the biochemical properties of invading pathogens can be
recognized and trigger antimicrobial responses. The role of PRRs was discovered in
drosophila where mutations in fo/l made the host more susceptible to fungal infections **.
Later work then demonstrated that mutations in the expression of antimicrobial peptides
made flies susceptible to bacterial infections *°. Recently, activation of human PRRs has
been described to trigger a variety of immune responses such as secreting cytokines to

initiate the differentiation of immune subsets *°, triggering the expression of antimicrobial

31,32 33,34

peptides ° °7, and inducing the formation of reactive oxygen species . Here, we will
describe the human PRR-mediated immune responses using mycobacteria as a model

pathogen.

Toll-like receptor 2/1 in leprosy



Studies have shown that activation of different TLRs have demonstrated different
immune responses by the innate immune system >>. However, the differences in TLR
activation between human and murine immune responses are unclear. Our laboratory
research shows that TLR2/1 activation induced antimicrobial activity against M.
tuberculosis in murine M®, human monocytes and human alveolar M® *°. However,
murine M® demonstrated that the antimicrobial response was dependent on nitric oxide
(NO), but human monocytes/M® triggered an antimicrobial response that was
independent of NO. The difference in immunological response between humans and
mice corresponds with the different pathologies observed in TB disease *'>°.

To determine if the activation and regulation of TLR2 and TLR1 was critical to
the human innate immune system, we took advantage of immunological spectrum
observed in leprosy disease. Previous work from our laboratory found that heat-killed M.
leprae robustly activated HEK293 cells expressing the TLR2/1 heterodimer *’. The
presence of the Thl cytokines during TLR2/1 activation of primary human monocytes
amplified the degree of pro-inflammatory cytokine release. In contrast, the presence of
Th2 cytokines decreased TLR2 surface expression on primary human monocytes.
Although the monocytes of T-lep and L-lep patients equally express TLR2 on the surface,
only T-lep lesions sustained high levels of TLR2 and TLR1 protein levels at the site of
disease. These data indicate that the activation and regulation of both TLR2 and TLR1
are influenced by the cytokine profile in the skin lesion. Therefore a more in-depth
understanding the immune responses by TLR2/1 will provide insight into designing

therapeutics that regulate TLR expression.



Since the expression of TLR2 and TLR1 correlates with the resistant form of
leprosy disease, we hypothesized that activation of these PRRs triggered essential
immune responses that contribute to the host defense. TLR activation has been
characterized to regulate direct effector pathways such as phagocytosis, expression of
antimicrobial peptides and release cytokines that activate the adaptive immune system
30364144 However, how indirect effector immune pathways such as cellular
differentiation have been associated with direct effector pathways is unknown.
Previously established immune models demonstrate that an indirect effector pathway
mediated by TLR2/1 activation, which induced the expression of IL-15 and granulocyte-
macrophage colony-stimulating factor (GM-CSF) with their respective receptors *>*.
Primary human monocytes treated with IL-15 differentiate into CD209+ phagocytic M®.
In contrast, primary human monocytes treated with GM-CSF differentiated into CD1b+
dendritic cells (GM-DC), which secrete pro-inflammatory cytokines and activate naive T-
cells. Using leprosy as a model we found that in T-lep lesions both CD209+ and CD1b+
positive cells were present, but in L-lep lesions only CD209+ cells were detected. These
data indicate that DC status is critical to host defense and the outcome of disease in
leprosy.

One potential mechanism in which leprosy prevents DC differentiation and
inhibits DC function in L-lep lesions is through leukocyte Ig-like receptor A2 (LILRA2)
4748 LILRA2 is expressed on monocytes and M®, which have been demonstrated to
alter the innate and adaptive immune responses *>'. Interestingly, LILRA2 is highly

expressed in L-lep lesions and absent in T-lep lesions, but LILRA2-activated monocytes

treated with GM-CSF differentiate into CD14+ and CD40+ cells (data not shown). This

10



suggests that LILRA?2 induces an aberrant GM-DC differentiation pathway that promotes
the differentiation of alternative M®, which correlates with the progressive form of the
disease. Therefore, recapitulating the differentiation pathways of immune subsets may
provide insight into how M. leprae infection causes disease.

The cytokine profile of the microenvironment at the site of infection strongly
influences the effector functions of M®. IL-10 is a Th2 cytokine that is present in L-lep
lesions, secreted in response to TLR2/1 activation ***% and described to inhibit the

53,54

differentiation and function of Thl subsets . Primary human monocytes that are

treated with IL-10 differentiate into CD209+CD163+ macrophages (IL-10 M®), which
demonstrate increased phagocytic function relative to IL-15 M® and resemble a foam
cell 7. IL-10 M® express scavenger receptors (scavenger receptor A and CD36) on the
cellular surface that is critical to acquiring oxidized low-density lipoprotein (oxLDL)
2733 The IL-10 M® becomes a foam cell once the influx of oxLDL out competes the
efflux of lipids *°. The pathogenesis of several different microbes has been shown to

7

thrive in lipid rich environments such as M. tuberculosis **°°, Chlamydia >’, and
p Y

%3 that foam cells provide. Therefore, understanding the virulence factors

Toxoplasama’
and the immune modulation mechanisms that pathogens employ to create foam cells

warrants further investigation.

Nucleotide-binding oligomerization domain 2 (NOD2)
Several studies have indicated that several PRRs activated with their respective

30,43

ligands trigger overlapping immune responses . However, recent research has

revealed that NOD2 and TLR2 appear to initiate distinct immune responses against

11



microbial infection ®°. Clinical studies have shown that mutations in NOD2 demonstrate

61,62

increased susceptibility to mycobacteria-related diseases and have been associated

with Crohn’s disease *>%

. These data suggest that NOD2 activation may serve a role in
host defense against microbial pathogens. Previous studies in our laboratory have found
that NOD?2 activation induces an indirect effector pathway that is distinct from TLR2/1
activation.

NOD?2 is an intracellular PRR that recognizes the pathogen associated molecular
pattern (PAMP) muramyl dipeptide (MDP). Activation of NOD2 by either MDP or M.
leprae triggered the release of IL-32 in which induced monocytes to differentiate into
CDI1b+ DCs independent of GM-CSF receptor **. We used leprosy as a model to
associate where the NOD2 and IL-32 differentiation axis related with the immune
response. Both NOD2 and IL-32 was only detected in T-lep lesions, but absent in the
progressive form of the disease. In addition, monocytes treated with IL-32 demonstrated
the ability to express a functional vitamin D-dependent antimicrobial pathway against M.
tuberculosis ®. These experiments provide evidence that IL-32-derived DCs are
involved in the cell-mediated response against M. leprae.

CDI1b+ DCs are classically known to be pathogen sensing and antigen-presenting
cells that are central to the initiation and regulation of adaptive immune response .
However, the heterogeneity of DC subsets displays unique phenotypes and distinct
functional properties ¢’. Primary human monocytes titrated with IL-32 differentiated into
CDI1b+ DCs in a dose-dependent manner. The phenotype of IL-32-derived CD1b+ DCs

was assessed, and increased protein abundance in HLA-ABC and CD86 was observed

relative to GM-CSF-derived CD1b+ DCs °*. Given the differences in MHC class-I
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expression on IL-32-derived DCs versus GM-CSF-derived DCs, antigen presentation was
investigated to determine a functional difference in naive T-cell activation. Both DC
subsets equally presented antigen and activated CD4+ T-cells. However, IL-32-derived
CD1b+ DCs showed significantly higher levels of CD8+ T-cell proliferation and IFN-
gamma release relative to GM-CSF derived DCs. Therefore, IL-32-derived DCs
demonstrated the capacity to effectively cross-present antigen via MHC class-I to CD8+

T cells.

Micronutrients in disease

Although evidence indicates that the immune system is sufficient in containing
the M. tuberculosis infection, the disease remains one of leading causes of death by a
single infectious agent. Epidemiological studies have revealed that malnutrition is
frequently observed in active TB patients ®. Here, we will investigate the mechanisms of
vitamin A and vitamin D in the innate immune system and how each provides host

defense against mycobacteria.

Vitamin D

Vitamin D is a fat-soluble nutrient that humans primarily acquire through skin
exposure to ultraviolet B from sunlight ®*. In the skin there are copious amounts of 7-
dehydrocholesterol, and once exposed to light between 270-300 nanometers it is
converted into vitamin D3 ™. Vitamin D3 is converted by liver into the major circulatory
form of the nutrient, 25-hydroxyvitamin D (25D3) bound to a chaperone known as

vitamin D-binding protein (DBP) "'. 25D3 is then metabolized in the liver by an enzyme
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l-alpha-vitamin D hydroxylase (CYP27B1) into 1,25 dihydroxyvitamin D (1,25D3) the
biologically active, hormonal form of the micronutrient. The metabolism of 25D3 into
1,25D3 is tightly regulated and known to have a significant role in maintaining calcium
and phosphorus levels, which influence bone structure ">, In humans, 25D deficiency has
been associated with bone dysplasia diseases such as rickets *. The mechanisms and
function of vitamin D in the human immune system will be addressed in this section and
in Chapter 2.

Human epidemiological studies have correlated low vitamin D levels with

susceptibility to TB disease '*"

. TB patients in the pre-antibiotic era were treated in
sanatoriums. At this facility patients were exposed to plenty of sunlight and were
provided with micronutrient rich meals such as fish oils with cod livers *”’. With the
absence of scientific data from this era, historical anecdotal evidence has only implied

that vitamin D may have contributing effects against TB. However, the link between

vitamin D and immune function was recently discovered *.

Vitamin D and Antimicrobial Activity

TLR activation mediates effector functions of the innate immune system to
provide host defense against M. tubeculosis infection *. Previous studies show that
primary human monocytes treated with TLR2/1L, a triacylated lipopeptide (19kD),
spontaneously release the pro-inflammatory cytokine IL-15 *. IL-15 treated primary
human monocytes differentiate into CD209+ M® and demonstrate the capacity to

phagocytose and contain M. tuberculosis, and express the vitamin D pathway.
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A key observation of TLR activation was the decrease in M. tuberculosis viability

8,43,81 ..
2% However, the main difference

in both human and murine innate immune systems
in the murine immune response is that the antimicrobial activity was NO dependent. To
determine the antimicrobial mechanism of human TLR2/1 activation against M.
tuberculosis, previous work from our laboratory analyzed the expression profile of
primary human monocytes treated with 19kD via microarray **. Investigation of this
expression profile led to the finding that monocytes treated with 19kD demonstrated a
significant increase in CYP27B1 mRNA and vitamin D receptor (VDR) mRNA *%,
Supplementing either 25D3 or 1,25D3 to monocytes treated with 19kD demonstrated the
functional status of the vitamin D metabolism pathway. The genes CAMP mRNA, which
encodes the antimicrobial peptide cathelicidin, and CYP24A1 were measured by qPCR
and were dependent on 25D3 supplementation. In addition, monocytes infected with M.
tuberculosis and then treated with 1,25D3 demonstrated that the bacteria co-localized
with cathelicidin in which coincided with decrease bacteria viability. Other studies have
confirmed that cathelicidin demonstrates direct antimicrobial effects against invading
pathogens including M. tuberculosis ****. Collectively these data indicate that human
monocytes treated with 19kD demonstrate a vitamin D-dependent antimicrobial response
against M. tuberculosis.

The essential function of the MO is to rapidly recognize an invading pathogen and
effectively clear the microbe from the host. TLR2/1 activation revealed an indirect
effector pathway which revealed that primary human monocytes treated with IL-15
differentiated into CD209+ M® that express the vitamin-D dependent antimicrobial

pathway *°. The expression of the vitamin D pathway in monocytes treated with 19kD is
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dependent on IL-15. The supplementation of 25D3 to IL-15 M® has demonstrated that
the vitamin D pathway is functional by i) the bioconversion of 25D3 into 1,25D3, ii)
activating VDR by triggering the expression of CAMP mRNA and iii) significantly
decreasing M. tuberculosis viability. However, the caveat to all these experiments is that
IL-15 M® were differentiated in vitamin D deficient conditions. Therefore in Chapter 2
we will address how primary human monocytes treated with IL-15 in the presence of

vitamin D influences M® differentiation and function.

Vitamin A

According to the World Health Organization (WHO) vitamin A deficiency (VAD)
is associated with blindness in children, increased risk of maternal mortality and high risk
of disease and death. Epidemiological studies have shown that TB burden is high in low-
income countries where malnutrition and VAD is common . However, clinical trials
where active TB patients are supplemented with retinol are largely unsuccessful in vivo

8% In contrast, the bioactive form of vitamin A, all-trans retinoic acid (ATRA), induces

an antimicrobial response against M. tuberculosis in vitro ***°',

Laboratory research has revealed that ATRA induces several different effector
pathways in the innate immune response **°>. Monocytes and M® treated with ATRA
induce the expression of NPC2, which decreases cholesterol content in the cell and M.
tuberculosis viability *°. Decreasing cholesterol content is critical to antimicrobial
response against M. tuberculosis because bacteria persistence correlates with high

cellular cholesterol content *°. In addition, ATRA induces indirect effector pathways by

inducing the differentiation of CD209+ M® ** and tissue-like M® that sustain the
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formation of granulomas *°. In contrast, ATRA has been characterized to promote wound
healing properties by decreasing TLR2 and CD14 surface expression on primary human
monocytes » and homeostasis by inducing the differentiation regulatory T-cells *°,
Despite the pleiotropic functions ATRA provides the innate immune system, the levels
must be tightly regulated in humans in vivo because it can cause harmful side effects.
Therefore, in Chapter 3 we will investigate vitamin A metabolism by the innate immune

system and project it into TB disease.

Evasion mechanisms of microbes

The host immune response has demonstrated the ability to defend against
microbial infection and limit the progression of disease. However, pathogens have co-
evolved with the immune system and developed evasion mechanisms, which advance the
infection towards disease. A variety of factors are associated with host susceptibility to
disease such as host genetic mutations, host micronutrient status and modulation of
immune response °'. Identifying the mechanisms of microbial persistence is central to
the ability to develop novel approaches to therapeutics and treatments for infectious

diseases.

Mycobacteria

Work in our laboratory has demonstrated that M. /eprae infection modulates the
immune response, which contributes to the pathogenesis of disease. Previously, we
described that 25D3 supplementation to immune subsets that express the vitamin D

27,46,80

pathway triggers a direct antimicrobial response against mycobacteria . However,
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the bacteria have evolved evasion mechanisms that combat this antimicrobial response.
We have identified that M. leprae infection induces the expression of microRNA-21
(mir-21), which downregulates the mRNA expression of (TLR2/1)-induced CYP27B1
and JL-1B mRNA and upregulates the mRNA expression of IL-10 mRNA.* These
changes in TLR2/1 activation by mir-21 demonstrate a decreased mRNA expression of
vitamin D dependent antimicrobial peptides, cathelicidin and DEFB4. The expression of
DEFB4, which encodes beta defensin 2, is dependent on VDR activation and IL-1B to
clear mycobacteria in the M® *®. IL-10 induces the differentiation of phagocytic M® that
resemble foam cells >’ and inhibits the differentiation of IL-32 derived DCs >,
Additionally, M. leprae infection induces the expression of Type-1 interferon, which
blocks autophagy (data not shown) and also inhibits the mRNA expression of the vitamin
D-dependent antimicrobial peptides '’. Mycobacteria infection induces TACO
(tryptophan -containing coat protein), which localizes to the phagosome and prolongs the
bacteria survival within M® *°. Therapeutic interventions that block these immune
modulation mechanisms may be an effective strategy against mycobacterial related
diseases.

Genetic studies have revealed that mutations in TLR2 '®°, NOD2 **'°! and VDR
191 are associated with increased susceptibility to mycobacteria related diseases. These
mutations have facilitated in identifying the roles of PRRs and micronutrient levels in the
human immune system. Subsequent, epidemiological studies demonstrate that active TB

75,86

patients demonstrate low sera retinol and 25D levels ™. Low micronutrient levels in

humans are linked to decreased host defense mechanisms such as the expression of

80,102-104

antimicrobial peptides , autophagy ', cholesterol efflux *® and the differentiation
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of immune subsets '*°. However, clinical trials that provide micronutrient
supplementation to active TB patients have been largely unsuccessful. Thus, further
clinical studies are needed to determine if micronutrient supplementation to healthy

subjects prior to microbial infection can prevent the spread of disease.

Toxoplasma gondii

Toxoplasma and related parasites (e.g Plasmodium faciparum) invade host cells
and hijack host cell functions by a specialized secretory organelle called the rhoptry.
During the initial stages of infection, the parasite injects rhoptry neck proteins (RONSs)
into the host plasma membrane to allow the parasite to penetrate into the intracellular
space and form the PV. The rhoptries also secrete rhoptry body proteins (ROPs) into the
host cytoplasm to modulate signaling pathways that control immune responses that clear
the parasite '°*'”’. The rhoptry effector proteins are dominated by a large family of ~40
secreted kinases and pseudokinases that are just beginning to be understood, as well as an
array of novel factors of unknown functions '®®. One example of a rhoptry kinase
effector is the protein ROP16 that is injected into the host cytoplasm and transits to the
host nucleus. ROP16 serves to activate STAT-3 and STAT-6, which results in a decrease

109
. Two

in IL-12p40 production thereby dampening the Th1 response to the parasite
other members of the ROP kinase family are the kinase ROP18 and pseudokinase ROPS.
Both effectors are injected and bind to the cytoplasmic face of the PV ' This
kinase-pseudokinase pair collaborate to phosphorylate and disarm loading of the
interferon gamma-dependent immunity-related GTPases (IRGs) which would otherwise

109,110

lyse the parasite vacuole and clear the parasite . Interestingly, the pseudokinase

19



ROPS is critical for activating the ROP18 kinase, enabling it to phosphorylate the IRGs,
which demonstrates the importance of pseudokinases in parasite virulence. Evading the
IRGs clearly involves other players, such as another ROP kinase ROP17 and a secreted
dense granule protein GRA7 have been shown to also participate in this response ' "%,

The caveat from all these studies is that the ROP effector proteins were found in
the hypervirulent strain Type-1 parasite. While only one type-1 parasite is required to
cause morbidity in mice, the majority of human infections are associated with the type II
T. gondii strain ', Additionally, the ROP5/17/18 complex evades interferon—-gamma

1% These studies

mediated-immune responses in murine M®, but not in human M®
suggest that virulence factors in the type II parasite line may have evolved to evade the
human immune response. In Chapter 4 we have a characterized a novel ROP effector
protein, ROP54 that is conserved between the type-I and type-II parasite lines. A
decrease in virulence was only observed in mice infected with Arop54 in type 11
parasites, but Arop54 in type I parasites. Protein alignment between ROP54 and ROP18
protein sequence revealed that the catalytic residues of a functional kinase were absent in
ROP54, which suggests that ROP54 could function as a pseudokinase. Collectively these

data indicate that ROP54 is a divergent ROP effector protein that may play a role in the

evasion of an immune response distinct from the ROP5/17/18 complex.

