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ABSTRACT OF THE DISSERTATION

Immunomodulation of Cardiovascular Pathology

in Chronic Kidney Disease

Jessica Layman Sea
Doctor of Philosophy in Molecular, Cell, and Developmental Biology
University of California, Los Angeles, 2016
Professor Martin Hewison, Co-Chair

Professor John S. Adams, Co-Chair

Cardiovascular disease (CVD) is the most common cause of the death among
patients with chronic kidney disease (CKD). Fibroblast growth factor (FGF) 23, a
potent regulator of the vitamin D system, is markedly upregulated early in CKD,
with levels increasing as kidney function declines. Clinical studies suggest
connections between FGF23 and cardiovascular complications associated with CKD,
as both are strongly correlated to decreased renal output. Vitamin D deficiency is
another serious co-morbidity associated with CKD. A key regulator of innate
immune function, vitamin D plays an important role in CVD propagated by chronic

inflammation. However, the contributions FGF23 and vitamin D to CKD-related
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cardiovascular pathologies remain uncharacterized. This dissertation explores the
various roles of FGF23 and vitamin D in monocytes and endothelial cells with a
focus on CKD-induced cardiovascular co-morbidities.

CVD, particularly atherosclerosis, is initiated by systemic inflammation,
endothelial dysfunction, and aberrant lipid profiles, with key players being
monocyte/macrophage populations and the endothelium. The vitamin D system is
well characterized in monocytes, acting in both antimicrobial and anti-
inflammatory capacities. CKD is marked by chronic inflammation, which is also a
key contributor to atherosclerosis. FGF23 is traditionally known for down
regulating renal vitamin D synthesis. Given the connections between vitamin D and
monocytes with CVD, we first sought to determine whether FGF23 had any effect
on the vitamin D system in these cells. Here we demonstrate the ability for FGF23
to limit the immune properties of vitamin D in monocytes, and thus potentially
contribute to the abnormal inflammatory patterns known to initiate CVD.

We next investigated the interactions between monocytes and endothelial
cells in the context of CKD. Incubating co-cultures of human aortic endothelial cells
and monocytes with FGF23 caused both phenotypic and functional changes in both
cell types related to CVD. In the final two chapters, we focus on characterizing
alternative functions of vitamin D in monocytes and endothelial cells. First, we
demonstrate vitamin D indirectly facilitates monocyte iron sequestration related to

anemia of CKD. Then, we also show that vitamin D exhibits antioxidative
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properties in endothelial cells that may play a beneficial in atherosclerotic plaque
regression.

Taken together, we hope the work presented in this dissertation will provide
new insights into the immune interactions that contribute to CKD pathogenesis or
host protection. Understanding the interplay between the immune system and the
endothelial microenvironment is a critical step to the eventual development of

immunotherapies for CVD.
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Chapter 1

Introduction



Chronic kidney disease: a brief overview

Chronic kidney disease (CKD) is a debilitating disease affecting over 26
million Americans, roughly 10% of Americans and up to 16% of the population
worldwide [1-3]. CKD is defined by any structural and/or functional change in the
kidney regardless of the cause that persists for at least 3 months [4]. The most
common causes of renal disease are diabetes (44%) and high blood pressure (28%)
[2, 3]. Renal dysfunction often goes undetected early in disease, and when left
untreated CKD can lead to serious complications including cardiovascular diseases,
inflammation, anemia, bone disease, nerve damage, and infections [5-10]. Despite
similar incidence rates of CKD across sex and ethnicity, women and minorities are
at a significantly higher risk for developing End Stage Renal Disease (ESRD)
requiring dialysis and organ transplantation [3]. Causes for these differences are
not clear; however, the increased prevalence of diabetes and hypertension in
minority populations as well as limited access to healthcare may be contributing
factors [11].

The severity of CKD 1is classified into 5 stages that are determined by
glomerular filtration rate (GFR) and albuminuria as outlined in Figure 1 [4]. Stage
1 of CKD is characterized by normal renal function with a GFR above 90 mL/min;
but with signs of kidney damage such as proteinuria or hematuria. In stage 2 of
CKD, kidneys are performing at a less than optimal efficiency with a GFR between
60-89mL/min. However, due to the silent nature of CKD symptoms during stages 1

and 2, patients often go undiagnosed unless tests are being run to diagnosis other
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conditions such as diabetes or high blood pressure, both of which are the leading
causes of CKD. Depending on the cause of renal dysfunction, it can take months to
years before patients notice changes that would lead them to seek medical care.
Uncontrolled CKD grossly increases the risk of developing co-morbidities, most
often hypertension, dyslipidemia, cardiovascular disease (CVD), and systemic
inflammation [11].

Patients begin to experience symptoms of CKD during stage 3, which is split
into two groups: 3a (GFR 45-59mL/min) and 3b (GFR 30-44mL/min). However, in
this stage, the symptoms of CKD are relatively mild and rather non-specific: mild
fatigue, loss of appetite, and difficulty concentrating. Secondary
hyperparathyroidism and anemia start developing during stage 3, and become
progressively worse as the disease moves into stage 4 CKD.

Stage 4, classified as severe CKD, is the point at which more serious uremic
symptoms begin with patients experiencing nausea, vomiting, loss of appetite,
cognitive disruptions, and nervous system issues resulting from the increase of
uremia. Signs and symptoms of anemia, which is associated with CKD, include
shortness of breath, fatigue, pallor, and tachycardia [12]. Signs and symptoms of
renal osteodystrophy include bone pain, fractures, deformities, and, in children,
growth failure. Often times, complications of renal dysfunction such as
hypertension, anemia, and bone disease also arise during stage 3 CKD. With a GFR
between 15-29mL/min, patients usually begin dialysis to manage waste product

expulsion from the blood. Although all patients with CKD are at an increased risk



of CVD, stage 4 severe CKD 1is the most common stage at which patients develop
cardiovascular diseases with congestive heart disease, atherosclerosis, and vascular
calcifications being the most common. As kidney function declines to a GFR less
than 15mL/min, patients enter end stage renal disease (ESRD) whereby the kidneys
function at less than 5% efficacy. At this stage, urine production ceases, the physical
and cognitive symptoms worsen, and patients require dialysis and/or kidney
transplant for survival.

CKD precipitates several co-morbidities including systemic inflammation,
dyslipidema, and cardiovascular disease (CVD) [5, 11]. Chronic inflammation and
aberrant lipid profiles observed in CKD patients likely contribute to the accelerated
rate at which patients develop CVD. There are no cures for CKD, therefore
treatments focus on managing the systemic effects resulting from declining renal
function. Co-morbid conditions of CKD add to the complexity of managing the
patient’s health and wellness, particularly when drugs are required to treat
autoimmune diseases and/or hypertension would be cleared by in an otherwise

healthy patient’s kidneys.

Clinical components of renal disease

CKD 1is an endocrine disease impacting several organ systems and a
multitude of autocrine, paracrine, and endocrine signaling networks. Molecules that
are most significant and clinically relevant to CKD include: fibroblast growth factor

(FGF) 23, vitamin D, phosphate, and parathyroid hormone (PTH). Elevated serum
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FGF23 is the earliest detectable sign of renal dysfunction and is often observed with
systemic inflammation [13, 14]. The etiology of increased FGF23 is not clear and its
relation to chronic inflammation is widely unknown. Whether inflammation
precedes the increase in serum FGF23 or vice-versa remains controversial [15, 16].
Also occurring early in CKD is a rise in serum phosphate that correlates with
decreased renal output [17].

Although increased serum FGF23 levels are observed prior to elevations in
serum phosphate, hyperphosphatemia associated with CKD contributes to
increased FGF23 levels, hypocalcaemia, and vitamin D deficiency. Phosphate-
induced decreases in serum calcium and 1,25-dihydroxyvitamin D3 (1,25D) is
thought to be the leading cause of secondary hyperparathyroidism observed in CKD
as phosphate binders taken by patients in renal failure have been shown to
partially reduce elevated PTH levels. These mineral imbalances can lead to renal
osteodystrophy associated with CKD resulting in brittle bones and growth
impairment. In the early stages of CKD, circulating PTH levels remain steady:;
however as the disease progresses, despite using phosphate binders, PTH levels
increase with decreasing GFR. Collectively, high PTH, high FGF23, and low
vitamin D bioavailability, if left untreated, lead to severe bone disease and increase
the risk of cardiovascular complications.