Going Forward

The focus of this thesis is to understand the host-pathogen interaction between the
innate immune system and harmful pathogens such as M. leprae, M. tuberculosis and

Toxoplasma. The innate immune system recognizes microbes and rapidly triggers
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antimicrobial responses to protect the host from disease. However, pathogens have
evolved mechanisms that evade the immune response and allow the microbe to establish
infection. We will determine if 25D3 status contributes towards the antimicrobial
response in M®. Establish a retinol metabolism model by the immune system that
provides insight into TB disease. Then conclude with the characterization of

a novel effector protein of Toxoplasma that is critical to evasion of the immune response

and survival of the parasite.
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CHAPTER 2

Vitamin D status Contributes to the Antimicrobial Activity of Macrophages

against Mycobacterium leprae
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Abstract
Background

The immune system depends on effector pathways to eliminate invading
pathogens from the host in vivo. Macrophages (M®) of the innate immune system are
armed with vitamin D-dependent antimicrobial responses to kill intracellular microbes.
However, how the physiological levels of vitamin D during M® differentiation affect

phenotype and function is unknown.

Methodology/Principal

The human innate immune system consists of divergent M® subsets that serve
distinct functions in vivo. Both IL-15 and IL-10 induce M® differentiation, but IL-15
induces primary human monocytes to differentiate into antimicrobial M® (IL-15 M®)
that robustly express the vitamin D pathway. However, how vitamin D status alters IL-
15 M® phenotype and function is unknown. In this study, we found that adding 25-
hydroxyvitamin D3 (25D3) during the IL-15 induced differentiation of monocytes into
M® increased the expression of the antimicrobial peptide cathelicidin, including both
CAMP mRNA and the encoded protein cathelicidin in a dose-dependent manner. The
presence of physiological levels of 25D during differentiation of IL-15 M® led to a
significant vitamin D-dependent antimicrobial response against intracellular
Mycobacterium leprae but did not change the phenotype or phagocytic function of these
M®. These data suggest that activation of the vitamin D pathway during IL-15 M®

differentiation augments the antimicrobial response against M. leprae infection.

37



Conclusions/significance
Our data demonstrates that the presence of vitamin D during M® differentiation bestows

the capacity to mount an antimicrobial response against M. leprae.
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Introduction

The M® is a sentinel of the innate immune system that serves as the first line of
defense to recognize and destroy invading microbes. In human M®, activation by a toll-
like receptor 2/1 (TLR2/1) ligand or interferon-g (IFN-g) triggers a direct antimicrobial
response that depends upon the level of available vitamin D . The vitamin D-
dependent antimicrobial pathway involves the induction of IL-15 and IL-32, the
conversion of 25D3 to bioactive 1,25-dihydroxyvitamin D (1,25D3) and subsequent
activation of the vitamin D receptor (VDR) to induce the expression of the antimicrobial
peptides including cathelicidin, autophagy and phagolysosomal fusion **®. This
antimicrobial pathway is not induced in M® if the levels of 25D are not sufficient.

Macrophages demonstrate phenotypic heterogeneity which confer distinct
functions in the innate immune system °. IL-15 M® demonstrate a vitamin D-dependent
antimicrobial profile which includes the expression of CAMP mRNA *'°. In contrast,
primary human monocytes treated with IL-10 differentiate into phagocytic macrophages
(IL-10 M®), which readily take up bacteria but weakly express the vitamin D-dependent
antimicrobial pathway '°. These M® subtypes can be identified by a specific cell surface
phenotype, both IL-15 M® and IL-10 M® express CD209 but only IL-10 M® express
CD163. As such, IL-15 M® and IL-10 M® are differentially identified in the polar forms
of leprosy caused by the intracellular bacterium M. leprae, correlating with the different
outcomes of infection.

In addition to its role in M® antimicrobial function, vitamin D has long been
recognized to affect the differentiation of diverse cell types, including cells of the

myeloid lineage ''. Activation of the VDR converts malignant myeloid leukemia cells
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1215 Dendritic cells differentiated in the

into non-proliferating monocytes or M®
presence of 25D3 or 1,25D3 demonstrate aberrant differentiation and decreased antigen
presentation in vitro '*'". M® differentiated in vitamin D have also demonstrated a

>18 Most of these studies were

change in phenotype and phagocytic function in vitro '
performed by adding non-physiological concentrations of the bioactive form of 1,25D3,
such that the ability of the differentiating cell to utilize physiologic concentrations of
25D3 has not been substantially investigated. Although controversy still exists on the
normal concentrations of 25D, we used the Endocrine Society Clinical Practice
Guidelines which define vitamin D deficiency as below 20ng/mL (50nM), insufficiency
as 21-29 ng/mL (52.5nM-72.5nM), sufficient levels as more that 30ng/mL (75nM) °. In
humans, 1,25D levels are regulated to be constant, such that the available level of 25D
determines the amount of bioactive 1,25D that is generated in an activated M® and is
therefore key to innate immune function >. Therefore, the aim of our work is to study the

effects of physiological levels of 25D3 during IL-15 M® differentiation, function and

antimicrobial response against M. leprae.
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Results

M® phenotype is sustained in SFM independent of 25D3 status

To investigate the effect of 25D3 on M® differentiation, we used SFM, allowing
us to control the amount of 25D3 in the culture. SFM contains neither 25D3 nor any
other vitamin D analogues, such that 25D3 can be added at defined concentrations. Thus,
SFM has an advantage over fetal calf sera or human sera that have varying amounts of
25D3. Previously, IL-15 and IL-10 were shown to induce the differentiation of
monocytes into distinct M® populations, however, these experiments were performed
using FCS, which contains low levels of 25D3. Thus, it was unclear whether vitamin D
status affects the differentiation of monocytes into IL-15 M® and IL-10 M.

All experiments here involve M®s derived from cytokine treated monocytes as
previously reported '°. Monocytes were cultured with either IL-15 or IL-10 for 48 hours
in SFM with or without the addition of 25D3 (10™®M 25D3). This is equivalent to the
physiologic concentration in vitamin D sufficient serum of 10”M 25D3, which is then
diluted to 10% serum in cell cultures . Both IL-15 and IL-10 induced CD209
expression as assessed by flow cytometry, but only IL-10 induced CD163 expression (Fig
1A), similar to differentiation in FCS '°. Examining co-expression of CD209 and
CD163, we found that IL-15 induced CD209 " CD163” M®, whereas IL-10 induced
CD209'CD163" M®, accounting ~80% of cells. We also found that the IL-15 M® and
IL-10 M® derived in SFM express the MO specific marker CD16. The average surface
expression of CD16 increased in IL-15 M® when differentiated in 25D3 to similar levels

seen on IL-10 M®, but was not significant (p=0.07). In addition, we observed that 25D3
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status did not significantly alter the surface expression of CD209, CD163, CD16 or the
coexpression of CD209'CD16" whether derived using IL-15 or IL-10 (Fig 1A). The
frequency of CD14 was expressed on IL-15 M®, with a small but significant
enhancement by 25D3, to the level expressed on IL-10 M® (Fig 1A). This was also
reflected in an increase in cellular abundance as measured by the change in mean
fluorescence intensity (AMFI) for M® derived in IL-15 but not IL-10 (Fig 1B). Overall,
SFM supported the differentiation of monocytes by IL-15 and IL-10 into divergent M®
phenotypes, which were generally similar whether differentiated in the presence or

absence of 25D3.

25D3 status triggers vitamin D-dependent antimicrobial profile in IL-15 M®

Although 25D3 did not dramatically affect the differentiation of M® by
phenotype, we next investigated whether the presence of 25D3 during differentiation
affected MO function. The induction of the antimicrobial protein cathelicidin is essential
for the vitamin D-dependent antimicrobial response against intracellular mycobacteria in
infected M® >*'. To determine whether 25D3 status during M® differentiation results in
activation of the vitamin D-dependent antimicrobial pathway, we treated monocytes with
IL-15 and IL-10 in the presence of increasing concentrations of 25D3 during
differentiation and measured CAMP mRNA levels after 48 hours by qPCR.

Conditioning during differentiation of both IL-15 M® and IL-10 M® in SFM
supplemented with increasing level of 25D3 resulted in a significant dose-dependent

induction of CAMP mRNA (Fig 2A). At all concentrations of 25D3, the CAMP mRNA
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expression was more robust in IL-15 M relative to IL-10 M®. We observed a ~315-
fold induction of CAMP mRNA in SFM supplemented with 10®M 25D3 as compared to
media without 25D3 in IL-15 M®, and ~500-fold induction of CAMP mRNA in SFM
containing 107M 25D3 (Fig 2A). In comparison, we observed a ~80-fold induction of
CAMP mRNA in SFM containing 10°*M 25D3 in IL-10 M® and a ~100-fold induction
of CAMP mRNA in SFM containing 10'M 25D3 (Fig 2A). The baseline values of
CYP27B1 mRNA expression was not significant between IL-15 M® and IL-10

M® (Supplemental Figure 1).

We determined whether the induction of CAMP mRNA was associated with
expression of cathelicidin protein using intracellular flow cytometry. The CAMP mRNA
expression levels in IL-15 M® correlated with both the frequency of cathelicidin and the
cathelicidin protein abundance as measured by AMFI (Fig 2B,C). The average frequency
of cathelicidin was ~13% in IL-15 M® derived in 10°*M 25D3 and ~30% in 10”'M 25D3
supplemented SFM (Fig 2B). The AMFI was ~45 AU in IL-15 M® derived in 10'M
25D3 and ~80 AU in 10°*M 25D3 supplemented SFM (Fig 2C).

Representative fluorescence microscopy images of IL-15 M® conditioned in
25D3 indicates that cathelicidin protein accumulates in the intracellular vesicles proximal
to the host nucleus, but not in IL-15 M® differentiated in no 25D3 (Fig 2D). These data
collectively indicate that cathelicidin mRNA and protein expression directly correlate

with 25D3 status during IL-15 induced M® differentiation.

Vitamin D status does not alter IL15-M® phagocytic function
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An important function of antimicrobial M® is the phagocytosis of pathogens to
contain microbes in the host in vivo. However, it is unclear how vitamin D status may
alter the phagocytic function of the M® during M. leprae infection. To assess phagocytic
function, IL-15 M® were conditioned with or without 25D3, infected with PE labeled-A.
leprae for 24 hours, stained for the M® specific marker CD14 and phagocytosis was
analyzed by flow cytometry and image stream flow cytometry. The efficiency of M.
leprae infection in IL-15 M® differentiated in the absence of vitamin D or in the
presence of either 10®M 25D3 or 10’M 25D3, was not statistically different, although
somewhat greater in culture in which no 25D3 was present (Fig 3A). Image stream flow
cytometry analysis of the same samples demonstrated a frequency of infection of
CD14"mLEP" cells ranging from 30%, 35%, to 25%, when conditioned with no vitamin
D, 10®*M 25D3 or 10"M 25D3, respectively (Fig 3B). Using an unsupervised spot
counting function of image stream flow cytometry, we determined the frequency of
CD14" cells containing varying numbers of intracellular M. leprae and no effect of 25D3
was observed (Fig 3C). Images from image flow cytometry analysis show the number of
bacteria per M® (Fig 3D). Cells that contained either 7 or 8 bacteria all showed large
clumps of bacteria in which were difficult to interpret as an accurate number of bacteria.
Overall no significant difference was observed in the number of bacteria per cell. These

data indicate that vitamin D status does not alter the phagocytic capacity of IL-15 M®.

Vitamin D status in IL-15 M® triggers antimicrobial response against M. leprae
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After the phagocytosis of invading pathogens, a major function of MO is to
effectively mount an antimicrobial response to defend the host. However, it is unclear
whether sufficient levels of 25D3 will provide M® with the capacity to mount an
antimicrobial response. To investigate whether 25D3 status during M® differentiation
affects the antimicrobial response, we simultaneously measured the kinetics of CAMP
mRNA induction and antimicrobial activity against M. leprae in IL-15 M®. IL-15 M®
were conditioned with or without 25D3, infected with M. leprae for 24, 48, and 120
hours, at which time both RNA and DNA were harvested.

The levels of CAMP mRNA in M. leprae infected IL-15 M® at 24 hours were
relatively low as compared to the previous experiments in which CAMP mRNA was
measured in uninfected M®, to the extent that CAMP mRNA was not detectable in some
donors at this time point. However, the cathelicidin protein colocalized with M. leprae in
IL-15 M® differentiated in 25D3, but not in IL-15 M® differentiated in no 25D3 24
hours post M. leprae infection (Fig 4A). The low level of CAMP mRNA expression was
not different whether the M® were differentiated in the presence or absence of 25D3 (Fig
4B). One possibility for the absence of CAMP mRNA but presence of cathelicidin
protein at 24 hrs post infection is that upon infection with M. leprae the CAMP mRNA is
downregulated yet the protein was already synthesized during differentiation.

At 48 hours after M. leprae infection, CAMP mRNA expression was
approximately 1000 fold in the IL-15 M® differentiated in 25D3, at either 10°M 25D3 or
10"M 25D3 (Fig 4C). At 120-hours post infection, the relative CAMP mRNA remained
significantly increased in the M® differentiated in 25D3, approximately 200-330 fold

greater than in M® differentiated in the absence of 25D3 (Fig 4D).
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The M. leprae burden was measured in the infected IL-15 M® according to the
level of bacterial DNA. The M. leprae burden in infected IL-15 M® was not affected by
the presence of 25D3 during differentiation as assessed at 24 or 48 hours (Fig 4E,F). In
one of the five donors, we noted a reduction in bacterial burden at 48 hours. However at
120 hours post infection the relative bacteria burden significantly decreased to 0.67 and
0.44 in IL-15 M® differentiated in 10°M and 10”M 25D3 compared to no 25D3,
respectively (Fig 4G). The decrease in viability of M./leprae at 120 hours was not due to
differences in macrophage number, as H36B4 levels remained constant. Antimicrobial
activity against M. leprae was detected in IL-15 M® differentiated in 25D3 in all five
donors. These data indicate that the presence of 25D3 during the IL-15 M®
differentiation program and throughout M.leprae infection contributes to the vitamin D-

dependent antimicrobial response against by M. leprae.
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Discussion

The ability of human M® to mount an effective response against intracellular
mycobacteria depends in part upon their ability to induce the vitamin D-dependent
antimicrobial pathway *>?*. Although sufficient levels of vitamin D are required for
optimal M® effector function, previous studies have indicated that myeloid cell
differentiation and function can be altered by vitamin D bioavailability. Here, we
investigated whether the level of 25D influences M® differentiation and programming of
an antimicrobial response against M. leprae. The distinct phenotypes of IL-15 M® and
IL-10 M® were largely sustained during differentiation from monocytes regardless of
25D3 status, yet only IL-15 M® differentiated in the presence 25D3 robustly triggered
the expression of CAMP mRNA and cathelicidin protein levels in a dose-dependent
manner. Vitamin D status did not alter the phagocytic function of IL-15 M®, but a
significant decrease in bacteria burden against M. leprae was observed at 120 hours post-
infection. These data indicate that 25D3 status during IL-15 M® differentiation permits
the induction of an antimicrobial response against intracellular M. leprae.

It is important for the host to mount an antimicrobial response against intracellular
mycobacteria before the bacteria employ evasion mechanisms that help establish
infection and progress to clinical disease >**. A key finding of the present study was that
the addition of 25D3 during the IL-15 induced differentiation of monocytes into M® led
to a robust induction of the vitamin D-dependent antimicrobial pathway, including the
induction of cathelicidin and an antimicrobial response against M. leprae. We detected a
315-fold induction of CAMP mRNA in IL-15 M® differentiated in the presence 10°M

25D3 as compared to SFM without 25D3 and a 1/3 reduction in the M. leprae burden in
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infected cells. Previously we have shown that IL-15 M® supplemented with 10*M 25D3
post-differentiation demonstrated a 5-fold increase in CAMP mRNA and a ~50%
reduction in avirulent M. tuberculosis (H37ra) viability *. However, these IL-15 M®
were differentiated in 10% 25D insufficient FCS (16nM). These data collectively
suggest that 25D levels during IL-15 M® differentiation facilitate their antimicrobial
function as part of the innate immune response. There are situations that allow the
pathogen to escape the vitamin D antimicrobial response. For example, genetic
polymorphisms in the VDR have been associated with increased susceptibility to
mycobacterial infection *°. M. leprae evades the vitamin D antimicrobial response via
the induction of a microRNA that targets the pathway >, and by induction of type 1
interferon leading to IL-10 and subsequent suppression of the vitamin D pathway **.
These data imply that upon the onset of microbial challenge, monocytes that are recruited
to the site of infection are dependent on the presence of sufficient levels of 25D to
differentiate into powerful IL-15 M® that fend of M. /eprae evasion mechanisms and
effectively reduce bacterial viability ',

The addition of 25D3 during the IL-15 induced differentiation of monocytes into
M® affected antimicrobial function, but we observed little change in cell phenotype.
Regardless if the M® were differentiated with or without 25D3, we found that the distinct
phenotypes of IL-15 M® and IL-10 M® were largely not affected. In particular, the IL-
15 M® were CD209'CD163" and the IL-10 M® were CD209'CD163". Only IL-15 M®
differentiated in 25D3 demonstrated both a significant increase in CD14 frequency and
cellular abundance. Although CD14 is a marker that identifies VDR-activated M® ', we

have no evidence that the differences in CD14 expression directly affected function as
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phagocytic capacity was not affected. In contrast to our findings, the addition of 1,25D3
during differentiation of monocytes into M® by macrophage colony-stimulating factor
(M-CSF) decreased phagocytic function and the release of pro-inflammatory cytokines '*.
Similarly, the addition of 25D3 or 1,25D3 during differentiation of monocytes into
dendritic cells by granulocyte-macrophage colony-stimulating factor (GM-CSF) plus IL-
4 decreased the expression of DC-specific surface markers CD1a, CD80, CD86, and
MHC class-II, as well as antigen presentation capacity '®'”. In these experiments the
levels of 1,25D3 were supraphysiologic, although 25D3 was added at physiologic levels.
Taken together with our findings, these findings suggest that although physiologic levels
of 25D may alter the differentiation of DC, it permits M® differentiation and enhances
M® antimicrobial function.

In the present study we determined that clinically sufficient levels of 25D3 led to
a functional difference in IL-15 M®, relative to M® differentiated in the absence of
25D3. In humans, there is a range of 25D levels that can be classified from deficient
(45nM) to sufficient (98nM) *. Previously, we compared the ability of African American
sera and Caucasian sera to induce the expression of the mRNAs encoding the
antimicrobial peptides cathelicidin and beta-defensin 2 and found that African American
sera was less capable to induce the antimicrobial peptides ex vivo due to the relatively
lower 25D sera levels . Both exogenous 25D supplementation to African American
sera ex vivo and 25D supplementation to vitamin D deficient individuals in vivo

significantly enhanced CAMP mRNA expression in activated monocytes and M® in vitro

1,2,28
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Our data suggest that people with higher levels of vitamin D will derive M® with
more antimicrobial function that could prevent the establishment of infection; however,
testing the effects of vitamin D status on the prevention of infection by M. tuberculosis is
challenging. The ability to acquire a large enough population with differential 25D levels
randomly will be difficult as 25D status strongly correlates with season *°, as such there
are few studies that investigate the interaction of 25D status with infection by the
pathogen. Deficient levels of 25D in household contacts of TB patients demonstrated
either increased latent TB incidence or positive tuberculoid skin tests *°’; however the

number of patients that acquire active TB is unclear. >

. These data support continued
and more thorough investigation into whether vitamin D supplementation of deficient and
insufficient individuals in vivo can enhance the M® antimicrobial response against
mycobacterial infections and contain the spread and outcome of disease.

In conclusion, we found that vitamin D-dependent antimicrobial M®
differentiated in the presence of sufficient levels of 25D3 sustain a M® phenotype and
exhibit an antimicrobial response against M. leprae. Our model indicates that vitamin D-
dependent antimicrobial M® differentiated in the presence of sufficient 25D are capable
of intrinsic microbicidal activity against infection. In contrast, the same M®
differentiated in the low levels of 25D require the addition of exogenous 25D to induce

e 12528
activity

. These data suggest that sufficient levels of 25D at the site of microbial
infection allow recruited monocytes to differentiate into vitamin D-dependent

antimicrobial M® with the capacity to effectively reduce the viability of intracellular

bacteria. Future clinical trials that study the relationship between vitamin D
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supplementation and susceptibility to microbial infection will determine if the

prophylactic effects of vitamin D are therapeutically beneficial.
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Methods

Statistical analysis

Experiments with three or more measurements were analyzed using One Way ANOVA
or with Student-Newman-Keuls Method (*P<0.05, **P<0.01, ***P<0.005,
*#%%P<0.001) for pairwise analyses using GraphPad Prism 7 software. Error bars
represent the standard error of the mean between individual donor values. A two-tailed

student’s t-test was used to compare two different experimental conditions.

Ethics Statement

This study was conducted according to the principles expressed in the Declaration of
Helsinki and was approved by the Institutional Review Board (IRB) of the University of
California at Los Angeles (UCLA). Human peripheral blood from healthy donors was
acquired with informed consent (UCLA Institutional Review Board #11-001927). All
adult subjects provided written informed consent. Peripheral blood mononuclear cells
(PBMCs) were isolated from the blood of healthy donors using Ficoll-Paque (GE

healthcare) and monocytes were purified with plastic adherence as previously described

34

Macrophage differentiation

Adherent monocytes were cultured in the presence of IL-15 (R&D Systems, 200ng/ml) or
IL-10 (R&D Systems, 10ng/ml) for 48 hours using Serum Free M® media (SFM)
(Gibco) at 37°C and 5% CO,. Cell phenotypes were consistent with previously published

data '°.
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Flow Cytometry

The following antibody clones were used per manufacturers’ protocol for flow
cytometry: CD209 (DCN46), CD163 (GHI/61), CD16 (3GS8), CD14 (M5E2), and
CAMP/LL37/FALL39/Cathelicidin Antibody (OSX12). Differentiated M® were

. . . 1,4,5,34
harvested and stained as previously described ™.

Quantitative real-time PCR (qPCR)

RNA was harvested using TRIzol reagent (Life Technologies) via phenol-chloroform
extraction, followed by RNA cleanup and DNase digestion using the RNeasy Miniprep
Kit (Qiagen) as previously described *>. cDNA was synthesized using iScript cDNA
synthesis kit (Bio-Rad) and stored at -80°C. Primer sequences were used as follows:
CYP27B1 F: ACC CGA CAC GGA GAC CTT C, CYP27B1 R: ATG GTC AAC AGC
GTG GAC AC; CAMP F: TGG GCC TGG TGA TGC CT, CAMP R: CGA AGG ACA
GCT TCC TTG TAG C H36B4 F: CCA CGC TGC TGA ACA TGC T, H36B4 R: TCG
AAC ACC TGC TGG ATG AC. Real-time PCR was performed using SYBR Green
(Kapa Biosystems) according to the manufacturers’ protocol. cDNA levels were
normalized with H36B4 as the housekeeping gene. Relative CAMP mRNA levels were
normalized to IL-15 M® differentiated in the absence of vitamin D and shown as fold-
change (FC). Relative CYP27B1 mRNA levels were normalized to IL-15 M® baseline

levels and shown as fold-change (FC) as previously described %1%

Cathelicidin protein levels in IL-15 M® (microscopy)
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Primary human monocytes were seeded onto chamber slides (BD falcon) and treated with
IL-15 with or without the presence of vitamin D. The cells were fixed and permeabilized
using fixation/permeabilization solution kit (BD Bioscience) as indicated by the
manufacturer. Cells were blocked with 10% human serum for 20 minutes and stained
with CAMP/LL37/FALL39/Cathelicidin Antibody (OSX12) antibody at 10pg/mL
overnight. The monolayers were washed three times with cold-PBS and stained with a
biotinylated-horse anti-mouse antibody (Bio-Rad) at 10pg/mL at room temperature for
one-hour. The monolayers were washed again three times with cold-PBS and stained
with streptavidin-conjugated to Alexa Fluor™ 488 (Invitrogen) protected from light as
previously described . The cells were washed with PBS and sealed with ProLong™™
Gold antifade reagent with DAPI (Invitrogen). Microscopy images were analyzed with
the SP8-SMD confocal microscope (Leica) at the Advanced Microscopy Laboratory

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

Cathelicidin protein levels in IL-15 M® (flow cytometry)

IL-15 M® were differentiated in the presence or absence of vitamin D in a 24-well tissue
culture plate (Corning). The cells were harvested and fixed with 4% paraformaldehyde
for 15 minutes at room temperature in a V-bottom plate (Corning). After fixation, the
M® were permeabilized with 0.5% saponin (Sigma) in PBS and quickly washed with a
series of PBS washes. The cells were then stained using same staining protocol as
described above. The cells were acquired with a BD LSRII in the Janis V. Gorgi Flow
Cytometry Core Laboratory at UCLA. All analysis was done using FlowJo 10.4.2

software.
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IL-15 M® phagocytosis (flow cytometry)

Cells were infected with PE-labeled M. /eprae and harvested 24 hours post infection (PI).
The cells were blocked with 10% human serum for 20 minutes at room temperature and
stained with an anti-CD14 antibody as indicated by the manufacturer for 30 minutes on
ice. The cells were then fixed with 4% paraformaldehyde for 15 minutes and analyzed by
flow cytometry as previously described ***. The cells were acquired with a BD LSRII in
the Janis V. Gorgi Flow Cytometry Core Laboratory at UCLA. All analysis was done
using FlowJo 10.4.2 software. The same samples were also analyzed using IdEAS

Software, ImageStream (Amnis) as explained below.

ImageStream

The ImageStreamX MarklIl imaging flow cytometer from Amnis Corporation was used
for acquisition at 60X magnification. Anti-human CD14 antibody conjugated to PacBlue
channel 1 was detected on the 405 nm laser at 30.00 mW, and PE labeled M. leprae
channel 3 was detected off the 488 nm laser set at 70.00 mW. Acquisition was set to
collect 5000 objects from the single cell population (Aspect Ratio Bright Field channel 4
vs. Area Bright Field channel 4).

Data was analyzed using the Amnis IDEAS software. A compensation matrix was first
created using single-stained CD14 labeled macrophages and PE calibrite beads (BD).
Compensated data was then applied to a template with a gating hierarchy. Focused cells
were first selected from the higher population of the Gradient RMS histogram; single

cells were then chosen using the same gating strategy applied during acquisition and
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lastly, PE and PacBlue double positive cells were then applied to the Spot Count Wizard.
Two populations containing 10 or more cells, each expressing high or low values of spots
(single PE labeled M.leprae bacterium) were manually selected. The Spot Count Wizard
has the ability to measure uptake and count spots, thus providing individual bacterial

counts per cell.

M. leprae and the assay of antimicrobial assay activity

IL-15 M® were differentiated with or without the indicated amount of 25D for 48 hours.
The M® were then infected with M./eprae overnight at an MOI of 10. The cells were
washed with SFM to remove extracellular bacteria and treated with IL-15 and the
indicated amounts of 25D. The infection progressed for 24 hours, 48 hours and 120
hours and all the material in the well was harvested into a 15mL conical tube. To ensure
that all the material in the well was harvested, each well was washed with a series of cold
PBS-EDTA washes and accumulated into their respective 15mL conical tube. Each
15mL conical tube was placed into a centrifuge for 300xg for 10 mins at 4°C. The
supernatants were carefully removed and the genomic DNA was isolated as previously
described. > We compared RLEP DNA levels of M.leprae with the H36B4 levels of
the IL-15 M® to measure bacterial burden using real-time PCR using SYBR Green as
indicated by the manufacturer (Kapa Biosystems) ***’. The following primers sequences
were used: RLEP F: GCA GCA GTA TCG TGT TAG TGA A, RLEP R: CGC TAG
AAG GTT GCC GTA T; H36B4 F: CCA CGC TGC TGA ACA TGC T, H36B4 R: TCG
AAC ACC TGC TGG ATG AC. The bacteria burden at each time point was normalized

to IL-15 M® differentiated without vitamin D to quantify relative bacteria burden.
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Figure Legends

Fig 1. Phenotype of IL-15 M® and IL-10 M® differentiated in 25D3. A) IL-15 MO
(left) or IL-10 M® (right) were differentiated with or without the presence of 10*M 25D3
for 48 hours. Cells were stained with indicated markers and analyzed by flow cytometry.
Data is represented as average frequency (%) +/- SEM relative to isotype control (n=3-4).
B) Data is represented as the change in mean fluorescence intensity of CD14 (CD14

AMF]I) +/- SEM relative to isotype control (n=4). *P<0.05, **P<0.01.

Fig 2. CAMP mRNA and cathelicidin protein expression in IL-15 M® is dependent
on 25D3 status. A) IL-15 M® and IL-10 M® were differentiated in increasing
concentrations of 25D3 (0 to 10”"M) for 48 hours and CAMP mRNA levels were
determined by qPCR. Fold change was calculated relative to IL-15 M® differentiated in
no 25D3. Data is represented as average fold change +/- SEM (n=4-7). B) The frequency
(%) of cathelicidin protein expression of IL-15 M® differentiated in increasing
concentrations of 25D3 (0 to 10”M) for 48 hours. Data is represented as average
frequency +/- SEM (n=6) relative to isotype control. C) The change in cathelicidin mean
fluorescence intensity (cathelicidin AMFI) in IL-15 M® differentiated in increasing
concentrations of 25D3 (0 to 10”M) for 48 hours. The data is represented as the average
cathelicidin AMFI+/- SEM (n=6) relative to no 25D3. D) Monocytes were treated with
IL-15 in the presence of increasing concentrations of 25D3 (0 to 107'M) for 48 hours.
Cells were harvested and stained with either an anti-cathelicidin antibody or IgG1 isotype

control antibody and analyzed by confocal microscopy. (Original magnification, 400x
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(top row)); (6.5x zoom of original magnification (bottom row)). Scale bar = Sum. (n=3)

*P<0.05, **P<0.01, ***P<0.005, ****P<0.001.

Fig 3. IL-15 M® phagocytose M. leprae. 1L-15 M® were differentiated in the presence
of increasing concentrations of 25D3 (0 to 10”M) for 48 hours and infected with PE-
labeled M. leprae (mLEP) for 24 hours and analyzed with either A) flow cytometry or B)
image stream flow cytometry. Data is represented as average frequency of IL-15 M®
that are positive for both CD14 and mLEP +/- SEM relative to uninfected and isotype
controls (n=3). C) The number of CD14" IL-15 M® that contained 1-8 bacteria was
analyzed with an unsupervised spot counting function Ideas software. Data is
represented as an average number of CD14 ' mLEP" for each bacterium count +/- SEM
(n=3). D) Representative microscopy images from image stream flow cytometry analysis

(1-6 bacteria per cell). Scale bar = 7um. (n=3).

Fig 4. 25D3 status contributes to IL-15 M® antimicrobial response. A)
Colocalization of M. leprae (mLEP = red) and cathelicidin (CATH=green) 24 hours PI in
IL-15 M® differentiated in the presence of 25D3 for 48 hours. (Original magnification,
400); (6.5x zoom of original magnification). Scale bar = Spm. IL-15 M® were
differentiated in increasing concentrations of 25D3 (0 to 10”M) for 48 hours and infected
with M. leprae for B) 24 hours (n=3), C) 48 hours (n=5) or D) 120 hours (n=5) and
CAMP mRNA expression was assessed by qPCR. Data is represented as the average
fold change in CAMP mRNA +/- SEM relative to IL-15 M® differentiated in no 25D3.

IL-15 M® were differentiated in increasing concentrations of 25D3 (0 to 107M) for 48
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hours and infected with M. leprae for E) 24 hours (n=3), F) 48 hours (n=5) or G) 120
hours (n=5) and bacteria burden was assessed by qPCR. Data is represented as the
average change in bacteria burden +/- SEM relative to IL-15 M® differentiated in no

25D3. *P<0.05, **P<0.01, ***P<0.005, ****P<(.001.

S1 Fig. CYP27B1 mRNA expression in IL-15 M® and IL-10 M®. Primary human
monocytes were treated with either IL-15 or IL-10 for 48 hours in SFM. No significant
difference is observed between CYP27B1 mRNA expression levels between IL-15 M®

and IL-10 M®.
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Fig 2
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Fig 3
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Fig 4
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CHAPTER 3

Dendritic cell metabolism of vitamin A triggers an innate antimicrobial

response in Mycobacterium tuberculosis-infected macrophages
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Abstract

Epidemiological evidence correlates low serum vitamin A (retinol) levels with
increased susceptibility to active tuberculosis (TB); however, retinol is biologically
inactive and must be converted into its bioactive form all-trans retinoic acid (ATRA).
Given that ATRA triggers an (Niemann-Pick Type C2) NPC2-dependent antimicrobial
response against M. tuberculosis, we investigated the mechanism by which the immune
system converts retinol into ATRA at the site of infection. We demonstrate that GM-
CSF-derived dendritic cells (GM-DCs) but not macrophages express enzymes in the
vitamin A metabolic pathway, including aldehyde dehydrogenase 1 family, member a2
(ALDH1A2) and short-chain dehydrogenase/reductase family, member 9 (DHRS9),
catalysts capable of the two-step conversion of retinol into ATRA, which is subsequently
released from the cell. The conditioned medium from DCs cultured with retinol
stimulated antimicrobial activity from M. tuberculosis-infected monocytes and
macrophages, as well as the expression of NPC2 in monocytes, which was blocked by
specific inhibitors, including retinoic acid receptor inhibitor (RAR1) or N,N-
diethylaminobenzaldehyde (DEAB), an ALDH1A2 inhibitor. Additionally, mRNA and
protein expression levels of ALDH1A2 are lower in tuberculosis lung tissues compared
to normal lung. These results indicate that transcellular metabolism of vitamin A by DC

activates macrophage antimicrobial responses.
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Introduction

Globally, there are 1.7 billion people infected with M. tuberculosis, the etiological
agent of tuberculosis (TB), of whom about 10% will progress to develop the active
disease '. TB is prominent in low-income areas where people suffer from malnutrition,
resulting in a lack of critical immunomodulatory vitamins. Epidemiological studies have
correlated low serum levels of retinol, the circulating form of vitamin A, with a 10-fold
increased risk and susceptibility to TB **. In addition, laboratory studies have
demonstrated that the addition of ATRA, the bioactive hormonal form of vitamin A, to
M. tuberculosis-infected macrophages induced antimicrobial activity against the
pathogen in vitro >®. Collectively these studies indicate an important role for the vitamin
A system in the immune response against M. tuberculosis infection. However, for
systemic retinol to influence immune responses at the site of infection, it must first be

metabolized into ATRA.

To produce ATRA, retinol is first converted into all-trans retinaldehyde (ATRH),
a step catalyzed by several enzymes, including DHRS9, DHRS3 and retinol
dehydrogenase 10 (RDH10) °. ATRH is then converted into ATRA, which can be
catalyzed by the ALHD1 (aldehyde dehydrogenase 1) family of enzymes, including
ALDHI1A1, ALDH1A2 and ALHD1A3 . Several of these enzymes are expressed in
DCs, an innate immune cell type which is correlated to host immune control of
mycobacterial infection '''*. Although lung resident DCs exist in normal healthy lung,

whether the immune microenvironment in the lung of a TB patient includes DCs or

72



vitamin A metabolic system is unclear.

We and others have previously shown that treatment of M. tuberculosis-infected
macrophages with ATRA results in antimicrobial activity “*®. Our previous study
demonstrates that at least one of the mechanisms driving the ATRA-triggered
antimicrobial activity is the expression of the lipid transporter protein Niemann-Pick
Type C2 (NPC2), which mediated both reduction in cellular cholesterol and antimicrobial
activity ®. Other studies have demonstrated the ability of ATRA to restrict infection as
well as reduce survival of M. tuberculosis in macrophages by down-regulating the
expression of tryptophan-aspartate containing coat protein (TACO), a cytoskeletal protein
that prevents phagosome-lysosome fusion '°. This ability of ATRA to induce these
antimicrobial mechanisms suggests that the generation of ATRA from retinol may be an
important factor in host defense against M. tuberculosis infection. Therefore, we
investigated the potential of innate immune cells to metabolize and activate retinol to

elicit vitamin A-driven antimicrobial responses.
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Results

Activation of innate immune cells by vitamin A metabolites

To determine the vitamin A status in tuberculosis disease, we measured serum
retinol levels from active tuberculosis patients and compared the levels to healthy

2021 " The serum retinol levels

household contacts from previously completed studies
were significantly lower in tuberculosis patients compared to healthy household contacts
(Fig. 1A). To determine if retinol or other vitamin A metabolites can directly stimulate
monocytes, we stimulated primary human monocytes with equimolar concentrations (10
M) of retinol, all-trans retinaldahyde (ATRH), or all-trans retinoic acid (ATRA) for 18
hours. Following incubation, total RNA was harvested and mRNA expression levels of
two ATRA response genes, NPC2 and CYP27A1 ¥, were measured by gPCR. Only
ATRA stimulation resulted in significant induction of NPC2 mRNA (Fig. 1B), which is a
required gene for ATRA-induced antimicrobial activity against M. tuberculosis °.
Similarly, CYP27A1 mRNA expression was significantly induced by ATRA but not by
ATRH or retinol (Fig. 1C). Based on these results, we posit that local metabolism of

retinol into ATRA at the site of infection by immune cells will be crucial to vitamin A-

driven host defense.