Several methods of treatment are employed to address the systemic
metabolic changes caused by CKD. Dietary restrictions to reduce phosphate

ingestion, as well as supplementation of phosphate binders, vitamin D, and calcium



are the primary modalities used to mitigate secondary hyperparathyroidism.
However, some dietary restrictions can be difficult for patients to adhere to
consistently; and even complete compliance only partially alleviates increasing PTH
levels, which are inversely proportional to renal function. Currently, therapeutics to
offset increasing FGF23 levels are not available; however, animal studies using
neutralizing antibodies have demonstrated promise by lowering FGF23 levels and
reducing secondary hyperparathyroidism in rats. This demonstrates the future
possibility of lowering FGF23 levels early in CKD pathogenesis to potentially
alleviate severe systemic metabolic imbalances in these patients. Furthermore,
most cases of CKD are complicated by co-morbidities such as anemia, bone disease,
high blood pressure, diabetes, and cardiovascular disease that also require close

monitoring, as well as additional dietary guidelines, supplements, and mediations.

Regulation of vitamin D and FGF23

Vitamin D3, an inactive metabolite, undergoes a multi-step metabolism,
carried out in several different tissues. It is converted by hepatic 25-hydroxylase to
25-hydroxyvitamin D3 (25D), a pre-hormone. The majority of circulating 25D is
then converted in the kidney into the active metabolite 1,25-dihydroxyvitamin D3
(1,25D) by Cytochrome P450, Family 27, Subfamily B, Polypeptide 1 (CYP27B1)
(Figure 1.2). However, extra-renal expression of CYP27B1 as well as 1,25D
synthesis is well established in innate immune cells, including monocytes. Vitamin

D functions classically to maintain skeletal integrity by regulating calcium and
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phosphate balance. Deficiency in vitamin D results in disrupted in bone turnover
and mineralization patterns leading to several bone diseases including rickets and
osteomalacia. In the past few decades, extra-renal functions of vitamin D have
elucidated key roles in immunomodulation via eliciting bacterial killing and
regulating anti-inflammatory actions. However, the effects of vitamin D deficiency
in chronic inflammatory diseases such as CKD and CVD remain to be fully
characterized.

Under normal physiological conditions, 1,25D binds to intracellular vitamin
D receptor (VDR), a transcription factor that subsequently heterodimerizes with
retinoic acid receptor (RXR) to induce expression of several target genes. Excess
serum 1,25D up-regulates expression of FGF23 in osteoblasts. In turn, FGF23
regulates phosphate reabsorption in the kidney and suppresses renal expression of
CYP27B1. Together, FGF23 and vitamin D participate in a tightly regulated

feedback system to maintain homeostatic balance within the bone-kidney axis.

Atherosclerosis: Pathogenesis and propagation of disease

Atherosclerosis is a disease in which fatty plaques build up on the luminal
surface of arterial walls leading to CVD including coronary heart disease,
peripheral heart disease, and stroke. Increased blood pressure, a sign of endothelial
dysfunction, is the earliest clinically detectable sign of CVD, and is usually the
result of inflammatory insults. Elevated lipid concentrations in the blood,

particularly low-density lipoprotein (LDL) and its variants are thought to be key



players in the initiation of CVD by activating monocytes and triggering endothelial
responses. Endothelial activation in response to inflammatory cytokines,
chemokines, and activated monocytes consists of increased expression of cell surface
adherence markers: vascular cell adhesion marker (VCAM1), intracellular cell
adhesion marker (ICAM1), and endothelial selectin (E-sel). These endothelial cell
surface proteins interact with receptors on the surface of monocytes, functioning to
slow their pace and eventually facilitate monocyte extravasation into the sub-
endothelial space. As activated monocytes traverse the endothelial barrier,
becoming macrophages, phenotypic and functional changes occur to allow them to
resolve the issues that triggered the initial activation. Build-up of oxidized LDL (ox-
LDL) in the sub-endothelial space initiates monocyte recruitment and cascading
activation events. Monocytes recruited by ox-LDL mature into phagocytic
macrophages to engulf and clear excess ox-LDL. As the disease progresses, lipid-
engulfing macrophages become out-numbered by the increasing concentration of
lipids, and become unable to effectively clear ox-LDL, leading to the formation of an
atherosclerotic plaque. This pattern continues through the early stages of the
disease, with increasing numbers of phagocytic macrophages engulfing excessive
amounts of lipids to eventually form lipid-laden foam cells. These apoptotic foam
cells, unable to escape the sub-endothelial space burst, expelling their intracellular
contents. Pro-inflammatory macrophages respond to the cell debris by flooding the
sub-endothelial space and secreting chemokines to attract additional immune cells,

thus perpetuating the vicious and futile cycle.
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Collectively over time, excess ox-LDL, foam cells, inflammatory macrophages,
and cell debris form a necrotic lipid core. As the necrotic core grows larger from
accumulating particles, stress builds on the thin layer of dysfunctional endothelial
cells maintaining the lipid core. As the lesion grows, this necrotic cap becomes
brittle, increasing the risk of plaque rupture. Anti-inflammatory macrophages in
the lipid core that -classically function in wound repair secrete matrix
metalloproteinases (MMP) that act to stabilize the necrotic cap.

Atherosclerotic lesions are littered with a wide range of polarized
macrophage subtypes; however, those functioning in a pro-inflammatory or anti-
inflammatory capacity are the most prevalent and most influential in the lipid core.
The balance of resident macrophage subtypes in the lipid core largely determines
the composition of the lesion and the surrounding extracellular matrix proteins.
Certain macrophage subtypes are beneficial early in the disease, but over time
become counterproductive to plaque resolution. During early pathogenesis,
macrophages polarized toward either pro-inflammatory or lipid-engulfing
phenotypes are necessary for lipid clearance. However, over time they become part
of the problem as pro-inflammatory macrophages disburse cytokines and
chemokines that recruit additional immune cells into the plaque, thereby increasing
the size of lipid core. Later in the disease, apoptotic foam cells also contribute to
plaque growth and destabilization. Anti-inflammatory macrophages that are not
necessarily beneficial or harmful at the start of the disease are invaluable later on

as they function to stabilize the plaque, and in some cases can induce plaque
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regression. Mature atherosclerotic plaques containing a higher percentage of anti-
inflammatory macrophages are associated with better disease prognosis whereas
lesions with higher proportions of pro-inflammatory macrophages are associated
with poor prognosis. Atherosclerosis is a complex disease, and ultimately,
understanding the contributions of the cell types involved in the pathogenesis and
progression of the disease will facilitate the development of increasingly targeted

therapeutics to treat it.

Atherosclerosis in CKD

Cardiovascular emergencies stemming from CVD are the leading cause of
death in patients with CKD, followed by infection resulting from a compromised
immune system. Renal dysfunction is a huge risk factor for developing CVD, and as
the incidence of CKD increases, so does the incidence of CVD. Over 10% of the US
population suffers from CKD, and this number is projected to increase, adding to
the public health burden in the coming years. Current treatment limitations for
renal failure aimed at managing the secondary effects of CKD until transplantation,
highlights the urgency for new therapeutics targeting molecular aberrancies
contributing to cardiovascular dysfunction. Of the many potential factors that are
dysregulated in CKD, elevation of FGF23 occurs at the onset of renal decline with
serum concentrations dramatically increasing over the lifetime of the disease.
Previous studies have demonstrated correlations between elevated FGF23 and left

ventricular hypertrophy suggesting FGF23 may play a role in other cardiovascular
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pathologies associated with CKD. Calcium, phosphorus, and vitamin D
dysregulation are also huge risk factors for CVD.