GM-DCs express the retinol metabolism pathway

74



Since fetal calf serum (FCS) used for cell culture typically contains relatively high
levels (~128 ng/ml) of retinol, immune cells cultured in FCS that metabolize retinol to
ATRA will subsequently demonstrate an autocrine activation of the retinoic acid receptor
(RAR) gene program **. Therefore, we sought to interrogate the gene expression profiles
of human monocyte-derived macrophages and DCs for a RAR activation signature. Gene
signatures of macrophages were determined from our previously published gene
microarrays > of primary human monocytes stimulated with cytokines that drive
macrophage differentiation and polarization: IL-10 (M2a), IL-15 (M1), and IL-4 (M2a).
A signature for DCs was determined from a new gene microarray data of primary human
monocytes stimulated with the DC differentiation driving cytokine, granulocyte-
macrophage colony-stimulating factor (GM-CSF). Induction of the DC phenotype by
GM-CSF was confirmed by the increase in cell surface expression of DC specific
markers >, CD206, CD86 and CD1b measured via flow cytometry as change in mean
fluorescent intensity (MFI) (Fig. S1). Next, Ingenuity Pathways Analysis (IPA) of the
macrophage and DC gene signatures demonstrated that the canonical pathway ‘RAR
activation’ was significantly enriched in only the GM-CSF induced gene profile
(Bonferroni's corrected P value = 0.024, Fig. S2) but none of the macrophage signatures

(Bonferroni's corrected P value > 0.32, for all macrophage signatures).

Further investigation of the retinol metabolism pathway was investigated in the
GM-CSF dendritic cell expression profile. The mRNA expression of enzymes that
metabolize retinol into ATRH (DHSR3, DHRS9 and RDH10) as well as ATRH into

ATRA (ALDH1A1, ALDH1A2 and ALDH1A3) were examined using the gene
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expression microarray. For the enzymes that metabolize retinol into ATRH, DHSR9 was
significantly induced by GM-CSF; however, DHSR3 and RDH10 did not show any
significant regulation by GM-CSF (Fig. 2A). As for the enzymes that metabolize ATRH
into ATRA, one of two ALDH1A?2 probes present on the array was significantly up-
regulated, ALDH1A1 was significantly down-regulated and ALDH1A3 showed no
significant regulation by GM-CSF (Fig. 2A). To confirm the microarray results, primary
human monocytes were isolated from whole blood and stimulated for 24 hours with a
titration of GM-CSF (0 ng/ml, 1 ng/ml, 10 ng/ml or 100 ng/ml) compared to a titration of
IL-15 (40 ng/ml, 80 ng/ml). The cells were stimulated with IL-15 as a control given that
the IPA did not identify a RAR activation signal by IL-15 (Fig. S2), but is known to
induce vitamin D metabolism in human monocytes . Following the incubation, total
RNA was isolated and the expression of DHRS9 and ALDH1A2 were measured by
qPCR. GM-CSF at concentrations of 1 ng/ml, 10 ng/ml and 100 ng/ml induced DHRS9
mRNA levels by 9.43-, 16.8- and 16.3- fold respectively, compared to unstimulated
control (Fig. 2B). In the same experiment, 1 ng/ml, 10 ng/ml and 100 ng/ml of GM-CSF
induced ALDH1A2 mRNA levels to 22.0-, 21.9- and 57.4- fold respectively, compared
to unstimulated control (Fig. 2C). Since IL-15 did not induce expression of DHRS9 or
ALDHI1A2, we assayed CYP27B1 levels to verify that the IL-15 was active, finding that
IL-15 induced significant CYP27B1 expression (Fig. 2D) as previously described .
Concurrent induction of DHRS9 and ALDH1A2 by GM-CSF suggests that the capacity

to metabolize retinol into ATRA is part of the GM-CSF-derived DC gene program.

GM-DCs demonstrate transcellular metabolism of retinol
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To establish that the induction of DHRS9 and ALDH1A2 in GM-CSF-derived
DCs leads to the two-step bioconversion of retinol into ATRA, GM-CSF-derived DCs
were cultured in serum-free conditions with or without retinol for six hours and retinol
metabolites were measured in the cellular and supernatant fractions via high performance
liquid chromatography (HPLC). The GM-CSF-derived DCs were treated with control, 1
ng/ml, or 10 ng/ml of retinol and the total levels of ATRA were measured from the
cellular fraction at an average of 9.8, 150.4 and 121.0 mean arbitrary units (mAU)),
respectively (Fig. 3A). The ATRA contained in the supernatants from the same
experiment was also quantified at 16.6, 251.2 and 2131.2 mAUs, respectively. Although
ATRA was significantly higher in both the cellular and supernatant fractions when retinol
was present, GM-DCs treated with 10 ng/ml of retinol demonstrated significantly higher
(17.6 fold) ATRA mAUEs in the supernatant compared to the cellular fraction, suggesting

that the majority of ATRA produced is released into the extracellular space.

To determine whether GM-DCs-produced ATRA can transactivate innate immune
cells to trigger an antimicrobial response, media with or without retinol (10 ng/ml) was
conditioned by GM-DCs for 18 hours (CM). Primary human monocytes or M-CSF-
derived macrophages (MDMs) were infected with either H37Ra or H37Rv, respectively,
and recultured with CM from DCs with or without retinol for three days. Following the
incubation, bacterial viability was assessed using our previously described PCR-based
method ®. When the infected monocytes and MDMs were cultured using CM with

retinol, the resulting bacterial viability was significantly lower than cells cultured with
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CM with no retinol (Fig. 3B). These data suggest that DCs are capable of triggering a

retinol-dependent antimicrobial response in neighboring cells.

To ascertain the role of vitamin A metabolism in the ability of DCs to elicit
antimicrobial responses in trans, we used two chemical inhibitors of the vitamin A
pathway. DCs were cultured for 18 hours in serum free conditions with or without
retinol, as well as N,N-diethylaminobenzaldehyde (DEAB), a known inhibitor of
ALDHI1A2 activity. The CM supernatants were collected and supplemented with FCS
and used to culture fresh primary human monocytes pre-incubated for 20 minutes with or
without a RAR antagonist (RARi). The RARi inhibited ATRA-induced NPC2 and
CYP27A1 gene expression in monocytes at a ten-fold excess (Fig. S3A). Monocytes
cultured using CM with retinol demonstrated a significant 3.8-fold increase in expression
of NPC2 and a significant 3.3-fold increase in CYP27A1 mRNA compared to the CM
without retinol (Fig. 3C). Concurrent treatment of the DCs with retinol and DEAB
inhibited the ability of the CM to induce NPC2 and CYP27A1 in monocytes (Fig. 3C);
however, DEAB had no direct effect on ATRA induction of NPC2 and CYP27A1 (Fig.
S3B). Furthermore, pretreatment of monocytes with RARi prior to addition of CM also
ablated the induction of NPC2 and CYP27A1 (Fig. 3C). Taken together these results
indicate that DCs are able to produce ATRA from retinol and stimulate the RAR in

neighboring cells.

Transcriptional profiling of retinol metabolism in TB infected lung
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We hypothesize that vitamin A metabolism is suppressed at the site of infection in
TB, leading to disease pathogenesis. To establish the in vivo relevance of vitamin A
metabolism in TB, we extended our previously published analysis of microarray data,
comparing the gene expression profile of human caseous TB lung tissue to unaffected
lung **. The expanded analysis indicates that the expression of ALDH1A2, DHRS9, as
well as the DC marker CD1B, was significantly less in TB as compared to unaffected
lung tissue (Fig. 4A). In contrast, the IL-10-derived macrophage marker, CD163, was
more highly expressed in TB tissue compared to unaffected lung **. These results
suggest a lack of a significant vitamin A metabolic gene profile in the chronic and late
state of TB disease. To investigate the early stages of infection, we utilized a previously
published expression data set comparing rabbit lung after M. tuberculosis infection to
uninfected lung tissue *°. This analysis indicates that ALDH1A2 is significantly down-
regulated at two-weeks after infection, but shows no change after 16 weeks (Fig. 4B).
DHRS9 was significantly up-regulated at two weeks shown by one of two probes present
on the array, but no significant change is detected otherwise (Fig. 4B). NPC2 is
significantly down regulated at both two and 16 weeks, whereas CYP27A1 is
significantly down-regulated only at 16 weeks (Fig. 4B). CDI1b is significantly up
regulated at two weeks, but becomes significantly down-regulated at 16 weeks (Fig. 4B).
Lastly, CD163 is significantly up regulated at both two and 16 weeks (Fig. 4B). Taken
together, with the caveat that the human and rabbit disease pathology is likely different *’,
these data suggest DCs and the vitamin A metabolic pathway are down-regulated or

absent in the course of tuberculosis infection.
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DC-mediated retinol metabolism is absent in TB lung

To confirm the microarray findings, surgically resected lung tissue from five
active TB patients were compared to normal lung tissue obtained by the UCLA
Translational Pathology Core Laboratory (TPCL) by immunohistochemistry. The lung
tissues were formalin-fixed, paraffin embedded, cut into sections and mounted onto
slides. Lung sections from two TB patients (TB1 and TB2) patients showed little to no
ALDHI1A2 protein expression, whereas normal lung tissue showed positive cells
dispersed throughout the lung tissue and in clusters (Fig. SA). In terms of cellular
composition, both human TB lung and human normal lung tissues contain macrophages
as detected by CD163 expression (Fig. 5B), but DCs as detected by CD1B were
predominately found in the normal lung (Fig. 5C). Corresponding isotype control
antibodies for ALDH1a2, CD163 and CD1B show that IHC staining is specific with
limited background signal (Fig. S4). Using Immunoratio, we quantified the number of
ALDHI1A2, CD163 and CDI1B positive cells compared to nuclear staining in 4-5 sections
per normal lung and 8-10 sections per TB lung. The decreased mRNA expression levels
of ALDHI1A2 in TB lung from the microarray data correlate with the decreased protein
expression of ALDH1A2 in TB lung relative to normal lung (Fig. 5D). In contrast, we
found that TB lung expressed significantly higher CD163 protein levels relative to
normal lung (Fig. SE). Lastly, the decreased CD1B mRNA expression in TB lung also
correlated with the decreased protein expression of CD1B in TB lung relative to normal

lung (Fig. 5F). Taken together, the decrease in ALDH1A2 and CD1B in the TB lung
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indicates that the DC-mediated vitamin A metabolism is attenuated in TB lung, thus

preventing ATRA mediated immune responses.
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Discussion

Vitamin A metabolites have been implicated in the pathogenesis of TB in
humans. Low levels of the circulating form of vitamin A, retinol, correlate with

3428 whereas the bioactive form of vitamin A, ATRA, induces

susceptibility to disease
antimicrobial activity in M. tuberculosis-infected macrophages >**'°. Given that retinol
is biologically inactive, our work sought to explore the mechanism by which retinol can
influence the immune response; specifically, to understand how retinol is metabolized
into a bioactive form by immune cells. A bioinformatics survey of macrophage- and DC-
differentiating cytokines indicated that the DC-differentiating cytokine, GM-CSF,
induces expression of the vitamin A metabolism genes, DHRS9 and ALDH1A2 in
primary human monocytes. GM-CSF-derived DCs, by producing ATRA from retinol
and releasing it, can elicit a response in trans from neighboring macrophages, including
induction of NPC2 and an antimicrobial response. Examining human and rabbit TB lung
in situ, we found that expression of vitamin A metabolism genes and the DC marker
CDI1B were largely down regulated in lung tissue from TB patients compared to controls.
Taken together, the present results indicate that DCs, through metabolism of retinol, may

play a critical role of supplying a bioactive form of vitamin A to neighboring infected

macrophages, eliciting antimicrobial responses in TB.

The canonical function of DCs is to regulate the adaptive immune response

through antigen presentation and cytokine secretion; our results indicate that DCs can

also regulate the immune response through metabolic activity. Here we provide evidence
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that transcellular metabolism of vitamin A by DC leads to the release of ATRA and
uptake by macrophages. Previously, prostaglandins have been metabolized by one cell

29,30 .
7. In contrast, our results provide

and then delivered to monocytes and macrophages
novel evidence that transcellular metabolism contributes to host defense as DC
conversion of retinol to ATRA led to an antimicrobial activity against M. tuberculosis in
macrophages. The transcellular metabolism of retinol by DC to activate a macrophage

antimicrobial pathway complements intracellular metabolism of vitamin D in

macrophages leading to a distinct antimicrobial response '

The role of DCs in TB pathogenesis is not well defined due to the lack of an
accessible experimental animal system that accurately models the human disease as well
as the difficulty in acquiring lung tissue samples from active and latent TB patients.
Many of the immune paradigms described for the host immune response to mycobacterial
infections have, therefore, been established by studying other human mycobacterial
diseases, especially leprosy, which is caused by dermal infection with M. leprae. CD1b"
DCs were found in the granulomas derived from patients with the self-limiting form of
leprosy (tuberculoid); in contrast, DCs were absent in the lesions derived from patients
with the disseminated form of leprosy (lepromatous) *>. Examination of resected lung
tissue from patients with active TB confirmed similar results, indicating that expression
of the DC specific marker, CD1b, as well as ALDH1A2 are significantly diminished
relative to normal lung. However, it is unclear whether the decrease in CD1b and
ALDHIA2 is due to DC cell death **, transmigration away from the lung ** or defective

DC differentiation *°. Since DC status and function correlate with favorable outcome to
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disease, factors that regulate DCs during infection in the complex microenvironment of

granulomas will warrant further investigation.

We demonstrate here that generation of ATRA by DCs can elicit antimicrobial
activity from infected monocytes/macrophages; however, due to the pleiotropic effects of
ATRA on the immune system, ATRA modulates other cellular innate and adaptive
immune responses that are beneficial to the host at the site of M. tuberculosis infection,
such as autophagy *°. For example, ATRA has been shown to drive monocyte
differentiation into CD209" macrophages with antimicrobial properties *’, or
macrophages with tissue-preservation/wound-healing functions **. ATRA can also
regulate the adaptive immune response through inducing differentiation of Foxp3"
regulatory T-cells, as well as preserving Th1 inflammatory responses > . In combination,
CD209" macrophages and the Th1 inflammatory response are critical to the clearance of

40-42

mycobacterium from the host , whereas tissue-like macrophages are critical to

sustaining granulomas thus preventing the spread of disease within the host in vivo *.
Studies have also indicated that ATRA regulates the composition of the extracellular
matrix through induction of a gene expression profile that drives tissue preservation and
wound healing. Active TB lung show an increase of MMP-1, MMP-8 and MMP-9
protein expression and decrease in TIMP-1 protein expression, which results in

pulmonary cavitation ***°

. In contrast, stimulation of monocytes with ATRA decreases
mRNA expression of MMP-1/MMP-9, and increases the expression of TIMP-1, leading

to tissue preservation and wound healing **. On the other hand, since sustained

inflammation in the lung can lead to severe lung tissue damage or mortality, regulation of
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chronic inflammation by FoxP3" regulatory T-cells can be important in disease outcome
and reduction of mortality *’. The diverse roles of ATRA-mediated immunological

pathways suggest that regulating vitamin A metabolism at the site of infection can play a
critical role in balancing the antimicrobial response and mitigate inflammation-triggered

tissue damage in TB.

Clinical studies have shown that patients with active TB have lower circulating
retinol levels compared to healthy individuals >*; however, retinol supplementation has

4852 Yet, Omowunmi ef al demonstrate that household

demonstrated mixed results
contacts who are vitamin A deficient have a 10-fold increased risk in acquiring
tuberculosis disease *, and active TB patients treated with chemotherapy exhibit increased
circulating retinol levels *. These studies indicate that the vitamin A system plays an
important role in mitigating TB; however, the mechanism by which retinol influences the
immune response is not a direct effect. Our results here demonstrate that for retinol to
trigger an antimicrobial response, it must first be metabolized into ATRA; therefore,
since TB lung has lower expression of ALDHI1A2 systemic restoration of retinol levels
will have minimal effects at the site of infection with a lack of local transcellular
metabolism. Therefore, further studies are needed to enhance metabolism of retinol as an
adjuvant to therapy of TB. Alternatively, given that normal lung expresses the vitamin A

metabolic machinery, supplementation of retinol deficient individuals prior to exposure

to M. tuberculosis could provide a strategy to prevent the spread of disease.
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Materials and Methods

Statistical analysis

A two-tailed student’s t-test was used to compare two different experimental
conditions. Experiments with three or more measurements were analyzed using One
Way ANOVA or Kruskal-Wallis One Way ANOVA on Ranks as appropriate with
Student-Newman-Keuls Method for pairwise analyses using GraphPad Prism 7 software.
Error bars represent the standard error of the mean between individual donor values. The
p values are either precisely indicated in the text or noted in the figures using the

following convention: * =p <0.05, ** =p <0.01, *** =p <(0.001.

Reagents

Retinol, ATRA, and ATRH were purchased (Sigma-Aldrich), dissolved in DMSO
and stored at —80°C in small aliquots protected from light. Unless stated, the retinol,
ATRH, and ATRA were utilized at 10°°M. Recombinant IL-15 (R&D systems) and GM-
CSF (R&D systems) were cultured with monocytes in RPMI 1640 (Gibco) and 10% fetal
calf serum (FCS) (Omega Scientific). Macrophage-colony stimulating factor (M-CSF)
(R&D systems) differentiated monocytes into macrophages as described as previously
described *. Immunohistochemistry was performed with the following antibodies:
purified-CD1b (MT101, BD biosciences), purified-ALDH1a2 (ab75674, ABcam), and

purified-CD163 (EDHu-1, Biorad).
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Retinol measurements of clinical samples

Adult TB contacts (n=202) and adult patients with smear-positive pulmonary TB
(n=145) were recruited from TB clinics in London, UK, as previously described ***'.
Serum concentrations of retinol were determined by high performance liquid
chromatography (HPLC) in the clinical biochemistry departments of Northwick Park
Hospital (TB contacts) and the Royal London Hospital (TB patients). The studies were
approved by the Research Ethics Committees of North East London, Harrow and East
London and The City Research Ethics Committee (REC refs. P/02/146, EC 2759 and
06/Q0605/83), and written informed consent to participate was obtained from all

participants.

Cell Culture

This study was conducted according to the principles expressed in the Declaration
of Helsinki, and was approved by the Institutional Review Board of the University of
California at Los Angeles. Whole blood from healthy donors were acquired from two
sources: 1) through the UCLA CFAR Virology Core and 2) UCLA IRB #92-10-591-31
with informed consent. Peripheral Blood Mononuclear Cells (PBMCs) were isolated
from the peripheral blood of healthy donors using Ficoll-Paque (GE healthcare) density

gradient, and monocytes were purified by plastic adherence as previously described */%%.
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Monocyte-derived macrophages (MDMs) and granulocyte-macrophage colony-

stimulating factor (GM-CSF)-derived DCs were produced as previously described '*%.

Flow Cytometry

The following antibodies (BD Biosciences) were used for flow cytometry: CD1b-
FITC (MT101), CD86-APC (FUN-1), and CD206-PE (19.2). DCs were harvested and

subsequently stained as previously described '°.

Quantitative real-time PCR

Gene expression of CYP27B1, CYP27A1, NPC2, DHRS9 and ALDH1a2 were
analyzed by quantitative real-time RT-PCR (qPCR) as described previously described °.
The primers are as follows: ALDH1a2 Forward 5’-TTG GTT CAG TGT GGA GAA
GG-3’, ALDH1a2 Reverse 5’-AAA GCT TGC AGG AAT GGT TTG -3°, DHRS9
Forward 5°’-CTT GCA ATC GTT GGA GGG GGC T -3°, DHRS9 Reverse 5’-AGA

CAG CTG CTC CCA AAT GGC G-3°.

Bioconversion of retinol to all-trans retinoic acid (ATRA)

Dendritic cells were differentiated as described above and treated with or without

retinol for 6-hours in serum free conditions. The cultures were harvested and the

supernatants and cellular fractions were separated by centrifugation (300g). Retinoids
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were extracted in hexane and samples were analyzed by high performance liquid
chromatography as previously described *. ATRA levels were expressed as milli

absorbance units (mAU).

Conditioned media

DCs were generated from primary human monocytes treated with GM-CSF for 2
days. The DCs were harvested, washed, enumerated, and a portion was pre-treated with
DEAB (STEMCELL Tech.) for 20 minutes, and the all DCs were treated with or without
retinol for 18 hours at 37°C and 5% CO,. The conditioned media was harvested, filtered
with a 0.2um filter, aliquoted, and frozen in an -80°C freezer. Fresh monocytes were then
isolated by plastic adherence, and a portion were pre-treated with RARi (Sigma) for 20
minutes at 37°C and 5%CO,, then 900uL of conditioned media and 100uL of fresh FCS
were added to the culture. The cells were incubated for 18 hours and the gene expression

of NPC2 was measured as explained above.

M. tuberculosis and antimicrobial assay

H37ra and H37rv were cultured, harvested, and enumerated as previously
described *. Monocytes and macrophages were isolated as explained above and infected
with either H37ra or H37rv, respectively for 24 hours. Extracellular bacteria were
vigorously washed out of the tissue culture well, the cells were treated with 90% of

conditioned media and 10% of fresh FCS and incubated for 3 days. The monolayers
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were harvested and bacteria viability was calculated with a PCR based method as
previously described *, which compares 16S RNA levels to a genomic DNA (IS6110)
levels as an indicator of bacterial viability. Following the incubation, the cells are
harvested and divided. Half of the cells were lysed by boiling at 100°C for 5 minutes
then snap frozen at -80°C. Total RNA was isolated from the remaining half using Trizol
(Life Technologies) according to the manufacturer’s recommended protocol, followed by
RNA cleanup and on column DNAse digestion using RNeasy Miniprep Kit (Qiagen,
Valencia, CA). cDNA was synthesized from the total RNA using the iScript cDNA
Synthesis kit (BioRad, Hercules, CA) according to the manufacturer’s recommended
protocol. The bacterial 16S rRNA, and genomic element DNA levels were then assessed
from the cDNA and cellular lysate, respectively, using real time PCR using iQ SYBR
Green (BioRad). Comparison of the bacterial DNA to the mammalian genomic 36B4
levels was used to monitor infectivity between all the conditions in the assay as well as
PCR quality. The 16S and DNA values were calculated using the DDCT analysis, with

the mammalian bacterial DNA value serving as the housekeeping gene.

Caseous vs human lung microarray data

For the caseous tuberculosis granuloma and WGCNA validation microarray

analysis, data files were obtained from the Gene Expression Omnibus database

(http://www.ncbi.nlm.nih.gov/geo/, accession numbers GSE20050, GSE23073,

GSE13762, and GSE28995) **. Gene expression levels were normalized to G3PDH.
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Since there are multiple G3PDH probes represented on the microarray, the NPC2 and IL6

probe values were normalized to every G3PDH probe and averaged.

Microarray analysis of macrophage and DC profiles

Expression profiles of IL-10-, IL-15-, and IL-4-derived macrophages were
analyzed from previous data deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) in series entity GSE59184 "°. Briefly, adherent
PBMC from four healthy individuals were stimulated with indicated cytokine and CD14"
cells were harvested at Oh, 6h, or 24h after stimulation. RNA expression analyzed by
Affymetrix Human U133 Plus 2.0 array. DC expression profiles were derived from
CD14" purified monocytes from three healthy individuals then stimulated with
recombinant GM-CSF (100U/ml) for 0, 3h, or 12h. Total RNA was isolated and then
processed by the University of California Los Angeles Clinical Microarray Core Facility
using Affymetrix Human U133 Plus 2.0 array and normalized as previously described
531 Expression gene signatures of DC and macrophage were determined by analyzing
genes with > 1.5 fold-change, P value < 0.05, and experimental minus baseline intensity
< 100 across all time points versus time 0. Gene signatures were then analyzed by
Ingenuity Pathways Analysis (Qiagen) using the canonical pathways comparison function
for nuclear receptor activation. Microarray data from rabbit lung was downloaded from
GSE33094 *°. Briefly, New Zealand White rabbits infected via aerosol with M.
tuberculosis HN878 and total RNA isolated from rabbit lungs at indicated times.

Agilent-020908 Oryctolagus cuniculus two-color Oligo Microarray was utilized using
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one channel for infected and the other color channel for uninfected per sample. Gene
expression represented as the fold-change between Mtb-HN878 infected and uninfected

animals at indicated times post infection.

Figure Legends

Fig. 1. Activation of innate immune cells by vitamin A metabolites. (A) Black dots
represent the serum retinol levels of TB household contact (TB contacts) or active TB
patients. The red line indicates the average retinol sera levels in each group + SEM. P
value by Student’s ¢ test; *** =p <0.001. Primary human monocytes were treated with
either vehicle alone (CTRL), retinol (10°*M), retinaldehyde (ATRH) (10°M), or all-trans
retinoic acid (ATRA) (10™M) for 18 hours and the mRNA expression levels of (B) NPC2
and (C) CYP27A1 were measured via qPCR. Data shown is fold change (FC) vs CTRL,

n = 3-7. P value by one-way ANOVA; * =p <0.05, ** =p <0.01, *** =p <0.001.

Fig. 2. GM-DCs express the retinol metabolism pathway. (A) Primary human monocytes
stimulated with GM-CSF for zero, three and 12 hours, then gene expression was profiled
using microarrays. Expression data of vitamin A pathway genes, DHRS3, DHRS9,
RHD10, ALDHIA1, ALDH1A2, and ALDHI1A3 are displayed as mean expression in
arbitrary units (AU) of three independent donors + SEM. Primary human monocytes
stimulated with a titration of GM-CSF or IL-15 for 18 hours and mRNA expression of
(B) DHRS9 (n = 3-5) and (C) ALDH1A2 (n=3-6) were measured by gPCR. (D)

Induction of CYP27B1 mRNA expression in monocytes by IL-15 was measured by
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qPCR (n = 3). P value by one-way ANOVA; * =p <0.05, **=p <0.01, ***=p <

0.001.

Fig. 3. GM-DCs demonstrate transcellular metabolism of retinol. (A) GM-CSF-derived
DCs were treated with the indicated amount of retinol for six hours in serum free
conditions and the amount of ATRA in the cellular (Cell) and supernatant (Supe)
fractions were analyzed via HPLC. Data represent the mean + SEM of the average area
of ATRA peak from HPLC plots of four independent donors. (B) Primary human
monocytes were infected with M. tuberculosis H37ra and MDMs were infected with M.
tuberculosis H37rv, then cultured with media conditioned by DCs with or without retinol
for three days. Following incubation, bacteria viability is measured by qPCR. Data
shown is mean bacterial viability comparing the CM with retinol to without retinol +
SEM (n = 4-5). (C) Primary human monocytes preteated with or without RARi, were
cultured in DC conditioned media generated as described above with or without DEAB,
for 18 hours. NPC2 and CYP27A1 expression levels were measured by qPCR. Data
shown is mean fold change vs. control + SEM (n = 3-7). P value by one-way ANOVA; *

= p<0.05, ** = p<0.01, ** =p < 0.001.

Fig. 4. Transcriptional profiling of retinol metabolism in TB infected lung. Expression of
vitamin A metabolism (ALDH1A2 and DHRS9) and activation (NPC2 and CYP27A1)
genes as well as DC (CD1b) and macrophage (CD163) markers in (A) human caseous TB

vs. normal lung tissue and (B) rabbit lung two and 16 weeks post M. tuberculosis
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infection as measured by gene microarray. P value by one-way ANOVA; * =p <0.05,

% = < 0.01, *** = p<0.001.

Fig. 5. DC-mediated retinol metabolism is absent in TB lung. TB patient lung tissue and
normal lung protein expression of (A) ALDH1A2, (B) CD163 and (C) CDIB by
immunohistochemistry. Data shown is representative images (TB n = 8-10, normal n =
4-5). Scale bar =40um. Expression of (D) ALDH1A2, (E) CD163 and (F) CDIB in TB
vs. normal lung was quantified per nucleated cell using Immunoratio. Data shown is
mean %+ cells/nucleus + SEM. P value by Student’s ¢ test; * =p < 0.05, ** =p <0.01,

% = < 0,001,

Fig. S1. GM-CSF induces DC phenotype. Primary human monocytes were
differentiated into DCs by stimulation with GM-CSF for 48 hours. Cell surface markers
CD206, CD86 and CD1B were assessed by flow cytometry using monoclonal antibodies
(mAB) and their corresponding isotype controls (Iso). Data shown is average of the
mean fluorescence intensity (MFI) + SEM (n = 4). P value by Student’s 7 test; * =p <

0.05, ** = p < 0.01, *** = p < 0.001.

Fig. S2. TPA predicts GM-DCs are cellular source of retinol metabolism. Ingenuity
analysis of RAR activation gene signature in GM-CSF, IL-10, IL-15 and IL-4 stimulated

primary human monocytes.

Fig. S3. RARi blocked ATRA induced genes, but not DEAB. Primary human
monocytes are pretreated with (A) RARi or (B) DEAB at the indicated concentrations

then stimulated with 10°°M ATRA for 18 hours. Expression of NPC2 and CYP27A1 was
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measured by qPCR. Data shown is mean FC + SEM (n =4). P value by one-way

ANOVA; * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Fig. S4. Representative isotype control stains for normal and TB lung. Corresponding
isotype controls for immunohistochemistry comparing TB lung tissue vs normal lung.
(A) Rb IgG isotype control antibody for ALDH1A2 (B) mouse IgG1 isotype control

antibody for CD163 and CD1b. Scale bar = 40pm.
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ABSTRACT  Toxoplasma gondii uses unique secretory organelles called rhoptries to
inject an array of effector proteins into the host cytoplasm that hijack host cell func-
tions. We have discovered a novel rhoptry pseudokinase effector, ROP54, which is
injected into the host cell upon invasion and traffics to the cytoplasmic face of the
parasitophorous vacuole membrane (PVM). Disruption of ROP54 in a type Il strain of
T. gondii does not affect growth in vitro but results in a 100-fold decrease in viru-
lence in vivo, suggesting that ROP54 modulates some aspect of the host immune re-
sponse. We show that parasites lacking ROP54 are more susceptible to macrophage-
dependent clearance, further suggesting that ROP54 is involved in evasion of innate
immunity. To determine how ROP54 modulates parasite virulence, we examined the
loading of two known innate immune effectors, immunity-related GTPase b6 (IRGb6)
and guanylate binding protein 2 (GBP2), in wild-type and Arop54, mutant parasites.
While no difference in IRGb6 loading was seen, we observed a substantial increase
in GBP2 loading on the parasitophorous vacuole (PV) of ROP54-disrupted parasites.
These results demonstrate that ROP54 is a novel rhoptry effector protein that pro-
motes Toxoplasma infections by modulating GBP2 loading onto parasite-containing
vacuoles.

IMPORTANCE  The interactions between intracellular microbes and their host cells
can lead to the discovery of novel drug targets. During Toxoplasma infections, host
cells express an array of immunity-related GTPases (IRGs) and guanylate binding pro-
teins (GBPs) that load onto the parasite-containing vacuole to clear the parasite. To
counter this mechanism, the parasite secretes effector proteins that traffic to the
vacuole to disarm the immunity-related loading proteins and evade the immune re-
sponse. While the interplay between host IRGs and Toxoplasma effector proteins is
well understood, little is known about how Toxoplasma neutralizes the GBP re-
sponse. We describe here a T. gondii pseudokinase effector, ROP54, that localizes to
the vacuole upon invasion and is critical for parasite virulence. Toxoplasma vacuoles
lacking ROP54 display an increased loading of the host immune factor GBP2, but
not IRGb6, indicating that ROP54 plays a distinct role in immune evasion.

KEYWORDS: Toxoplasma gondii, guanylate binding proteins, immunity-related
GTPases, pseudokinase, rhoptry, virulence

oxoplasma gondii is an obligate intracellular parasite that infects approximately
one-third of the human population and causes disease in immunocompromised
individuals and neonates (1). Toxoplasma has the ability to infect a wide range of host
cells and has evolved unique secretory organelles to help it to establish infection. One
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of these organelles is the rhoptries, which secrete proteins that form a tight junction
interface between the parasite and host cell and thus mediate invasion (2, 3). In
addition, the rhoptries secrete effector proteins called ROPs that are delivered into the
host cytosol, which then traffic to the host nucleus or parasitophorous vacuole mem-
brane (PVM) to coopt host signaling and innate immune pathways (4, 5). The ROP2
superfamily is the best-characterized of the ROP effector proteins and consists of more
than ~40 kinases and pseudokinases, whose functions are largely unknown.

The most notable ROP kinases and pseudokinases described thus far have been
shown to function in disarming the host innate immune response during infection. For
example, the ROP16 kinase is injected into the host cytosol and transits to the host
nucleus. ROP16 phosphorylates STAT-3 and STAT-6, which results in a decrease in
production of the proinflammatory cytokine the interleukin-12-p40 (IL-12p40), thereby
dampening the Th1 response against the parasite (6-8). One effector in the ROP2
superfamily whose mechanism is understood is the ROP5/17/18 complex (9-12). In
contrast to ROP16, this complex of effectors traffics to the cytoplasmic face of the PVM
upon injection into the host cytoplasm (10, 13). Upon reaching the PVM, they collab-
orate to disarm a class of cell-autonomous proteins called immunity-related GTPases
(IRGs), which load onto the PVM and serve as the first line of defense against intracel-
lular pathogens (14, 15). The IRGs are a large family of GTP-binding proteins (GBPs) that
oligomerize on the PVYM and cause membrane blebbing, ultimately disrupting vacuolar
integrity and clearing the parasite (16). Phosphorylation of the IRGs by the ROP5/17/18
complex releases the IRGs from the PVM and protects the parasite from clearance (17).
Several other ROP pseudokinases, such as ROP2 and ROP4, also associate with the PVM;
however, their functions at the vacuolar membrane are unknown (18, 19). While this
basic mechanism of defense against the parasite is understood, the large families of
IRGs and rhoptry kinase/pseudokinases suggest that additional players are involved in
a complex process of modulating cell-autonomous immunity at the PVM.

Another class of gamma interferon (IFN-y)-dependent immunity-related loading
proteins that have been shown to be important during a Toxoplasma infection is the
GBPs (20). The GBPs have been the focus of particular interest, as the IRGs are largely
absent or unlikely to play a role in human infections (e.g., there are 23 IRGs in mice but
only 2 in humans, 1 of which is only expressed in testes and the other of which appears
to lack GTPase activity) (21). There are 11 GBPs in mice (7 in humans), several of which
have been shown to load onto the PVM during infection and are important for parasite
clearance (21-23). For example, the presence of GBP1 on parasite vacuoles has been
linked with membrane vesiculation and vacuole rupture (24). In addition, GBP2 has
been implicated in controlling the replication of the parasites (24, 25). While type |
alleles of ROP5 and ROP18 are able to diffuse GBP1 loading onto the PVM, the
parasite-derived virulence factors that modulate GBP2 are unknown (22, 24).

In this report, we have identified a novel rhoptry pseudokinase, ROP54. Like other
ROP effectors, ROP54 localizes to the body portion of the rhoptries and is secreted into
the host cell during invasion. Upon delivery into the host cell, ROP54 traffics to the
cytoplasmic face of the PVYM. While disruption of ROP54 in type | parasites shows no
apparent phenotype in vitro and in vivo, ROP54 knockouts in type Il parasites grow
normally in vitro but display a dramatic decrease in virulence in vivo, suggesting that
ROP54 modulates some aspect of innate immunity. ROP54 does not appear to interact
with the ROP5/17/18 complex and does not affect loading of IRGb6, but instead it
appears to modulate the innate immune loading of GBP2 (6, 14, 26, 27). Together, the
discovery and functional analyses of ROP54 provide new insight into the complex
interplay between Toxoplasma and the interferon-inducible GTPases that regulate
innate immunity.