One of the most prevalent cardiovascular events associated with CKD is
atherosclerosis leading to CVD [18-20]. The multifaceted nature of both CVD and
CKD compounds the co-morbid etiology; and the chronological order of events
leading to the diseases, both independently and together, remains largely unclear.
However, there is a consensus among the scientific and medical communities
regarding the main players contributing to increased risk of CVD in CKD. Several
traditional risk factors for developing CVD in the absence of renal dysfunction
include hypertension, aberrant lipid profiles, and chronic inflammation [18]. Each of
these risk factors can also be caused by CKD and therefore likely play important
roles in the pathogenesis of CKD-induced CVD.

In addition to filtration and excretion of waste products from the blood, the
kidneys are also responsible for regulating vasoconstriction and vasodilation
thereby controlling blood pressure. Patients with CKD not caused by hypertension
are at an increased risk of developing high blood pressure as renal function
declines. Rising blood pressure leads to an increase in turbulent blood flow causing
endothelial dysfunction, a key step in initiating CVD. Aberrant lipid profiles,
including high concentrations of cholesterol and ox-LLDL, are commonly observed in
CKD. Increasing levels of ox-LLDL in circulation accumulate in the sub-endothelial
space, triggering activation and extravasation of monocytes to aid in lipid clearance.

In the short-term, this is a vital part of maintaining tissue homeostasis; however,
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chronically elevated levels of ox-LLDL and monocyte activation can lead to eventual
systemic inflammation and atherosclerotic plaque formation.

Particularly troubling is the correlation between childhood renal disease and
cardiovascular disease [21]. Children lacking the traditional risk factors for CVD
seen in the majority of adults with CKD- smoking, hypertension, diabetes, etc- are
still highly susceptible to CVD [22-24]. Just like adults, children with CKD die from
cardiovascular pathologies resulting from renal dysfunction [25]. FGF23, which is
abnormally high very early in CKD, is a likely contributor to the cardiovascular
events associated with CKD. However, little is known about the effects of FGF23 on
the cardiovascular system and the mechanism by which it contributes to CVD. This
dissertation aims to elucidate the functions of FGF23 in the cardiovascular system

and clarify its role in CKD/CVD pathology.
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FIGURE 1.1

Prognosis of CKD by glomerular filtration rate (GFR) and albuminuria
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Figure 1.1 Prognosis of CKD by glomerular filtration rate and
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Figure adapted from KDIGO Clinical Practice Guideline for the Evaluation and

Management of Chronic Kidney Disease 2012; pg19.
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FIGURE 1.2
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Figure 1.2 FGF23 and 1,25D regulation feedback loop

Pre-hormone 250HD3 (25D) is converted to active 1,25(0H)2Ds (1,25D) by
CYP27B1. CYP24A1 metabolizes 1,25D to inactive 24,25(0H)sDs. 1,25D induces
FGF23 secretion from the bone. In turn, FGF23 down regulates 1,25D in two ways:
by inhibiting CYP27B1 and by inducing CYP24A1. Figure adapted from Sterling,
K.A., et al., The immunoregulatory function of vitamin D: implications in chronic

kidney disease. Nat Rev Nephrol, 2012. 8(7): p. 403-12.
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Chapter 2
Fibroblast growth factor 23 inhibits extrarenal
synthesis of 1,25-dihydroxyvitamin D

In human monocytes
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PREFACE

Serum levels of FGF23 are significantly elevated even in the earliest stages
of CKD, and continue to rise throughout disease progression. Playing a role in
endocrine mineral homeostasis, FGF23 down regulates renal metabolism of vitamin
D. The pre-active form of vitamin D, 25-hydroxyvitamin D (25D), is converted by
Cytochrome P450, Family 27, Subfamily B, Polypeptide 1 (CYP27B1) to the active
metabolite 1,25-dihydroxyvitamin D3 (1,25D). By suppressing expression of
CYP27B1, FGF23 reduces 1,25D synthesis and secretion.

Several extra-renal functions of vitamin D have been characterized,
particularly in monocytes, which express CYP27B1 and convert 25D to 1,25D.
Active vitamin D plays several roles in mediating immune responses to bacterial
infection, functioning both as an autocrine and paracrine effector. The aim of this
paper was to characterize extra-renal vitamin D functions in a pathological setting
mimicking CKD. Several in vitro models were employed including monocyte
cultures obtained from health donors as well as monocytes from patients in renal
failure.

The data presented in this publication illustrates the regulatory effects of
FGF23 on vitamin D metabolism and subsequent bioavailability in monocytes. Our
results suggest a mechanism by which FGF23 may quench vitamin D-driven

immune responses necessary for CKD patients to combat infections.
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Fibroblast Growth Factor 23 Inhibits Extrarenal Synthesis
of 1,25-Dihydroxyvitamin D in Human Monocytes

Justine Bacchetta,'? Jessica L Sea,' Rene F Chun,' Thomas S Lisse,” Katherine Wesseling-Perry,?
Barbara Gales,? John S Adams,’ Isidro B Salusky,? and Martin Hewison'
"UCLA Orthopaedic Hospital, Department of Orthopaedic Surgery, Orthopedic Hospital Research Center, David Geffen School of
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ABSTRACT

Vitamin D is a potent stimulator of monocyte innate immunity, and this effect is mediated via intracrine conversion of 25-hydroxyvitamin
D (250HD) to 1,25-dihydroxyvitamin D (1,25(0H),D). In the kidney, synthesis of 1,25(0H),D is suppressed by fibroblast growth factor 23
(FGF23), via transcriptional suppression of the vitamin D-activating enzyme 1a-hydroxylase (CYP27B1). We hypothesized that FGF23 also
suppresses CYP27B1 in monocytes, with concomitant effects on intracrine responses to 1,25(0H),D. Healthy donor peripheral blood
mononuclear cell monocytes (PBMCm) and peritoneal dialysate monocyte (PDm) effluent from kidney disease patients were assessed at
baseline to confirm the presence of mRNA for FGF23 receptors (FGFRs), with Klotho and FGFR1 being more strongly expressed than
FGFR2/3/4 in both cell types. Immunohistochemistry showed coexpression of Klotho and FGFR1 in PBMCm and PDm, with this effect
being enhanced following treatment with FGF23 in PBMCm but not PDm. Treatment with FGF23 activated mitogen-activated protein
kinase (MAPK) and protein kinase B (Akt) pathways in PBMCm, demonstrating functional FGFR signaling in these cells. FGF23 treatment
of PBMCm and PDm decreased expression of mRNA for CYP27B1. In PBMCm this was associated with downregulation of 250HD to
1,25(0H),D metabolism, and concomitant suppression of intracrine induced 24-hydroxylase (CYP24A1) and antibacterial cathelicidin
(LL37). FGF23 suppression of CYP27B1 was particularly pronounced in PBMCm treated with interleukin-15 to stimulate synthesis of
1,25(0H),D. These data indicate that FGF23 can inhibit extra-renal expression of CYP27B1 and subsequent intracrine responses
to 1,25(0H),D in two different human monocyte models. Elevated expression of FGF23 may therefore play a crucial role in defining
immune responses to vitamin D and this, in turn, may be a key determinant of infection in patients with chronic kidney disease (CKD).
© 2013 American Society for Bone and Mineral Research.

KEY WORDS: MONOCYTES; VITAMIN D; INNATE IMMUNITY; FGF23; PERITONEAL DIALYSIS

Introduction

Fibroblast growth factor 23 (FGF23) is a protein synthesized by
osteocytes and osteoblasts that plays a key role in the “bone-
parathyroid-kidney” axis and the regulation of phosphate/
calcium/vitamin D metabolism."~*) FGF23 acts mainly as a
phosphaturic factor, inhibiting the expression of type lla sodium-
phosphate co-transporters on the apical membrane of proximal
tubular cells, thus leading to inhibition of phosphate reabsorp-
tion. However, FGF23 also suppresses renal synthesis of the
active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(0OH),D)
by inhibiting expression of the enzyme 25-hydroxyvitamin D-1a-
hydroxylase (CYP27B1) while stimulating the catabolic enzyme
vitamin D-24-hydroxylase (CYP24A1).) FGF23 null mice present

with a premature aging phenotype as well as severe growth
retardation, abnormal skeletogenesis, vascular and soft tissue
calcification, hyperphosphatemia, and increased renal expres-
sion of CYP27B1.”) The importance of CYP27B1 as a target for
FGF23 is further illustrated by the abrogation of FGF23-knockout
skeletal and biochemical abnormalities in FGF23/CYP27B1
double-knockout mice.®”

In addition to its effects on mineral and skeletal homeostasis,
vitamin D can also act as a potent modulator of immune
function.®® In particular, active 1,25(0H),D can enhance innate
immune handling of bacteria via the induction of antibacterial
proteins such as cathelicidin (LL37) and B-defensin 2.7%'" Cells
such as monocytes expressing both CYP27B1 and the nuclear
vitamin D receptor (VDR) are able to achieve this by localized
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conversion of 250HD to 1,25(0H),D and subsequent VDR-
mediated transactivation of antibacterial proteins.'>'® This
intracrine mode of action is enhanced by a variety of
immunomodulatory factors, notably following the recognition
of pathogen-associated molecular patterns by pattern-recog-
nition receptors.’>'¥ Monocyte synthesis of 1,25(0H),D and
associated induction of antibacterial activity can also be
enhanced by cytokines such as interleukin-15 (IL-15),""¥ and
interferon vy (IFNv).""® Conversely, other cytokines such as IL-4
suppress monocyte accumulation of 1,25(0H),D by enhancing
its catabolism via the enzyme 24-hydroxylase (CYP24A1), and
thereby inhibit intracrine induction of antibacterial activity
in these cells.'” These observations highlight the pivotal
importance of vitamin D metabolism in mediating innate
immune responses to infection, and underline the potential
immune impact of factors that are able to regulate this
metabolism. In the current study, we sought to determine
whether FGF23 can contribute to this immune regulation of
vitamin D metabolism.

In humans, aberrant expression of FGF23 was initially linked to
hypophosphatemic rickets,"® but current data suggest that this
is far more complex, and includes a role for FGF23 in oncogenic
osteomalacia.'” In chronic kidney disease (CKD), elevated serum
levels of FGF23 are detectable at early stages of the disease, prior
to dysregulation of serum phosphate and parathyroid hormone
(PTH)."®' In this setting, FGF23 levels have a prognostic value,
with higher levels of serum FGF23 being associated with poorer
health outcomes.?°2? Although this appears to be a result, at
least in part, of vascular and atherogenic effects of FGF23,242%
infection is also a key cause of mortality in CKD patients. Aside
from the increased risk of infection due to immunosuppressive
therapies in CKD patients undergoing kidney transplantation,®
CKD itself is a state of acquired immune deficiency.?” The
incidence of bacterial infections in CKD dialysis patients is higher
than in the general population®®?? and infections are the
second leading cause of death in such patients. The immune
dysfunction observed in CKD patients, such as impaired
polymorphonuclear cell apoptosis,*” has been attributed to
many different factors, including iron overload, uremic toxins,
and dialysis.?” To date, there have been no published studies of
FGF23 and immune function, although some reports of FGF23-
null mice have described atrophy of the thymus, spleen, and
lymph nodes, and decreased capacity for T cell proliferation.©
In the current study we explored a possible role for FGF23 as a
mediator of immune dysfunction via its effects on vitamin D
metabolism in monocytes.

Materials and Methods

Isolation and initial treatment of peripheral blood
mononuclear cells from healthy donors

Ficoll-isolated peripheral blood mononuclear cells (PBMCs)
derived from anonymous healthy donors (screened in accor-
dance with standard transfusion medicine protocols) were
obtained from the Center for AIDS Research Virology Core/BSL3
Facility (supported by NIH award Al-28697 and by the UCLA AIDS
Institute and the UCLA Council of Bioscience Resources, Los

Angeles, CA, USA). PBMC monocytes (PBMCm) were enriched by
adherence by incubating 5 x 10° PBMCs per well in 12-well
plates for 2 hours in Roswell Park Memorial Institute medium
(RPMI) (Invitrogen, Carlsbad, CA, USA) with 1% human serum (HS)
(Human AB serum; Omega Scientific, Tarzana, CA, USA).

Isolation of monocytes from peritoneal dialysate effluents
by iterative centrifugation

Samples of overnight dwell dialysates were collected from
patients undergoing peritoneal dialysis as approved by the UCLA
Human Subject Protection Committee, with consent forms being
obtained from all parents/patients. Dialysate samples were
decanted into 500-mL sterile centrifuge tubes, and then
centrifuged at 1200g for 10 minutes at room temperature.
Supernatants were discarded and cell pellets were combined
and re-centrifuged using the same parameters. After again
discarding supernatants, viable cells were counted by hemocy-
tometer following staining with Trypan blue. After a third
centrifugation the remaining cells were used in vitro for isolation
of peritoneal dialysate monocytes (PDm). PDm were selected by
adherence by incubating 5 x 10° PD cells per well in 12-well
plates for 12 hours in RPMI with 1% HS. All samples were
obtained from patients with no evidence of peritonitis.

Culture and treatment of PBMCm and PDm

PBMCm and PDm were cultured at 37°C in 5% CO, in 12-well
plastic cell culture plates using medium containing RPMI 1640,
10% HS, and granulocyte-macrophage colony stimulating factor
(GM-CSF) 10 IU/mL (PeproTechinc, Rocky Hood, NJ, USA) for
various time periods (6 or 24 hours). Treatments were carried out
using recombinant human FGF23 (100 ng/mL, 2604-FG; R&D
Systems, Minneapolis, MN, USA), recombinant human IL-15
(200 ng/mL) (247-IL; R&D Systems) or both in comparison to
vehicle-treated cells (PBS 1x). The pan fibroblast growth factor
receptor (FGFR) inhibitor PD173074 (250 nM) (Sigma Aldrich, St
Louis, MO, USA) was used 1 hour before treating cells with FGF23,
with control cells receiving DMSO as vehicle. At the end of
incubation periods cells were either lysed with RNAzol and
frozen at -80°C or processed for Western blot analyses. All
culture conditions were carried out in duplicate for RT-PCR
analyses.

Extraction of RNA and reverse transcription

After lysing cells PBMCm or PDm with RNAzol, RNA was extracted
using chloroform, isopropanol, ethanol, and glycogen, as
described."® After resuspending the resulting RNA in RNase-
free water, aliquots (300ng) were reverse-transcribed as
recommended by the manufacturer (SuperScript Ill Reverse
Transcriptase; Invitrogen) as described.'?