RESULTS

TgME49_210370 is a novel rhoptry protein pseudokinase. In examining the T.
gondii genome for potential novel rhoptry effector proteins, we discovered a gene,
designated TgME49_210370, that contained a predicted signal peptide for secretion as
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ROP54 Is a Novel Virulence Factor of Toxoplasma
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FIG 1 TGME49_210370 is a novel rhoptry protein. (A) The cell cycle expression profile of
TGME49_210370 is similar to known Toxoplasma effectors. (B) lllustration of TGME49_210370 with an
HA tag at its endogenous locus. (C) IFA results showing HA-tagged TGME49_210370 colocalizes with
ROP13 in the rhoptries. TGME49_210370 was thus designated ROP54HA. (D) Western blot analysis
demonstrated ROP54 migrates as a doublet at its predicted size (53.6 kDa). (E) Results of the evacuole
assay, demonstrating that ROP54HA, is secreted into the host cell, similar to the known rhoptry
protein ROP13.

well as a cell cycle expression profile that was similar to known rhoptry proteins
(Fig. 1A) (28). While this locus was annotated as a putative RNA helicase-1 type protein
in the T gondii genome (or a hypothetical protein, depending on strain type), BLAST
analysis did not reveal homology to any known proteins (http://www.toxodb.org) (29).
We examined the amino acid sequence further by using DELTA-BLAST and Phyre-2
searches, which surprisingly indicated that TgME49_210370 was instead related to the
ROP family of kinases and pseudokinases, indicating that this protein may be a more
divergent member of the ROP kinase family (30, 31). The amino acid sequence for
TgME49_210370 is identical between type Il and Il strains, with 1 amino acid change
at position 112 in type | parasites. Alignment with the known rhoptry kinase ROP18
demonstrated that TgME49_210370 is missing key catalytic residues, which suggests
that it functions as a ROP pseudokinase effector protein rather than a true kinase (see
Fig. S1 in the supplemental material) (32).

To determine if TYME49_210370 is a rhoptry protein, we used endogenous gene
tagging to introduce sequences encoding a 3X hemagglutinin (3XHA) epitope tag at
the 3’ end of the gene of both highly virulent type | (RHAku80) and intermediate-
virulence type Il (PruAku80) parasites (Fig. 1B). Evaluation in immunofluorescence
assays (IFA) with anti-HA antibodies showed that TgME49_210370 localized to apical
structures resembling the body portion of the rhoptries (Fig. 1C; see also Fig. S2A in the
supplemental material) and colocalized with known rhoptry body proteins ROP13 and
ROP7. We therefore designated TgME49_210370 rhoptry protein 54 (ROP54). Western
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ROP54

FIG 2 Selective permeabilization demonstrated that ROP54 localizes to the PVM. (A) Digitonin
permeabilization of HFFs infected with ROP54HA,, parasites for 12 h showed that ROP54 is present on
the cytoplasmic face of the PVM (arrow). Overpermeabilized vacuoles were SAG1 positive and are
annotated with an asterisk. (B) ROP5 control for vacuolar membrane localization under digitonin
treatment conditions. (C and D) HFF monolayers were infected with ROP54HA, parasites and then fixed
and selectively permeabilized with digitonin 1 h postinfection (C) or 12 h postinfection (D). Whereas
ROP5 localized relatively early on the PVM, ROP54 was more frequently found at later time points.

blot analysis of ROP54HA, parasites showed a reproducible doublet migrating at
approximately the predicted mass of the protein lacking its signal peptide (Fig. 1D).

For ROP54 to be a potential effector protein, it must be secreted into the host cell,
as typically seen with other ROP effectors (5, 33). To evaluate whether ROP54 is an
injected effector, we carried out “evacuole” assays, in which parasites are unable to
invade due to inhibition by cytochalasin D (CytoD) treatment but still able to release
streams of rhoptry proteins into the cytosol of the host cell (10, 33). Using ROP54HA,,
parasites, we were able to observe classic “strings” of HA-positive evacuoles emanating
from CytoD-arrested parasites (Fig. 1E). These evacuoles were also positive for ROP13,
which is known to be secreted into the host cell in evacuoles (33). Similar results were
obtained when an evacuole assay was performed with ROP54HA, parasites (data not
shown). Thus, we conclude that ROP54 is injected from the rhoptry body into the host
cell.

ROP54 associates with the PVM after being injected into the host cell. Once
they reach the host cytoplasm, rhoptry effectors are known to target specific intracel-
lular compartments, including the cytoplasm, nucleus, or the PVM (6, 10, 13, 26, 33). As
some of the best-studied rhoptry kinases and pseudokinases traffic to the PVM and
anchor to it using amphipathic a-helices in the N-terminal region of the proteins, we
examined the ROP54 sequence for putative a-helices that could mediate PV association
(13). We identified two such regions, from residues 83 to 120 and 123 to 155 (see
Fig. S3A in the supplemental material) that might form amphipathic a-helices when
plotted on a helical wheel predictor (see Fig. S3B). To assess whether ROP54 traffics to
the cytoplasmic face of the vacuolar membrane, similar to other rhoptry effectors (i.e.,
ROPs 2/4/5/7/17/18), we examined ROP54HA,, in early invasion and digitonin semiper-
meabilization assays (Fig. 2A) (10, 26, 34). Digitonin treatment is able to selectively
permeabilize the host plasma membrane but not the vacuolar membrane or parasite
membranes, enabling detection of the vacuolar membrane effectors that face the host
cytoplasm. As controls, we similarly examined the rhoptry pseudokinase ROP5, which is
known to traffic to the PVM, and we also utilized staining for the parasite surface
antigen SAG1 to show that the vacuoles being evaluated were not breached by
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digitonin treatment, as the degree of permeabilization varied within individual cells on
the coverslip in these experiments (Fig. 2A and B) (13).

Using these assays, we were able to demonstrate that ROP54 traffics to the cyto-
plasmic face of the PVM (Fig. 2A and B). We also observed that ROP54 is less frequently
detected on the PVM relative to ROP5 at 1 h postinfection (Fig. 2C). The differences seen
between the effectors may be due to fewer vacuoles being targeted by ROP54 than
ROPS5, although we cannot exclude the possibility that these differences are merely due
to levels of detection, since ROP5 is encoded in a multicopy gene and ROP54 appears
to be present in a single copy and is likely expressed at lower levels. However, at 12 h
postinfection, ROP54 can be detected on the PVM, similar to ROP5 (Fig. 2D). This
suggests that ROP54 may load onto the PVM later than that seen for ROP5, perhaps
requiring another partner to traffic to the PVM.

To further examine trafficking of ROP54 to the PVM, we exogenously expressed the
protein in human cells with an HA epitope tag and assessed its localization to the PVM
following T. gondii infection (see Fig. S4A in the supplemental material). Whereas ROP5
is targeted to the PVM under these conditions (33), ROP54 remained diffuse in the
cytoplasm and was not detected in significant amounts on the PVM (see Fig. S4B).
Because we could not be certain of the precise N terminus of ROP54 following cleavage
of its signal peptide and any potential prodomains, we constructed two deletions that
might expose the charged regions present in the N terminus of the protein (Fig. S4C
and D), but these truncated proteins also failed to traffic to the PVM (data not shown).

ROP54SF,, immunoprecipitation suggests it functions independently from
the ROP5/17/18 complex. To identify the binding partners of ROP54, we engineered
an endogenous tagging construct that would add sequences encoding a 2XStrep
3XFlag epitope tag at the C-terminal end of the ROP54 gene (Fig. 3A). The tagged
ROP54 properly localized to the rhoptry body, and therefore the strain was designated
ROP54SF,, (Fig. 3B). We additionally analyzed ROP54SF, by Western blotting, which
revealed a doublet that was enriched for the slower-migrating band (Fig. 3C), suggest-
ing that this is the primary product of ROP54. To determine if ROP54 interacted with the
ROP5/17/18 complex or other members of the ROP kinase family, we purified ROP54 by
using a Strep-Tactin column and eluted the ROP54 complex with desthiobiotin (10).
Western blot analysis of the precolumn (pre) and elution (E) fractions with an anti-Flag
antibody demonstrated a significant enrichment of ROP54 relative to the untagged
control (Fig. 3D). The fractions were evaluated for known ROP kinases or pseudokinases
(ROPs 5/18 as well ROPs 2/3/4 and ROP7), and none was enriched in our immunopre-
cipitation (IP)-Western blotting or mass spectrometry data (Fig. 3E; see Table S2 in the
supplemental material). These results suggest that ROP54 functions independently of
the ROP5/17/18 complex and ROPs 2/4/7 on the PVM, although we cannot exclude
more transient interactions that would have been disrupted during isolation. Mass
spectrometric analysis of the ROP54 pulldown product did not identify any other
known active kinases that may work in conjunction with ROP54. We did identify the
small amounts of the inactive kinase ROP24 as well as another hypothetical protein
with a predicted signal peptide (TGME49_237180), but tagging of these proteins
suggested dense granule localization, and thus they were not pursued further (data not
shown).

Disruption of ROP54 in type | parasites does not affect growth in vitro or
virulence in vivo. To determine the function of ROP54, we disrupted its gene in
ROP54HA, parasites by homologous recombination. To do this, we utilized a knockout
construct consisting of the ROP54 flanking regions surrounding the selectable marker
dihydrofolate reductase (DHFR). The linearized construct was transfected into
ROP54HA, parasites, and knockouts were screened for loss of the HA tag. Parasite
clones that lacked HA staining were isolated and verified by IFA and Western blot
analysis (the resulting strain was designated Arop54, [see Fig. S2B and C in the
supplemental materiall). No gross defects were observed in parasite intracellular
growth, as evaluated in plaque assays over a 6-day period of the lytic cycle (data not
shown). To determine if this disruption affected virulence in vivo, a small number of the
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FIG 3 Purification of ROP54 indicated that there is no robust interaction with other known ROP effector
proteins. (A) lllustration showing the endogenously tagged ROP54 with predicted signal peptide,
coding region, and C-terminal 2xStrep 3XFlag epitope tags. (B) IFA with anti-Flag antibody showed
colocalization with the rhoptry protein ROP7. (C) Western blot assay results for ROP54SF, and
ROP54HA,, parasite lines demonstrated that the slower-migrating band was the main band of ROP54.
(D) Western blotting results with precolumn (Pre), flowthrough (FT), and elution (E) fractions of the
PruAku80 (top) and ROP54SF (bottom) StrepTactin pulldown product probed with mouse anti-Flag
antibody. A nonspecific band is represented by the asterisk. (E) IP-Western blot probing for known ROP
kinases and pseudokinase after ROP54SF pulldown.

Arop54, parasites (~10 parasites) was injected into mice, and all of the mice died at
11 days postinfection, similar to that seen with control parasites (data not shown). Thus,
loss of ROP54 does not appear to impact growth or virulence in type | parasites.

ROP54 is not required for normal in vitro growth of type Il parasites. The
hypervirulence of type | parasites is largely due to the robust activity of the ROP5/17/18
complex, which inactivates IRGs that would otherwise load onto the PVM, disrupt the
vacuolar membrane, and clear the parasite (10, 26). Since the effects of type | ROPs
5/17/18 may mask the importance of ROP54 in parasite virulence, we assessed the
function of ROP54 as an intermediate virulence type Il strain (10, 14, 26). To do this, we
disrupted ROP54 in PruAku80 parasites and confirmed the knockout by IFA and
Western blotting (Fig. 4A and C). A ROP54-complemented strain (ROP54c,) was gener-
ated by expressing ROP54HA, driven from its endogenous promoter (Fig. 4B). The
complementation construct was observed to target the Ku80 locus, thereby excluding
potential polar effects in the Arop54,, strain. A clonal isolate of ROP54c, was evaluated
by IFA, and it showed apical staining of the 3XHA epitope tag that colocalized with
ROP13. The strain was also assessed by Western blot analysis, which demonstrated
expression levels nearly identical to those of the parental ROP54HA,, parasites (Fig. 4C).
To examine the role of ROP54 in in vitro growth, the ROP54HA,,, Arop54,, and ROP54c,,
lines of parasites were evaluated by plaque assay, and no apparent differences in
growth rate were detected between the three strains (Fig. 4D and E).

Disruption of ROP54 in type Il parasites dramatically decreases virulence in
vivo. To evaluate the effect of the knockout in vivo, mice were infected with doses of

Volume 1 Issue 2 e00045-16

119

m! ul

msphere.asm.org 6

1sen6 AQ 8102 ‘6 dun uo /610" wsealeydswy/:diy woly papeojumoq



ROP54 Is a Novel Virulence Factor of Toxoplasma

lygdoay

Py
(@)
nY
(&)
x
gy

6dO¥ VH

ROPS54HA, Arop54, ROP54c,

E ns ns
250 —

200 T 1
" s
£ 150
=5
100 +— — — —
0 — — |
0 ROPS54HA, Arop54, ROP54c,

FIG 4 Disruption of ROP54 in type Il parasites does not affect growth in vitro. (A) IFA results,
demonstrating the loss of ROP54HA, staining in a Arop54,, clone. (B) IFA results for Arop54,, parasites
complemented with ROP54HA,, at the ku80 locus (designated ROP54c,). Proper localization of ROP54
in the ROP54c, parasite clone was assessed by colocalization with ROP13. (C) Western blot assay
results, demonstrating loss of HA signal in Arop54,, parasites and restoration of HA signal for ROP54c,
parasites. ROP9 is shown as a loading control. (D and E) HFF monolayers were infected with
ROP54HA,, Arop54, or ROP54c, parasites, and plaques were visualized after 10 days. All strains
exhibited similar overall fitness in vitro (representative plaques are shown in panel D). The area of 30
plaques from each parasite line was measured, and no significant difference (P > 0.05) was
determined by one-way ANOVA. ns, not significant (E).

500, 5,000, and 50,000 parasites of the ROP54HA,,, Arop54,,, or ROP54c, strain. To ensure
that any attenuation of virulence was not due to viability of the knockout or counting
errors, plaque assays were performed on the parasites used for the infections, which
demonstrated comparable amounts of parental and complemented strains but ~2-fold
higher numbers of plaques with the knockout, demonstrating that even more knockout
parasites were injected than wild-type or complemented strain parasites (Fig. 5A).
Interestingly, Arop54, parasites exhibited a 2-log reduction in virulence compared to
the parental line (Fig. 5B to D). This defect was mostly restored in the complemented
strain, showing that ROP54 plays an important role in virulence in vivo in type Il strain
parasites. Finally, we evaluated whether Arop54,-infected mice were protected against
a lethal challenge with 10,000 RHAku80 parasites, and all mice survived the challenge
(data not shown).

Arop54,, parasites are more susceptible to innate immune clearance. To
determine the kinetics of Arop54,, clearance in vivo, we performed an in vivo compe-
tition assay. We intraperitoneally (i.p.) injected a mixture of ROP54HA, and strain
Arop54,, parasites into C57BL/6 mice at a dose of 50,000 parasites per mouse (~40/60
ratio of ROP54HA, /Arop54,). At days 4 and 7 postinfection, we euthanized mice and
performed a peritoneal lavage to collect the parasites from the peritoneum and assess
the ratio of ROP54HA, to Arop54, parasites by IFA. The Arop54, parasites were
outcompeted by the ROP54HA,, parasites in vivo as the infection progressed (Fig. 6A).
In parallel to peritoneal lavage, spleens were harvested from animals euthanized on day
7, and ROP54HA,, versus Arop54,, parasite burdens were quantitated by IFA; the results
showed similar parasite vacuole ratios to those found in the peritoneal lavage exper-
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FIG 5 Disruption of ROP54 results in a dramatic decrease in virulence in vivo. (A) A plaque assay was
used to verify viability of parasites injected into mice. More viable Arop54,, parasites were injected
into the mice than into the controls. A total of 500 (A), 5,000 (B), or 50,000 (C) ROP54HA,,, Arop54,,
or ROP54c, parasites were i.p. injected into C57BL/6 mice. An ~100-fold decrease in virulence was
observed between ROP54HA,, (50% lethal dose [LD,] of 500 parasites) and Arop54,, (LD, of 50,000
parasites). Virulence was mostly restored with complementation of ROP54.

iment (see Fig. S5 in the supplemental material). The decrease in relative amounts of
Arop54,, parasites suggests that Arop54, parasites either grow poorly in vivo or are
cleared by the innate immune response.

To resolve these two possibilities, we examined the virulence of ROP54HA, and
Arop54,, parasites in IFN-y receptor-deficient (IFN-yR~/~) mice. We predicted that the
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FIG 6 ROP54 modulates IFN-y-dependent parasite clearance through the interference of GBP2 loading on the PV. (A) In vivo competition
assay results for ROP54HA, and Arop54,, parasite lines, showing a steady increase in the percentage of ROP54HA,, vacuoles and a steady
decrease in the percentage of Arop54, vacuoles as the coinfection progressed (n = 6, from two independent experiments). (B) IFN-yR—/—
mice were injected with 5,000 parasites of ROP54HA, or Arop54, and became moribund with the same kinetics, suggesting that ROP54
modulates an IFN-y-dependent response (n = 4). (C) RAW 267.4 cells were activated with IFN-y and LPS for 24 h. The parasite strains
ROP54HA,, Arop54,, and ROP54c, were used to infect the cells for 20 h at an MOI of 1. qPCR demonstrated an ~50% decrease of Arop54,
parasites relative to levels with the parental and complemented strains. Significance was determined by a one-way ANOVA. *, P < 0.05
(n = 3). (D) Primary BMDMs were activated with IFN-y and LPS for 24 h. The strains ROP54HA,, Arop54,, and ROP54c, were used to infect
the cells for 20 h at an MOI of 1. Parasites were liberated by manual disruption and quantitated in a plaque assay. Values were normalized
to ROP54HA,, and a decrease in Arop54,, viability was demonstrated (n = 2). (E) MEFs were primed with IFN-y and LPS. The ROP54HA,,
Arop54,, and ROP54c, parasite lines were used to infect the cells for 12 h. The proportion of GBP2 loading on the vacuoles of
Arop54,infected cells was significantly increased, based on a one-way ANOVA. ¥, P < 0.05 (n = 3). The decrease in loading was restored
to wild-type levels upon complementation.
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virulence of Arop54, parasites would mimic that of the parental line if virulence were
dependent on an IFN-y-mediated immune response (but would still be dramatically
lower if merely due to a reduction in growth in vivo). To test this, we i.p. injected 5,000
ROP54HA,, or Arop54, parasites separately in IFN-yR~/~ mice and observed their
morbidity. The IFN-yR=/~ mice demonstrated identical morbidity kinetics when in-
fected with either ROP54HA,, or Arop54, parasites (Fig. 6B). These data demonstrated
that IFN-y signaling is necessary for the difference in virulence of ROP54HA, and
Arop54, parasites and suggest that ROP54 enables parasites to evade an IFN-y-
mediated immune response (14).

To determine whether Arop54,, parasites are deficient in the avoidance of the host
innate immune response, we examined ROP54HA,, Arop54,, and ROP54c, parasites in
primed macrophages, which are the primary immune cell type infected in vivo (14, 35).
To assess macrophage-mediated clearance in vitro, we infected activated murine
macrophages with ROP54HA,,, Arop54,, and ROP54c, parasites, isolated genomic DNA,
and calculated the relative amount of parasite genomic DNA via quantitative PCR
(gPCR) at 20 h postinfection. We observed a 2-fold decrease in the relative amount of
Arop54,, genomic DNA compared to the ROP54HA, and ROP54c,, parasite lines (Fig. 6C)
(36-38). To determine if the decrease in Arop54, genomic DNA correlated with a
decrease in Arop54, parasite viability, we similarly assessed the viability of ROP54HA,,
Arop54,, and ROP54c, parasites within activated macrophages under the same condi-
tions. We mechanically disrupted the macrophages to liberate the parasites from the
cells and measured parasite viability in plaque assays (38). In agreement with the PCR
results, we observed a substantial decrease in the Arop54,, parasite viability relative to
the controls (Fig. 6D), indicating that ROP54 enhances the ability of the parasite to
avoid macrophage clearance.