Quantitative real-time RT-PCR amplification of cDNAs

Expression of mRNAs for VDR, CYP27B1, CYP24A1, LL37,
fibroblast growth factor receptor (FGFR)1, FGFR2, FGFR3, FGFR4,
Klotho, and tumor necrosis factor o (TNF-a) was quantified
using a Stratagene MX3005P device using PBMCm or PDm, as
recommended by the manufacturer and as described.¥
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Approximately 7.5ng of c¢cDNA was used per reaction. All
reactions were normalized by multiplex analysis with the
housekeeping 18S rRNA gene (Applied Biosystems, Foster City,
CA, USA). Data were obtained as threshold cycle (Ct) values,
corresponding to the cycle number at which logarithmic PCR
plots cross a calculated threshold line, and were further used to
determine the change in Ct values (ACt), corresponding to the
difference between the Ct of the target gene and the Ct of the
housekeeping 18S rRNA gene. PCR amplification of target gene
cDNA was conducted using TagMan human gene expression
assays, as described."'? The probes and primer kits used for each
gene were as follows: Hs00172113-m1 for VDR, Hs00168017-m1
for CYP27B1, Hs00167999-m1 for CYP24A1, Hs00189038-m1 for
LL37, Hs00915134-g1 for FGFR1, Hs01552926-m1 for FGFR2,
Hs00179829-m1 for FGFR3, Hs01106908-m1 for FGFR4,
Hs00183100-m1 for Klotho, and Hs00174128-m1 for TNFa
(Applied Biosystems). All reactions were amplified under the
following conditions: 95°C for 10 minutes followed by 40 cycles
of 95°C for 30 seconds, 55°C for 1 minute, and 72°C for 1 minute.
Reactions were initially expressed as mean + SD ACt values and
values for fold-change relative to vehicle-treated cells were
determined using the equation 274,

Western blot analyses

For Western blot analysis of FGFR-mediated MAPK and Akt
phosphorylation pathways in PBMCm, preliminary experiments
showed that optimal expression of phosphorylated MAPK
(PMAPK) and Akt (pAkt) was achieved after serum-starvation
(0.1% HS) of these cells for 1 and 2 hours, respectively. During
this serum starvation period, cells were treated with vehicle or
an FGFR inhibitor (FGFRi, 250 nM), and then treated for a further
1 hour with either vehicle, FGF23 (100 ng/mL), FGFRi (250 nM),
or FGF23 in combination with FGFRi. At the end of this
treatment period, cells were treated with protein lysis buffer
(NP40 Cell Lysis Buffer; Invitrogen, Camarillo, CA, USA), the
proteinase inhibitor phenylmethylsulfonyl fluoride (PMSF), a
proteinase inhibitor cocktail (P8340, 10 L per mL of NP40;
Sigma Aldrich, St. Louis, MO, USA) and phosphatase inhibitor
cocktail (P5726, 10 nL per mL of NP40; Sigma Aldrich), and
centrifuged at 4°C at 50009 for 20 minutes. Supernatants were
then collected and stored at —20°C. Equal amounts of lysate
protein were separated by electrophoresis using 10% SDS-
PAGE gels with a biotinylated protein ladder (7727; Cell
Signaling Technology, Danvers, MA, USA). Resulting blots were
incubated for 24 hours with primary antibodies directed against
total MAPK (p44/42 Erk1/2) (dilution 1/1000), phosphoMAPK
(p44/42 Erk1/2) (dilution 1/800), total Akt (1/1000) and
phospho-Akt (1/400) (all Cell Signaling Technology, Danvers,
MA, USA; catalog numbers 9102, 9101, 4691, and 4060,
respectively). A horseradish peroxidase (HRP) system with an
enhanced chemiluminescence (ECL) system was then used for
the incubation of secondary antibodies (1 hour, dilution 1/2000)
and image development (Phototype-HRP Western blot detec-
tion system anti-rabbit 7074, anti-mouse 7076, anti-biotin 7075,
and 20x LumiGlo Reagent/20x Peroxide 7003; Cell Signaling
Technology). Western blot analyses were quantified using
ImageJ software (NIH, Bethesda, MD, USA).

Immunofluorescence analyses

PBMCm or PDm were seeded at 2 x 10° per well in a four-well
glass slide (Lab Tek Il Chamber Slide System; NalgeNuncinc,
Naperville, IL, USA), and cultured in the same medium and with
the same reagents described above. After an initial fixation in
500 pL per well of paraformaldehyde (4%) for 10 minutes, slides
were subject to the following: three washes with PBS 1x;
incubation with 500 pL of a mixture of PBS 1x and Tween 0.2%
for 10 minutes; three washes with PBS 1x; incubation with
500 pL of a mixture of PBS 1x and dry milk 5% for 30 minutes;
three washes with PBS 1x; incubation for 1 hour in 300 pL of a
mixture of PBS 1x, bovine serum albumin, and the following
primary antibodies: FGFR1 (FIg-C-15-sc-121, 1/100; Santa Cruz
Biotechnologies, Inc., Santa Cruz, CA, USA) and Klotho (246, 1/
100, a kind gift from Dr. Jeffrey Lavigne; Immutopics, Inc., San
Clemente, CA, USA). After three washes with PBS 1x, slides were
then incubated with secondary antibodies labeled with Alexa
488 and 594 (anti-goat and anti-rabbit; Invitrogen, Camarillo, CA,
USA) for 1 hour, washed three times with PBS 1x. Nuclear
staining was carried out using 100 pL of 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI; Sigma-Aldrich) (1/10 000 for
5 minutes). Slides were then fixed with mounting media (Prolong
Gold Antifade Reagent, P36930; Invitrogen) and stored at 4°C
in the dark. Imaging was then carried out using a 60 lens, with
the Nikon NIS Elements software.

Analysis of 250HD metabolism by PBMCm

The effects of FGF23 on synthesis of 1,25(0H),D and 24,25-
dihydroxyvitamin D (24,25(0H),D) by PBMCm were assessed
by quantifying the metabolism of radiolabeled 250HD as
described.®" Briefly, aliquots of cells were incubated with
radiolabeled *H-250HD substrate (300,000 cpm, 155Ci/mmol;
Perkin Elmer, Waltham, MA, USA) for 6 hours in serum-free
culture medium. The resulting mix of *H-vitamin D metabolites
was then extracted from the total cell lipids using initial C18 Sep-
pak purification (Waters, Milford, MA, USA) and subsequent HPLC
(ZorbaxSil column; Agilent, Santa Clara, CA, USA) separation
of 1a-hydroxylated and 24-hydroxylated vitamin D metabolites.
3H-250HD, 3H-24,25(0H),D and *H-1,25(0H),D was quantified
by Beta-Ram in-line scintillation counting (Lablogic, Brandon,
FL, USA). Data were reported as femtomoles of vitamin D
metabolites produced/hour/10° cells from n=5 separate cell
preparations.

Statistics

Data are presented as mean + SEM for fold-changes in mRNA
expression and HPLC metabolism data, and as mean = SD for raw
RT-PCR data and Western blot analyses. Experimental means
were compared statistically using an unpaired Student’s t test.
Where indicated, multifactorial data involving FGF23 and co-
treatments were compared using one way analysis of variance
(ANOVA) with the Holm-Sidak method used as a post hoc
multiple comparison procedure. Statistical analyses were
carried out using raw ACt values and fold-changes. Spearman
correlation test was used for bivariate analyses.
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Table 1. Expression of mRNA for FGFRs and Klotho in PBMCm

ACt (mean+£SD)  Fold change to relative to FGFR1

FGFR1 11.324+1.56 1
FGFR2 22.15+£2.07 0.00055
FGFR3 Undetectable 0
FGFR4 2434 +1.90 0.00012
Klotho 21.12 £2.04 0.00112

Expression of mRNA for FGFR1, -2, -3, -4, and Klotho in baseline
(untreated) PBMCm. Data are shown as mean ACt PCR amplification
values + SD, normalized to expression of the housekeeping gene 185
rRNA (central column), and fold-change in mRNA expression relative to
the most highly expressed mRNA (FGFR1) (right column), both n=35
donor batches of PBMCm.

FGFR = fibroblast growth factor receptor; PBMCm = peripheral blood
mononuclear cell-derived monocytes; ACt = threshold cycle change.

Results

Expression and regulation of FGFRs in PBMCm

To assess the ability of monocytes to respond to FGF23, PBMCm
were analyzed for expression of different FGFRs and the FGFR co-
receptor Klotho. As shown in Table 1, basal, untreated cultures of
PBMCm expressed mRNA for FGFR1, -2 and -4 as well as Klotho
but did not express FGFR3. Although expression of FGFR1 was
much higher than other FGFRs or Klotho, analysis of PBMCm
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from multiple donors showed a strong positive correlation
between mRNA for FGFR1 and Klotho (Fig. 1A), CYP27B1
(Supplemental Fig. 1A), and the antibacterial factor LL37
(Supplemental Fig. 1B), but not CYP24A1 (Supplemental
Fig. 1C). Treatment of PBMCm with FGF23 (100ng/mL)
suppressed expression of mRNA for Klotho at 6 hours, and
FGFR1 at 24 hours (Fig. 1B). Immunofluorescence confirmed that
PBMCm express protein for Klotho and FGFR1, with coincident
expression of the two proteins in some but not all untreated
PBMCm cells (Fig. 1C). Treatment with FGF23 (24 hours)
enhanced expression of protein for Klotho and FGFR1 in some
but not all cells (Fig. 10).

Effects of FGF23 on FGFR signaling in PBMCm

Having demonstrated expression of FGFR1 and Klotho in
PBMCm, we next sought to characterize the signaling response
of these receptors following exposure to FGF23. Initial analyses
showed that optimal expression of phosphorylated MAPK
(pPMAPK) and Akt (pAkt) was achieved after serum-starvation
(1% HS) pretreatment for 1 and 2 hours respectively (Fig. 2A).
Expression of pMAPK and pAkt was induced after treatment with
FGF23 (100 ng/mL) for 30 minutes (Fig. 2A, B), with no further
induction of pMAPK or pAkt after 60 or 120 minutes (data not
shown). Pretreatment of PBMCm with the FGFR inhibitor
PD173074 (FGFRI, 250 nM) for 1 hour suppressed the activation

Cc

FGFR1/DAPI Klotho/DAPI

merge

PBS

FGF23

Fig. 1. Expression and regulation of fibroblast growth factor receptors (FGFR) and Klotho in PBMCm. (A) Baseline expression of FGFRT mRNA in PBMCm
correlates with Klotho mRNA (Spearman correlation coefficient of 0.585, p < 0.001, 35 different batches of PBMCs). (B) Effect of FGF23 (100 ng/mL) on
expression of MRNA Klotho, FGFR1, FGFR2, and FGFR4 in PBMCm in vitro was assessed after 6 hours (black bars) and 24 hours (gray bars) treatments. Data
show combined results using PBMCm from healthy donors at 6 hours (eight donors) and 24 hours (five donors). (C) Effect of FGF23 (100 ng/mL, 24 hours)
on expression of Klotho (red), FGFR-1 (green), and nuclear DAPI (blue) protein in PBMCm, as determined by immunofluorescence microscopy. Merged
immunofluorescence shows coexpression of FGFR1 and Klotho in PBMCm.
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Fig. 2. FGF23 modulates FGFR signaling in PBMCm. (A) Effect of FGF23
(100 ng/mL) on MAPK and Akt signaling in PBMCm. Data are shown as
representative Western blots showing expression of protein for: total
MAPK; phosphoMAPK (pMAPK); total Akt; phosphoAkt (pAkt). PBMC were
pretreated under conditions of serum deprivation (0.1% human serum)
for either 1 hour or 2 hours with or without an FGFR inhibitor (FGFRi,
250 nM), and then treated with or without vehicle or FGF23 (100 ng/mL)
for a further 1 hour. (B) Quantification of changes in expression of pMAPK
(1 hour pretreatment, left panel) and pAkt (2 hour pretreatment, right
panel) expression normalized to total MAPK and Akt, respectively. Data
were determined using ImageJ software and represent mean =+ SD values
for n=3 separate donor PBMCm cultures. ““statistically different from
vehicle-treated PBMCm, p <0.01; ™statistically different from FGF23-
treated PBMCm, p < 0.01.

of these two phosphorylation pathways following treatment
with FGF23 (Fig. 2A, B).

FGF23 decreases expression of CYP27B1 and intracrine
synthesis of 1,25(0OH),D in PBMCm

Treatment with FGF23 (100ng/mL) decreased expression of
mRNA for CYP27B1 in PBMCm after 6 and 24 hours (Fig. 3A). This
effect was paralleled by decreased expression of the 1,25(0H),D-
target genes CYP24A1 (6 and 24 hours) and LL37 (24 hours)
(Fig. 3A). PBMCm pretreated with IL-15 (48 hours) showed a
twofold increase in CYP27B1 mRNA relative to vehicle-treated
cells, but this effect was inhibited by subsequent exposure to
FGF23 (100 ng/mL, 24 hours) (Fig. 3B). HPLC analysis of vitamin D
metabolism in five different batches of PBMCm showed that
treatment with FGF23 inhibited monocyte synthesis of active
1,25(0OH),D (Fig. 3C, D). Vehicle-treated cells (9.9 + 2.9 fmol/hour/

10° cells), and cells treated with FGF23 alone (10.9 4+ 4.2 fmol/
hour/10° cells) showed similar levels of 1,25(OH),D production.
However, cells treated with IL-15 showed a significant increase
in synthesis of 1,25(0H),D (76.3+12.1 fmol/hour/10° cells),
with this effect being significantly inhibited by co-treatment
with FGF23 (42.5+9.5 fmol/hour/10° cells). Synthesis of
24,25(0H),D was undetectable under each culture condition
(Fig. 3D).

FGF23-mediated suppression of intracrine vitamin D
activity in monocytes isolated from peritoneal
dialysate effluent

Monocytes isolated from peritoneal effluents of patients
undergoing maintenance continuous peritoneal dialysis
(PDm), showed a fivefold higher basal expression of FGFR1
and eightfold higher levels of CYP24A1 (Table 2). Treatment of
PDm in vitro with FGF23 (100ng/mL) resulted in similar
responses to those observed with PBMCm: expression of mRNA
for CYP27B1, CYP24A1, and Klotho was decreased after 6 hours
of treatment with FGF23 (Fig. 4A); by contrast, expression of LL37
was unaffected by treatment with FGF23, although baseline
expression of LL37 in PDm cells was 0.12 relative to that
observed in PBMCm (Table 2). At the protein level, coexpression
of Klotho and FGFR1 was observed in basal and FGF23-treated
cultures of PDm (Fig. 4B).

Discussion

Vitamin D is a potent regulator of innate®? and adaptive

immunity,® with these effects being highly dependent on local
conversion of 250HD to 1,25(0H),D by monocytes">'® and/or
dendritic cells (DCs).®*3*# This intracrine activation of vitamin D
within the immune system is sensitively induced by immuno-
genic stimuli,">'® or exposure to cytokines such as IL-15"% or
IFNY.7®) Although induction of CYP27B1 appears to be important
for normal immune function, overactivity of the enzyme has
been linked to pathological conditions such as granulomatous
disease and associated hypercalcemia.®® Specific mechanisms
that may help to prevent CYP27B1 overactivity following a
pathogenic challenge include induction of the vitamin D
catabolic enzyme CYP24A1.°% In monocytes, as classically
observed in the kidney, 1,25(0H),D itself potently induces
expression of CYP24A1 with this effect being enhanced following
Toll-like receptor (TLR) activation."? However, induction of
monocyte vitamin D catabolism is not restricted to 1,25(0H),D-
mediated self-regulation. Recent studies have shown that the
cytokine IL-4 suppresses intracrine-induced antibacterial
responses to 250HD through enhanced monocyte 24-hydroxy-
lase activity.'® This mechanism suggests that T cells from the
adaptive immune system are able to attenuate synthesis of
1,25(0H),D by monocytes and/or DCs indirectly via induction of
24-hydroxylase vitamin D catabolism. What is less clear is
whether CYP27B1 itself is a target for suppression of monocyte
1,25(0H),D production. In classical vitamin D endocrinology,
renal expression of CYP27B1 is inhibited by FGF23 as a
counterpoint to the stimulatory actions of PTH.”) The aim of
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Fig. 3. FGF23 suppresses expression and activity of CYP27B1 in PBMCm. (A) Effect of FGF23 (100 ng/mL) at 6 hours (black bars) and 24 hours (gray bars) on
expression of MRNA for CYP27B1, CYP24A1, VDR, LL37, and tumor necrosis factor a (TNFa) in PBMCm. Data shown are mean + SEM fold changes in mRNA
expression relative to vehicle-treated cells for PBMCm from eight different healthy donors. (B) Effect of FGF23 (100 ng/mL, 24 hours) alone or following
preactivation of cells with interleukin-15 (IL-15, 200 ng/mL, 48 hours) on CYP27B1 mRNA expression in PBMCm. Data are shown as fold change in CYP27B1
mRNA relative to vehicle-treated cells for PBMCm from three different healthy donors. (C) Effect of vehicle (V) or FGF23 (100 ng/mL, 24 hours) alone or
following preactivation of cells with IL-15 (200 ng/mL, 48 hours) on conversion of 250HD to 1,25(0H),D in PBMCm. Data are shown as femtomoles
1,25(0H),D synthesized/hour/1 0° cells for PBMCm from n=>5 different healthy donors. (D) Effect of FGF23 (100 ng/mL, 24 hours) alone or after
preactivation of cells with IL-15 (200 ng/mL, 48 hours) on conversion of 250HD to 1,25(0OH),D in PBMCm. Data are shown as representative HLPC analyses
for each treatment. *statistically different compared to vehicle, p < 0.05; *statistically different from IL-15-treated cells, p < 0.05.

the current study was to determine whether similar FGF23-
mediated regulation of CYP27B1 occurs in an extrarenal setting.