The loss of virulence in Arop54, parasites correlates with GBP2 loading.
Since ROP54 localizes to the PVM upon invasion (Fig. 2A) and aids in the avoidance of
an innate immune response, we investigated whether ROP54 potentially interfered
with the function of IRGs (10, 14, 27, 39). We first wanted to determine if IRGb6 and
ROP54 were both present on the PVM during the course of a Toxoplasma infection. To
test this, ROP54HA,, parasites were used to infect activated macrophages for 1 h and
12 h. The cells were assessed by IFA, and colocalization of ROP54 and IRGb6 was
observed at both time points (see Fig. S6A in the supplemental material). To determine
whether ROP54 disrupted IRGb6 loading, we quantified the loading events between
ROP54HA, and Arop54,, parasites in activated macrophages (14). However, no differ-
ence was observed with the loading of IRGb6 between ROP54HA, and Arop54,
parasites (see Fig. S5B in the supplemental material).

We also investigated a different family of immune loading proteins called p65 GBPs.
To determine if ROP54 enables parasites to evade the antimicrobial effects of GBP2, we
compared the immune loading of GBP2 on ROP54HA,,, Arop54,, and ROP54c,, parasites.
We predicted that if ROP54 modulated GBP2 loading, we would observe a difference in
loading between the Arop54, parasites and the controls. To examine loading of GBP2,
we activated mouse embryonic fibroblasts (MEFs) and infected the cells with
ROP54HA,, Arop54,, or ROP54c, parasites. IFA analysis with anti-GBP2 antibodies
showed a substantial increase in the percentage of Arop54,, vacuoles loaded with GBP2
compared to that in the ROP54HA,,, and ROP54c, vacuoles (Fig. 6E). These data indicate
that ROP54 is a virulence factor that plays a role in evading the cell-autonomous
immune mechanism of GBP2.

DISCUSSION

The family of Toxoplasma ROP kinases and pseudokinases has largely been identified by
traditional organelle isolation and antibody production strategies, as well as more
recent proteomic and bioinformatics approaches (4, 40, 41). Together, these studies
have determined that the ROP2 superfamily consists of more than 40 rhoptry kinases
and pseudokinases (41). While the functions of most of these proteins are unknown,
analyses of just a few of these family members have shown that they are key players
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in T. gondii's ability to hijack host functions and evade innate immunity (9). In this work,
we identified ROP54 by screening the T. gondii genome to find potential rhoptry
proteins based on the criteria of the presence of a predicted signal peptide and a cell
cycle expression profile similar to that of other known ROPs (9, 42). ROP54 appears to
be a member of the ROP kinase family, as it contains a predicted ROP2-like kinase fold,
based on DELTA-BLAST and Phyre-2 analyses, and it is most likely a pseudokinase, as it
lacks the key amino acids of the kinase catalytic pocket (see Fig. S1 in the supplemental
material) (30, 31). We were unable to find other divergent ROP kinase family members
using this approach or by BLAST searches with ROP54, but it is possible that other
proteins have diverged even further and were thus unrecognized by these searches.

We verified rhoptry localization for ROP54 by C-terminal endogenous gene tagging,
and the results were consistent with those for other ROP kinases that are generally
amenable to epitope tagging at this terminus (Fig. 1C and 3B; see also Fig. S2A in the
supplemental material). The tagged protein migrates as a doublet on Western blots,
although this doublet was diminished in the 2XStrep 3XFlag-tagged protein (Fig. 3C).
The doublet is not likely due to processing of a prodomain, as seen with other ROPs,
as there are no predicted processing sites that are apparent in the N-terminal region of
the protein that could give rise to the observed banding pattern (43, 44). In addition,
the ratio of the two bands was not consistent with the pattern seen for other rhoptry
prodomain processing events (32, 33).

We were able to show that ROP54 is injected into the host cytosol in a evacuole
assay, indicating that it is a rhoptry effector protein (as opposed to a resident rhoptry
protein that is not secreted) (Fig. 1E). Upon injection into the host cytoplasm, ROP54
appears to associate with the vacuolar membrane (Fig. 2A). Interestingly, ROP54
staining is observed on fewer vacuoles than ROP5 at early time points in invasion (~1 h),
but ROP54 staining is more prevalent at later time points (12 h) (Fig. 2C and D). We were
unable to accurately quantitate these differences in ROP5 and ROP54 staining at early
time points due to the difficulties in detection of low levels of ROP54 on the PVM in
these experiments. One possible reason for these differences is that ROP5 is highly
expressed with 9 to 10 tandem copies of the gene in type Il parasites and thus is more
readily detected than a single copy of ROP54 (12). ROP5 is also likely present at a high
frequency on the PVM at early time points, because it protects the parasite from the
early loading IRGs and clearance (12, 17). The better detection of ROP54 at later time
points may also be due to cooperative loading with parasite or host binding partners
(e.g., other ROPs, GBPs, or IRGs) that may be important for ROP54 function or may
simply reflect detection of the protein.

In spite of having arginine-rich regions in the N-terminal portion of the protein that
might function similar to RAH (arginine-rich amphipathic helix) domains (see Fig. S3 in
the supplemental material), exogenously expressed ROP54 appears to remain cytosolic
and does not traffic to the PVM upon infection (see Fig. S4 in the supplemental
material) (26). As we could not exclude processing events that would result in correct
positioning of the arginine-rich region, we tested various N-terminal truncations, but
these also did not result in vacuolar targeting. It is still formally possible that a precise
N terminus is required for ROP54 vacuolar association, although other ROP RAH
domains appear to be much more robust and tolerate N-terminal fusions as well as
deletions of subregions of the key trafficking helices (13). Alternatively, association of
ROP54 with the vacuolar membrane may require other parasite- or host-derived
partners.

To address whether ROP54 acts by interacting with other ROP kinases, we immu-
noprecipitated the protein using ROP54SF, strain parasites (Fig. 3). While we antici-
pated that we might immunoprecipitate an active rhoptry kinase, we did not find
detectable amounts of the ROP 5/17/18 complex or other known active ROP kinases.
This is in agreement with tandem affinity purification pulldown products of ROP
5/17/18, which also do not coprecipitate with ROP54 (10, 14). We did immunoprecipi-
tate low amounts of ROP24 and TGME49_237180, although the significance of these
partners is unclear, as they appear to have localizations reminiscent of GRA proteins
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based on epitope gene tagging (data not shown). The localization of these proteins
should be taken with some caution, however, as ROP24 and TGME49_237180 have cell
cycle expression profiles similar to ROPs, which suggests that the epitope tags are
mislocalizing the proteins (28, 45). It is also possible that the interactions of ROP54 and
its bona fide partners are transient or weaker than those of the ROP5/17/18 complex
and its host substrates. Ultimately, identification of the interactions between ROP54
and its parasite and host partners will best reveal how it functions in Toxoplasma.

Disruption of ROP54 in highly virulent type | parasites leads to no apparent reduc-
tion in virulence in laboratory strains of mice in vivo. This may be due to the fact that
the ROP5/17/18 complex in type | strains is so efficient in disarming the IRGs in mice
that it masks the phenotype of the ROP54 knockout in this context (10, 14, 26).
Examination in wild-type strains of mice or other hosts that can resist type | parasites
may expose virulence differences with the knockout of ROP54 (46). In contrast, disrup-
tion of ROP54 in type |l parasites resulted in a 2-log decrease in virulence, even though
growth in culture was unaffected (Fig. 4E and 5). Whereas the other ROP kinases and
pseudokinases tend to be highly polymorphic across strains, the ROP54 amino acid
sequences across type |, Il, and lIl strains are nearly identical, with only 1 amino acid
change. This suggests that this effector may play the same role in these diverse strains,
although it is also possible that ROP54 expression levels may differ or that its activity
may be altered by differences in its partners.

We showed that Arop54, parasites are susceptible to the IFN-y-mediated antimi-
crobial response in vivo and in vitro, suggesting that the Arop54, parasites lack an
immunosuppressive function (Fig. 6A to D). The susceptibility of the Arop54, parasites
correlated with the increased GBP2 loading on the vacuoles of Arop54,, parasites, while
IRGb6 loading was sustained (Fig. 6E; see also Fig. S6 in the supplemental material).
These data collectively suggest that the virulence defect observed in Arop54,, parasites
in vivo is due to the GBP2 innate immune response (Fig. 5). GBPs play a significant
role in controlling Toxoplasma infection, as IFN-y-primed MEFs lacking GBP<h3 are
deficient in parasite clearance (23). Multiple GBPs are likely to be important for host
resistance, as complementation of GBP<hr3-disrupted MEFs with GBP2 was not sufficient
to control parasite burden (23). However, GBP2~/~ mice exhibit an increased suscep-
tibility to Toxoplasma infection in vivo, and GBP2~/~ MEFs are unable to limit parasite
replication in vitro (25). Our data indicate that the pseudokinase ROP54 modulates
immune loading of GBP2 (Fig. 6E), suggesting that it may represent a parasite strategy
to evade the GBP2-mediated immune response. It is not known whether ROP54
functions in conjunction with an unidentified active ROP kinase to phosphorylate GBP2
(in a manner similar to the ROP5/ROP18 complex). It is also not known whether ROP54
may have potential roles in disarming other members of the IRG or GBP family, which
will be the focus of future studies.

MATERIALS AND METHODS

Parasite and host cell culture. T. gondii type | RHAku80 and type Il PruAku80 parental strains and the
resulting modified strains were maintained in confluent monolayers of human foreskin fibroblast (HFF)
host cells as previously described (47). Immortalized C57BL/6) macrophages were donated by Kenneth
Bradley (UCLA). Bone marrow-derived macrophages (BMDMs) were donated by Steven Bensinger (UCLA).

Antibodies used for Western blot assays and IFAs. Hemagglutinin epitope tags were detected
with mouse monoclonal antibody (MAb) HA.11 (Covance) and rabbit polyclonal antibody (pAb) anti-HA
(Invitrogen). Flag epitope tags were detected with mouse anti-Flag MAb M2 (Sigma). Rabbit anti-ROP5
was received from David Sibley (Washington University, St. Louis, MO). Mouse MAb anti-ROP7, rat pAb
anti-ROP9, and rabbit pAb anti-ROP13 antibodies were generated in the Bradley laboratory (33, 48).
IRGb6 was detected with a goat pAb antibody (Santa Cruz Biotechnology). Rabbit anti-GBP2 pAb was
received from Jorn Coers from Duke University (49). Mouse anti-SAG1 (DG52) MAb and rabbit anti-SAG1
pAb were both obtained from John Boothroyd at Stanford University (50).

Endogenous tagging of TGME49_210370. To endogenously tag TGME49_210370, the C terminus
of the gene was PCR amplified with primers P1/P2 (primers are listed in Table S1 in the supplemental
material) from PruAku80 and RHAku80 genomic DNA, T4 processed, and ligated using ligase-
independent cloning (LIC) into 3XHA- or 2XStrep 3XFlag-tagging plasmids which contained the
selectable marker HXGPRT as previously described (47). Fifty-microgram aliquots of the tagging con-
structs were linearized with Pstl and transfected into PruAku80 and RHAku80 parasites. Stably transfected
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parasites were selected with MX medium (50 pg/ml mycophenolic acid and 50 ug/ml xanthine) and
cloned using the limiting dilution method (51).

IFA. T. gondii strains were used to infect coverslips with a confluent monolayer of HFFs under the
indicated time constraints for the IFA analyses. The coverslips were fixed in 3.7% formaldehyde-
phosphate-buffered saline (PBS) for 15 min and then blocked and permeabilized in 3% bovine serum
albumin (BSA)-0.2% Triton X-100-PBS for 30 min. The samples were then incubated with primary
antibody diluted in 3% BSA-0.2% Triton X-100-PBS for 1 h at room temperature. The coverslips were
then washed in PBS (5 times for 5 min each) and treated with secondary antibodies Alexa 488-conjugated
goat anti-mouse and/or Alexa 594-conjugated goat anti-rabbit (Molecular Probes) diluted 1:2,000 in 3%
BSA-0.2% Triton X-100-PBS (27, 52).

Evacuole assay. Evacuoles were assessed as previously described (5, 33). Extracellular ROP54HA,
parasites were treated with prechilled Dulbecco’s modified Eagle’s medium containing 1 uM cytocha-
lasin D (Sigma). The parasites were then added to prechilled confluent monolayers of HFFs for 20 min.
The coverslips were washed, and warm medium was added for 20 min. The coverslips were then washed
with PBS and an IFA was performed as explained above.

Disruption of ROP54. To disrupt ROP54, the 5’ and 3’ regions flanking the ROP54 gene were PCR
amplified from PruAku80 and RHAku80 genomic DNA with primers P3/P4 and P5/P6 and ligated into the
PMiniGFP.ht-DHFR knockout plasmid (48). Fifty-microgram amounts of the plasmid were linearized with
Xbal and transfected into ROP54 HA-tagged parasite lines. The parasites were selected with 1 uM
pyrimethamine, and knockouts were cloned via limiting dilution and identified by lack of HA staining in
IFA and Western blot assays. The knockouts for type | and type || ROP54 were designated clones Arop54,
and Arop54,, (48).

Complementation of ROP54. The endogenous locus of ROP54 was PCR amplified with primers P7
and P8 from genomic DNA from the ROP54HA, strain. The PCR product contained the endogenous
promoter, ROP54 gene, 3XHA tag, and the HXGPRT 3’-untranslated region from the tagging construct.
The amplicon was ligated into a complementation vector with the 3’ and 5’ flanks of the deleted Ku80
locus and selectable marker HXGPRT (provided by Vern Carruthers, University of Michigan) (53). The
plasmid was linearized with BssHII, transfected into the Arop54, clone, and selected with MX medium. A
ROP54 complement clone (ROP54c,) was generated using limiting dilution, and complementation was
assessed by IFA and Western blot analysis (48).

Macrophage clearance assay. For macrophage clearance assays, RAW 267.4 cells were seeded at 1
million cells per T25 flask and activated with 100 units/ml of IFN-y (Millipore) and 10 ng/ml of
lipopolysaccharide (LPS; Sigma). The ROP54HA,, Arop54,, and ROP54c, parasite strains were used to
infect the RAW 267.4 cells at a multiplicity of infection (MOI) of 1 for 20 h, and the inoculum was
confirmed via plaque assay. Total genomic DNA of each flask was isolated by using a DNA isolation kit
(Promega). The amount of Toxoplasma and RAW 267.4 genomic DNA was quantified by gPCR (BioRad).
TgACT1 was amplified with primers P15 and P16, and BALB/c actin was amplified with primers P13 and
P14, using 2X SYBR green stain (BioRad). The AC; values were calculated based on the amount of TgACT7
relative to BALB/c actin (36-38). The Arop54, and ROP54c, values were then normalized to the value for
ROP54HA,, to determine DNA amounts of the strains relative to that in the parental parasite strain.

In vitro viability assay. The in vitro viability assays, BMDMs were seeded at 1 million cells per T25
flask and activated as described above. The ROP54HA,, Arop54,, and ROP54c, parasite strains were used
to infect the BMDMs at an MOI of 1 for 20 h. The inoculum was confirmed via plaque assay. Parasites were
mechanically disrupted with syringe lysis via a 17-gauge needle syringe and used to infect HFF
monolayers with serial dilutions. Plaques were enumerated at 10 days postinfection, and the average
number of live parasites per milliliter was calculated. Averages of Arop54, and ROP54c, parasite plaques
were then normalized to the ROP54HA, values to determine the relative fold changes in plaques per
milliliter between the parasite strains (38).

Plaque assays. HFF monolayers were seeded onto 24-well plates and allowed to grow to confluence
for plaque assays. These host cells were infected with an inoculum of each parasite strain, and plaques
were allowed to grow for 6 days for type | parasites and 10 days for type Il parasites (54). Each well was
fixed with ice-cold methanol for 5 min, and the areas of the individual plaques were measured using the
Zen imaging program (Zeiss).

Western blot assay. Extracellular parasites were lysed in Laemmli sample buffer (50 mM Tris-HCI
[pH 6.8], 10% glycerol, 2% SDS, 1% 2-mercaptoethanol, 0.1% bromophenol blue) and heated at 95°C for
5 min in preparation for the Western blot assays. Samples were then separated by SDS-PAGE and
transferred to nitrocellulose membranes (Maine Manufacturing, LLC). Equivalent loading of protein in
each well was confirmed by counting parasites and verified by staining with antibodies against a loading
control protein (52).

Light microscopy and image processing. IFA and plaques assay results were visualized on an Axio
Imager.Z1 fluorescence microscope (Zeiss) as previously described (55). Images were collected using the
AxioCam MRm charge-coupled-device camera and Zeiss Zen imaging software. Image stacks were
collected at z-increments by using the “optimal slice” tool of the imaging software. The highest-quality
images from the stack were deconvolved by using a point-spread function to generate a maximum
intensity projection (MIP) (52).

Semipermeabilization of host cell membranes for detection of ROPs on PVM. To detect ROPs on
PVM via semipermeabilization, confluent monolayers of HFFs were seeded onto coverslips and infected
with ROP54HA,, parasites at the indicated time points. The samples were washed quickly with PBS and
fixed in 4% formaldehyde (Polysciences) for 10 min at room temperature. The fixed coverslips were
quenched with 100 mM glycine-PBS for 5 min at room temperature. The cells were permeabilized with
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either 0.002% digitonin-PBS (made fresh for each experiment) for 2.5 min at 4°C or 0.01% saponin-PBS
for 30 min at room temperature. The samples were placed in blocking buffer (10% fetal calf serum
[FCS]-PBS) for 30 min at room temperature to prevent nonspecific binding of the antibodies. Primary
antibodies were diluted in blocking buffer (1:300 for MAb HA.11 [Covance], 1:300 for pAb ROP5 [Sibley],
1:100,000 for mouse SAG1 [DG52], and 1:100,000 for rabbit pAb SAG1) and used to probe the coverslips
at room temperature for 1 h. The secondary antibodies Alexa 488-conjugated goat anti-mouse and Alexa
594-conjugated goat anti-rabbit (Invitrogen) were diluted at 1:2,000 in blocking buffer and added to the
samples for incubation for 1 h (27). The coverslips were mounted in Vectashield (Vector Labs.) or ProLong
Gold (Molecular Probes) and viewed with an Axio Imager.Z1 fluorescence microscope (Zeiss).