The significant decrease of CYP27B1 expression and activity in
FGF23-treated monocytes is consistent with the classical actions
of FGF23 on renal synthesis of 1,25(0H),D. However, our data
contrast previous studies describing FGF23-mediated upregula-
tion of CYP27B1 in another extrarenal tissue, namely parathyroid
cells.®” The precise physiological basis for these different
extrarenal activities of FGF23 is unclear, and effects on
parathyroid cells may simply represent an alternative mecha-
nism to enhance vitamin D-mediated control of PTH secretion. In
classical vitamin D endocrinology, FGF23-mediated suppression
of CYP27B1 is accompanied by increased expression of the
catabolic enzyme CYP24A1, with the latter acting to further
attenuate renal production of 1,25(0H),D.“*%3% |t was therefore
interesting to note that monocyte expression of CYP24A1 is
suppressed by FGF23 in parallel with its effects on CYP27B1. The
most likely explanation is that, in the absence of cytokines such

as IL-4, monocyte expression of CYP24A1 is primarily dependent
on local synthesis of 1,25(0H),D. Because synthesis of
1,25(0H),D is decreased in the presence of FGF23, expression
of CYP24A1 will also decline. Renal expression of CYP24A1 is also
stimulated by 1,25(0H),D but it is known to be sensitive to other
endocrine factors such as PTH, which has been reported to
regulate both transcription of CYP24A1“? and stability of the
resulting mMRNA“"  Thus, FGF23-mediated regulation of
CYP24A1 in the kidney may be entirely different to its effects
in monocytes.

Previous studies have reported expression of FGFR1 in
interstitial inflammatory renal monocytes,“? but, to the best
of our knowledge, our data provide the first evidence for
combined expression of FGFR1 and Klotho in monocytes outside
the kidney. In other cell types FGF23 has been shown to bind to
multiple FGFRs.®#43=%>) For example, recent studies have shown
that FGFR3 and FGFR4 are the most likely receptors for FGF23-
mediated regulation of serum 1,25(0H),D levels.*? Neverthe-
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Table 2. Relative Expression of Vitamin D- and FGF23-Related
Genes in PDm Versus PBMCm

ACtPDm ACtPBMCm Fold-change
(mean+SD) (mean+SD) relative to PBMCm
CYP27B1 12.09+2.21 11.90 +2.94 0.88
CYP24A1 17594290  20.58+3.11 7.96"
VDR 1247 +3.60 14.14+4.04 3.17
LL37 22384358  19.38+£3.05 0.12*
Klotho 19.23+2.03 2057 +242 2.53
FGFR1 9.57+£3.06 11.78+2.05 4.63"

Baseline expression of mRNAs for CYP27B1, CYP24A1, VDR, cathelicidin
(LL37), Klotho, and FGFR1 in PDm was compared to the expression of
these genes in PBMCm. Data in left-hand and central columns are shown
as raw mRNA expression (ACt) data (mean = SD) for the gene of interest
normalized to expression of the housekeeping 18S rRNA gene. Data in
the right-hand column are shown as fold-change mRNA expression for
PDm relative to the equivalent gene in PBMCm. Combined results from
14 batches of PD cells and 45 batches of PBMCm.

PDm = peritoneal dialysate monocytes; PBMCm = peripheral blood
mononuclear cell-derived monocytes; ACt=threshold cycle change;
VDR = vitamin D receptor; LL37 = cathelicidin; FGFR1 = fibroblast growth
factor receptor 1.

“Statistically different from PBMCm, p < 0.05.

less, the relatively high levels of FGFR1 in PBMCm and PDm
suggest that this is the likely principal target for FGF23 in these
cells, with Klotho acting as a co-receptor. Irrespective of the
precise receptor isoform involved in mediating inhibition of
monocyte CYP27B1, the MAPK and Akt phosphorylation path-
ways that appear to be activated by FGF23 in monocytes have
also been linked to FGF23 responses in other cell types.38434647)
This contrasts with recent studies of FGF23 responses in
cardiomyocytes, which were Klotho-and MAPK/Akt-indepen-
dent.“” Functional interplay between FGF23 and vitamin D in
monocytes is supported by other observations from our study.
First, both PBMC and PD monocytes show decreased expression
of Klotho and FGFR1 after treatment with FGF23. Second, at
baseline, there is a strong positive relationship between mRNA
expression for Klotho and FGFR1, but also between FGFR1 and
CYP27B1 and between FGFR1 and LL37. Finally, the PD cells,
from patients chronically exposed to high circulating levels of
FGF23,® have a lower baseline expression of LL37 relative to
PBMCm. This provides a potential explanation for the lack of
significant suppression of LL37 expression in PDm treated with
FGF23 in vitro.

Decreased monocyte function following exposure to FGF23
may influence several disease scenarios. The key role of FGF23 in
phosphate physiology was first highlighted in pediatric autoso-
mal dominant hypophosphatemic rickets (ADHR)."® Unlike CKD
and end-stage renal disease,“®**®’ ADHR involves only moder-
ately increased circulating levels of FGF23, and is not known to
present with the same infections observed in CKD, except for a
tendency to dental abscesses,*® and some reported pulmonary
infections.®” The latter may be due to effects of increased
FGF23, but may also involve thoracic deformations induced by
rickets or direct effects of vitamin D deficiency.®>*® However,
elevated FGF23 may influence other aspects of vitamin D
physiology. Increased levels of vitamin D have been associated
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Fig. 4. FGF23 suppresses expression of CYP27B1 in monocytes from
peritoneal dialysates. (A) Effect of FGF23 (100 ng/mL, 6 hours) on expres-
sion of mMRNA for CYP27B1, CYP24A1, Klotho, and FGFR1 in peritoneal
dialysate monocytes (PDm). Data are shown as mean = SEM fold change
in mRNA expression relative to vehicle-treated cells for PDm from n=7
different donors. (B) Immunofluorescence analysis of protein for Klotho
(green), FGFR-1 (red), and nuclear DAPI (blue) in PDm. Merged immuno-
fluorescence shows coexpression of FGFR1 and Klotho in PDm.
“statistically different from vehicle-treated PDm, p < 0.05.

with improved survival and cardiovascular status in CKD
patients,®¥ whereas vitamin D treatments have also been
linked to decreased risk of cardiovascular deaths among dialysis
patients.*>*® Conversely, high circulating levels of FGF23 are
strongly associated with risk of mortality and cardiovascular
disease in patients with CKD,?® and we propose that this may be
due, at least in part, to FGF23-mediated dysregulation of
extrarenal vitamin D function. The precise mechanisms linking
FGF23, vitamin D, and cardiovascular disease are as yet unclear
but could involve suppression of the intracrine immunomodula-
tory actions of 250HD in disease-affected cells. This may include
monocytes and DCs, but endothelial cells are also known to
express CYP27B1, with the latter being induced by inflammatory
stimuli.®”
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The most immediate clinical implication of the data presented
in this study is the potential link between elevated FGF23 and
impaired innate immunity in CKD. As detailed above, CKD is a
state of acquired immune deficiency involving both cellular
and humoral immunity,?” and circulating levels LL37 in this
population appear to be an independent risk factor of mortality
by infections.®® In a similar fashion, higher quartiles of serum
FGF23 are associated with an increased risk of mortality across
the spectrum of CKD,?**% and non-CKD populations,®® mainly
in terms of cardiovascular mortality; therapy with vitamin D
sterols is associated with reduced mortality in dialysis
patients.®>® Prospective randomized trials will be required
to define the role of FGF23 on overall patient survival as well as
the impact of therapy with vitamin D. Although therapeutic
targeting of FGF23 may be a strategy to delay the onset of
secondary hyperparathyroidism and bone and mineral disorders
associated with CKD, the effects of such an approach on global
and cardiovascular morbimortality have yet to be studied.
However, based on data presented here, we propose that
therapies aimed at lowering circulating levels of FGF23 may have
immediate benefits for the morbimortality induced by infections
in the CKD population.