In vivo virulence assays. C57BJ/B6 mice (Jackson Laboratory) were injected i.p. with ROP54HA,,
Arop54,, or ROP54c, parasites at doses of 500, 5,000, and 50,000 parasites (n = 4 mice/dose) (14).
IFN-yR~/~ mice were acquired from Jane Deng laboratory (UCLA) and i.p. injected with 5,000 parasites.
Parasite viability from the injections was verified by plaque assay immediately after infecting the mice.
Mice were carefully monitored for 21 days to observe for weight loss and in accordance with institutional
guidelines approved by the UCLA Animal Research committee.

In vivo competition assay. A mixed aliquot of ~60% Arop54, and ~40% ROP54HA, was made at a
dose of 50,000 parasites. The mixed dose was i.p. injected into C57BJ/B6 mice, and the ratio of the mixed
inoculum was confirmed by IFA. On days 4 and 7, the mice were sacrificed and peritoneal lavage samples
were collected with wash buffer (1% FCS-5 mM EDTA in PBS). The cells collected from the lavage fluid
were mechanically disrupted to liberate parasites. Confluent HFFs were infected with the parasites for
40 h. The coverslips were fixed and stained for IFA, and the ratios of ROP54HA, and Arop54, parasite
vacuoles were determined. Spleens were also harvested on day 7 and homogenized in 1 ml of PBS. The
homogenate was mechanically disrupted with sequential passage through 18-, 25-, and 27.5-gauge
needles and used to infect a confluent monolayer of HFFs for 40 h. The monolayer was examined by IFA,
and the numbers of ROP54HA, and Arop54, parasite vacuoles were determined.

Immunoprecipitation. For the immunoprecipitation assays, extracellular ROP54SF, parasites were
harvested and lysed in 0.5% NP-40, 150 mM NaCl, and 1X protease inhibitor cocktail (Roche) on ice for
30 min. The lysate was centrifuged at 14,000 X g at 4°C for 20 min. The supernatant was incubated with
streptactin beads (Iba) for 4 h at room temperature. The beads were washed and eluted with 10 mM
desthiobiotin in lysis buffer (56). Ten percent of the eluate was used for Western blot analysis, and the
remainder was analyzed by mass spectrometry.

Statistical analysis. All experiments with three or more independent experiments were analyzed
using one-way analysis of variance (ANOVA) and the Student-Newman-Keuls method for pairwise
analyses.
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CHAPTER 5

Summary
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This dissertation addresses the host-pathogen interactions between the innate
immune system of the host and the evasion mechanisms of Toxoplasma gondii. From
these interactions we have gained insight into the molecular mechanisms by which the
innate immune system utilizes to clear microbes from the host. The M® is a sentinel of
the innate immune system that serves as the first line of host defense during the early
stages of infection. Here, we have found that micronutrients contribute to the
antimicrobial response of M® against mycobacteria. Additionally, we have discovered a
novel rhoptry pseudokinase that modulates Toxoplasma virulence and evades M®
clearance by GBP2. Collectively these studies provide insight into the host-pathogen
interactions upon the onset of infection, which may help develop novel therapeutics
against harmful pathogens.

Previous studies from our laboratory demonstrate that TLR2/1 activation leads to
indirect and direct effector pathways by the innate immune system . From these
immune models we found that primary human monocytes treated with IL-15 differentiate
into M® that express a vitamin D-dependent antimicrobial pathway against mycobacteria
3. This specialized M® subset has been identified in T-lep lesions, the resistant form of
leprosy disease *. A caveat from these previous studies is that the IL-15 M® was
differentiated in vitamin D deficient conditions. Therefore, in Chapter 1 we address how
the physiological levels of vitamin D during M® differentiation affect phenotype and
function. We were interested in how vitamin D status contributed to the immune
response prior to the onset of infection because previous reports have demonstrated that
vitamin D supplementation to active TB patients had been largely unsuccessful >°. We

show that 25D3 status does not alter the phenotype or phagocytic function of IL-15 M,
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but armed the M® with cathelicidin. Upon microbial challenge, the IL-15 M® that were
differentiated in the presence of 25D3 demonstrated a powerful antimicrobial response
against M. leprae. These data suggests that other vitamin D-dependent antimicrobial
mechanisms such as autophagy ’, expression of antimicrobial peptides *’ (e.g defb4) and

. e . . . 10.11
inhibition of mycobacteria evasion mechanisms

may also contribute to the
antimicrobial response against M. tuberculosis. Taken together, these studies indicate
that host vitamin D status is critical to the direct effector function of antimicrobial M.

Due to the lack of an accessible experimental animal model that recapitulates the
human immune response and pathogenesis of mycobacterial-mediated diseases, it is
difficult to assess the human immune response against M. tuberculosis infection in the
lung. However, several reports have demonstrated that M® packed with high lipid
content are associated with the pathogenesis in M. tuberculosis '>. Previous studies from
our laboratory demonstrate that ATRA triggers a lipid efflux pathway in monocytes and
M®, which contributes to the antimicrobial response against M. tuberculosis in vitro .
ATRA has also been documented to induce several different types immune responses
against M. tuberculosis such as induce M® differentiation ', sustain granuloma
formation " and increase phagolysosomal fusion '°. However, ATRA is the bioactive
form of vitamin A, and active TB patients present low sera levels of retinol. These data
collectively suggest that retinol must be converted into ATRA in the lung to trigger an
antimicrobial response against M. tuberculosis.

Active TB patients present low retinol sera levels relative to household contacts
117 "but in vitro studies demonstrate that ATRA triggers direct antimicrobial effects

10,13,18

against M. tuberculosis . Therefore, understanding the mechanism by which the
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immune system converts retinol to ATRA at the site of infection is critical in
understanding how retinol levels influence the immune response against M. tuberculosis.
We investigated vitamin A metabolism in innate immune subsets in Chapter 2 and found
that GM-DCs are the cellular source of retinol bioconversion. The classical function of
dendritic cells is to activate the adaptive immune system, but our data provides evidence
that transcellular metabolism of retinol by DCs leads to the release of ATRA and triggers
an antimicrobial response against M. tuberculosis monocytes and M®. Transcellular
metabolism has also been characterized in monocytes and alveolar M® that contain a
class of enzymes cyclo-oxygenases (COX), which produce prostaglandin from
arachidonic acid (AA) '**°. Interestingly, M® treated with AA demonstrated a reduced
the pH in phagolysosomes containing M. tuberculosis and a decrease in bacterial viability
2!, However, during the late stages of TB disease increased levels of prostaglandin and
COX-2 protein levels were detected in the lung **. Collectively, these studies suggest
that understanding the link between lipids and micronutrient transcellular metabolism
pathways and how they contribute to resistance or susceptibility to TB disease will
warrant further investigation.

The transcellular retinol metabolism pathway by GM-DCs is an in vitro immune
model that was assessed in the lung of active TB patients. Our data demonstrates that
GM-DCs depend on the enzymatic activity of ALDHI1A2 to produce ATRA and activate
neighboring cells. Microarray analysis and immunohistochemistry data reveal that the
mRNA and protein expression levels of ALDHIA2 and CD1b are significantly lower in
TB lung tissues compared to normal lung. These observations indicate that DC-mediated

vitamin A metabolism is absent in the lung, which implies that ATRA triggered immune
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responses against M. tuberculosis are attenuated at the site of disease. These results
highlight the importance of retinol activation at the site of TB disease and provide a
potential mechanism by which retinol supplementation in active TB patients has been
unsuccessful 2. Novel therapeutics that promote retinol metabolism in the lung of active
TB patients will support vitamin A adjuvant therapy. Furthermore, given that normal
lungs expresses the vitamin A metabolism pathway, retinol supplementation to
uninfected and vitamin A deficient individuals that are exposed to active TB patients
could be a potential strategy that prevents the spread of disease. Successful containment
of the disease may allow for resources to be allocated to the areas that demonstrate the
highest rates of TB burden and decrease TB incidence.

Sufficient micronutrient levels are essential to sustaining a fully functional
immune system, which protect the host from the onset of microbial infection. However,
disease causing microbes have evolved immune evasion mechanisms that block direct
effector pathways of the immune system, which promote the survival of the pathogen
2 To understand the mechanisms of evasion against the immune system we studied
the parasite 7. gondii. The rhoptries are secretory organelles that inject effector proteins
into the host cell to invade and co-opt host cell functions. There are ~40 pseudokinases
and kinases in the ROP effector family, but their functions remain largely unknown. In
Chapter 3, we have found a novel rhoptry pseudokinase effector protein, ROP54, which
is injected into the host cell upon invasion and traffics to the cytoplasmic face of the
parasitophorous vacuole membrane (PVM). Originally, ROP54 was annotated to be a
RNA-helicase in the Toxoplasma database, but other protein prediction tools suggest that

ROP54 is a potential pseudokinase. This observation peaked our interest because
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previous studies have demonstrated that peudokinase effector proteins of Toxoplasma

play a significant role in virulence ****

. ROP5 is a known pseudokinase effector protein
that also localizes to the PVM and forms a complex with ROP17 and ROP18 to evade
clearance from immunity-repated GTPase B6 (IRGB6). During the early stages of
infection ROP54 localized to fewer PVM relative to ROPS. At 12 hours post infection
ROP54 was detected at similar amounts as ROP5 on the PVM. Additionally,
immunoprecipitation of ROP54 revealed that the pseudokinase does not form a complex
with ROP5/17/18. These data collectively suggests that ROP54 is a novel rhoptry
effector protein that localizes to the PVM, which functions independently from the
ROP5/17/18 complex.

Although ROP54 functions independently from the ROP5/17/18 complex, both
ROPS and ROP54 are pseudokinases that localize to the PVM. Since ROPS5 has been
described as an essential virulence factor of 7. gondii, we investigated how ROP54
contributed to the virulence of 7. gondii. Our results show that disruption of ROP54 in
type Il parasites (Arop54) did not affect growth in vitro, but demonstrated a 100-fold
decrease in virulence in vivo. Previous studies demonstrate that M® and inflammatory
monocytes are critical to the clearance of Toxoplasma from mice in vivo *°. In addition,
the pro-inflammatory cytokine IL-12 and IFN-gamma are critical to the clearance of the
parasite in mice *°. Therefore, we investigated an effector pathway of IFN-gamma
activated M® in Arop54 parasites. We observed a significant increase of GBP2 loading
onto the parasitophorous vacuole (PV) of Arop54 parasites relative to control parasite
strains, which suggests that ROP54 plays a role in evading GBP2-mediated clearance.

Collectively, these results demonstrate that ROP54 is a pseudokinase effector protein that
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promotes virulence by modulating GBP2 loading onto the PVM. Novel therapies that
inhibit the immune evasion function of ROP54 could provide an optimal treatment
against toxoplasmosis.

In summary, the work in this dissertation describes the host-pathogen interactions
between the M® and deleterious microbes. Our data shows that the presence of sufficient
levels of 25D3 prior to microbial infection contributes to the effective clearance of
pathogens in vitamin D-dependent antimicrobial M®. This study supports future clinical
studies that study the relationship between vitamin D supplementation to the
susceptibility to microbial infection and disease. Also, we found that GM-DCs are the
cellular source that links host retinol levels to ATRA production at the site of disease.
GM-DCs activate retinol and release ATRA, which triggers an antimicrobial response
against M. tuberculosis in monocytes and M®. From this in vitro model we demonstrate
that transcellular metabolism of vitamin A by DCs is absent in the lung of active TB
patients. These data collectively provide insight into TB disease and how transcellular
metabolism of vitamin A may be critical to the host defense against M. tuberculosis
infection at the site of disease. Finally, we identified a novel rhoptry effector protein that
modulates GBP2 loading to increase Toxoplasma virulence. Further studies that
investigate host-pathogen interactions can lead to the discovery of novel drug targets and

therapeutic strategies.

135



References

1 Krutzik, S. R. ef al. TLR activation triggers the rapid differentiation of monocytes
into macrophages and dendritic cells. Nat Med 11, 653-660, doi:10.1038/nm1246
(2005).

2 Liu, P. T. et al. Toll-like receptor triggering of a vitamin D-mediated human
antimicrobial response. Science 311, 1770-1773, doi:10.1126/science.1123933
(20006).

3 Krutzik, S. R. et al. IL-15 links TLR2/1-induced macrophage differentiation to
the vitamin D-dependent antimicrobial pathway. J Immunol 181, 7115-7120
(2008).

4 Montoya, D. et al. Divergence of macrophage phagocytic and antimicrobial
programs in leprosy. Cell Host Microbe 6, 343-353,
do0i:10.1016/j.chom.2009.09.002 (2009).

5 Martineau, A. R. et al. A single dose of vitamin D enhances immunity to
mycobacteria. Am J Respir Crit Care Med 176, 208-213,
do0i:10.1164/rccm.200701-0070C (2007).

6 Daley, P. et al. Adjunctive vitamin D for treatment of active tuberculosis in India:
a randomised, double-blind, placebo-controlled trial. Lancet Infect Dis 15, 528-
534, doi:10.1016/S1473-3099(15)70053-8 (2015).

7 Fabri, M. et al. Vitamin D is required for [IFN-gamma-mediated antimicrobial
activity of human macrophages. Sci Trans! Med 3, 104ral02,

doi:10.1126/scitranslmed.3003045 (2011).

136



10

11

12

13

14

15

Liu, P. T. et al. Convergence of IL-1beta and VDR activation pathways in human
TLR2/1-induced antimicrobial responses. PLoS One 4, 5810,
doi:10.1371/journal.pone.0005810 (2009).

Liu, P. T., Stenger, S., Tang, D. H. & Modlin, R. L. Cutting edge: vitamin D-
mediated human antimicrobial activity against Mycobacterium tuberculosis is
dependent on the induction of cathelicidin. J Immunol 179, 2060-2063 (2007).
Anand, P. K. & Kaul, D. Downregulation of TACO gene transcription restricts
mycobacterial entry/survival within human macrophages. FEMS Microbiol Lett
250, 137-144, doi:10.1016/j.femsle.2005.06.056 (2005).

Anand, P. K. & Kaul, D. Vitamin D3-dependent pathway regulates TACO gene
transcription. Biochem Biophys Res Commun 310, 876-877 (2003).

Russell, D. G., Cardona, P. J., Kim, M. J., Allain, S. & Altare, F. Foamy
macrophages and the progression of the human tuberculosis granuloma. Nat
Immunol 10, 943-948, doi:10.1038/ni.1781 (2009).

Wheelwright, M. et al. All-trans retinoic acid-triggered antimicrobial activity
against Mycobacterium tuberculosis is dependent on NPC2. J Immunol 192,
2280-2290, doi:10.4049/jimmunol. 1301686 (2014).

Liu, P. T. et al. CD209(+) macrophages mediate host defense against
Propionibacterium acnes. J Immunol 180, 4919-4923 (2008).

Gundra, U. M. ef al. Vitamin A mediates conversion of monocyte-derived
macrophages into tissue-resident macrophages during alternative activation. Nat

Immunol 18, 642-653, do1:10.1038/n1.3734 (2017).

137



16

17

18

19

20

21

22

23

24

Mugusi, F. M., Rusizoka, O., Habib, N. & Fawzi, W. Vitamin A status of patients
presenting with pulmonary tuberculosis and asymptomatic HIV-infected
individuals, Dar es Salaam, Tanzania. Int J Tuberc Lung Dis 7, 804-807 (2003).
Ramachandran, G. ef al. Vitamin A levels in sputum-positive pulmonary
tuberculosis patients in comparison with household contacts and healthy
'‘normals'. Int J Tuberc Lung Dis 8, 1130-1133 (2004).

Crowle, A.J. & Ross, E. J. Inhibition by retinoic acid of multiplication of virulent
tubercle bacilli in cultured human macrophages. Infect Immun 57, 840-844
(1989).

Serhan, C. N., Haeggstrom, J. Z. & Leslie, C. C. Lipid mediator networks in cell
signaling: update and impact of cytokines. FASEB J 10, 1147-1158 (1996).
Bigby, T. D. & Meslier, N. Transcellular lipoxygenase metabolism between
monocytes and platelets. J Immunol 143, 1948-1954 (1989).

Anes, E. et al. Selected lipids activate phagosome actin assembly and maturation
resulting in killing of pathogenic mycobacteria. Nat Cell Biol 5, 793-802,
doi:10.1038/ncb1036 (2003).

Rangel Moreno, J. et al. The role of prostaglandin E2 in the immunopathogenesis
of experimental pulmonary tuberculosis. Immunology 106, 257-266 (2002).
Pakasi, T. A. et al. Zinc and vitamin A supplementation fails to reduce sputum
conversion time in severely malnourished pulmonary tuberculosis patients in
Indonesia. Nutr J 9, 41, doi:10.1186/1475-2891-9-41 (2010).

Liu, P. T. et al. MicroRNA-21 targets the vitamin D-dependent antimicrobial

pathway in leprosy. Nat Med 18, 267-273, doi:10.1038/nm.2584 (2012).

138



25

26

27

28

29

30

Teles, R. M. et al. Type I interferon suppresses type II interferon-triggered human
anti-mycobacterial responses. Science 339, 1448-1453,
doi:10.1126/science.1233665 (2013).

Behnke, M. S. ef al. The polymorphic pseudokinase ROP5 controls virulence in
Toxoplasma gondii by regulating the active kinase ROP18. PLoS Pathog 8,
€1002992, doi:10.1371/journal.ppat.1002992 (2012).

Reese, M. L. & Boothroyd, J. C. A conserved non-canonical motif in the
pseudoactive site of the ROPS pseudokinase domain mediates its effect on
Toxoplasma virulence. J Biol Chem 286, 29366-29375,
doi:10.1074/jbc.M111.253435 (2011).

Reese, M. L., Zeiner, G. M., Saeij, J. P., Boothroyd, J. C. & Boyle, J. P.
Polymorphic family of injected pseudokinases is paramount in Toxoplasma
virulence. Proc Natl Acad Sci U S A 108, 9625-9630,
do0i:10.1073/pnas.1015980108 (2011).

Dunay, L. R. et al. Grl(+) inflammatory monocytes are required for mucosal
resistance to the pathogen Toxoplasma gondii. Immunity 29, 306-317,
doi:10.1016/j.immuni.2008.05.019 (2008).

Gazzinelli, R. T. ef al. Parasite-induced IL-12 stimulates early [IFN-gamma
synthesis and resistance during acute infection with Toxoplasma gondii. J

Immunol 153, 2533-2543 (1994).

139