To date, studies of vitamin D-induced innate immunity have
focused exclusively on monocytes derived from PBMCs."*'*)
Stubbs and colleagues®”’ demonstrated modulation of vitamin
D-dependent biomarkers in PBMC following native oral vitamin
D supplementation in hemodialysis patients, but without any
evaluation of a potential interplay between vitamin D and FGF23
pathways. However, in CKD it seems more likely that antibacterial
activity will arise from tissue-localized monocytes and macro-
phages rather than from the circulating populations of these
cells. With this in mind, a key objective of the current study was
to characterize the vitamin D system and vitamin D-induced
immunity in a population of cells more closely associated with
infection in CKD patients, namely PDm. Previous studies have
shown that peritoneal macrophages from dialysis patients are
able to synthesize 1,25(0H),D,® but the relevance of this
finding to innate immunity remains unclear. PDm and PBMCm
express similar levels of CYP27B1, but the relatively high levels of
FGFR1/Klotho in PDm may facilitate FGF23 suppression of
CYP27B1 in these cells. Despite this, FGF23 treatment did not
significantly suppress LL37 expression in PDm. One explanation
for this is that baseline levels of LL37 are lower in PDm relative to
PBMC, and may thus be resistant to further suppression.
Conversely, baseline expression of CYP24A1 is significantly
higher in PDm relative to PBMCm and this is also likely to
influence intracrine responses to 25D in these cells.

In future studies, it will be interesting to characterize further
the difference between PDm and PBMCm with respect to vitamin
D-mediate immune function. For the current study it was not
possible to obtain sufficient blood from the pediatric CKD donors
of the PD cells to enable parallel isolation of PBMCm. However,
direct comparison between these two populations of monocytes
may provide important new insights on the immunomodulatory
effects of vitamin D in vivo. Future studies will also need to
further clarify the wider impact of FGF23 on immune function.
The current study focuses on the intracrine effects of vitamin D
on monocyte function but it is also possible that FGF23 will act to

suppress CYP27B1 in other immune cells that express this
enzyme, such as DCs.®**¥ In this way, FGF23 may not only
influence innate antibacterial responses to infection but it may
also affect antigen presentation by DCs and concomitant
adaptive T cell/B cell immune activity. This may be particularly
important in CKD patients in whom inflammation is a key feature
of disease pathophysiology, with reported links to patient
vitamin D status.®® Effects of FGF23 on DC vitamin D
metabolism and antigen presentation may also impact on
adaptive immune response to kidney transplantation. Recent
studies from our group have highlighted association between
FGF23 levels, deteriorating kidney function and host-graft
rejection in pediatric CKD transplantation patients.®® The role
of immune vitamin D metabolism in this setting has yet to be
studied but may provide an important mechanism for future
therapeutic intervention to improve transplantation success.
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Supplemental Figure 1. Relationship between FGFR1 and Klotho
mRNA expression and expression of genes associated with vitamin D
metabolism and function in PBMCm

As well as correlating with Klotho expression, in 35 different batches of PBMCs at
baseline, FGFR-1 levels also correlated with the expression of vitamin D dependent
genes in PBMCm: CYP27B1 (Spearman correlation, r= 0.716, p< 0.001, 1S-A) and
LL37(Spearman correlation, r= 0.583, p< 0.001, 1S-B). Of note, there was no
relationship between baseline FGFR-1 expression and CYP24A1 (1S-C), nor
between CYP27B1 and CYP24A1 (1S-D); Klotho expression was associated with no
other genes apart from FGFR-1 (Figure 1A).By contrast, the baseline expression of
CYP27B1 and LL37 correlated (r= 0.571, p<0.001, 1S-E).
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Supplemental Figure 2. Effect of toll-like receptor 2 activation on
vitamin D- and FGF23-related gene expression in PBMCm

Effect of the toll-like receptor (TLR)2 ligand 19 kDa lipoprotein (100 ng/ml, 6hrs) on
expression of mRNA for CYP27B1, CYP24A1, VDR, LL37 and tumor necrosis factor
a (TNFa), FGFR1 and Klotho in PBMCm. Data shown are mean + SEM fold-
changes in mRNA expression relative to vehicle-treated cells for PBMCm from 5
different healthy donors. * = statistically different from vehicle-treated PBMCm, p<
0.05.
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ABSTRACT

Chronic kidney disease (CKD) precipitates several co-morbidities, the most
prevalent being cardiovascular disease (CVD), which is also the highest cause of
mortality in these patients. Renal dysfunction perpetuates the systemic
inflammation, aberrant lipid metabolism, and endothelial dysfunction that initiates
macrophage extravasation and lipid accumulation contributing to CVD
pathogenesis. Although high levels of circulating fibroblast growth factor (FGF) 23
have been linked to CKD/CVD progression, the effects of FGF23 on endothelial cell
and macrophage dysfunction is unknown. We hypothesized that FGF23 alters
endothelial-macrophage interactions contributing to disease progression. To
investigate this, we established a co-culture system using primary human aortic
endothelial cells (HAEC) and monocytes isolated from human peripheral blood
mononuclear cells (PBMC) to mimic the endothelial-monocyte niche. FGF23
stimulation of co-cultures resulted in a decreased lipid accumulation in HAEC and
an increase lipid uptake by monocyte/macrophages, in which physical interactions
between the two cell types was not required. When conditioned media (CM) from
FGF23-stimulated HAEC was added directly to monocytes, there was a significant,
time-dependent increase in macrophage lipid accumulation compared to CM from
vehicle-treated HAEC. Interestingly, there was no significant change in the cell
surface expression of CD209 and CD163, markers that have been previously used to
assess human macrophage subset polarization. Collectively, these results suggest

that FGF23 stimulates endothelial cells, leading to increased lipid phagocytosis by
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surrounding macrophages. The major finding of this study proposes a mechanism
by which FGF23 promotes CVD pathogenesis in patients with CKD, by driving an
influx of lipid-accumulating macrophages, a major step in the progression toward

lipid-laden foam cells that are characteristic of CVD.
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INTRODUCTION

Chronic kidney disease (CKD) effects approximately 1 in 10 people in the US,
and among those afflicted with the disease, Hispanic and Black populations are
disproportionately affected [1, 2]. The leading cause of death of patients with CKD
is cardiovascular disease (CVD), which is the result of systemic inflammation,
endothelial dysfunction, and aberrant lipid metabolism perpetuated by declining
renal function [3-6]. One of the first clinically detectable signs of renal dysfunction
is an elevation in serum fibroblast growth factor (FGF) 23 [7, 8]. Although this
correlation is well supported by clinical evidence, the relationship between elevated
FGF23 and CVD remains unclear.

CVD is initiated by inflammation, endothelial activation, and high levels of
oxidized low-density lipoproteins (ox-LDL) accumulating in the sub-endothelial
space that contribute to the generation of reactive oxygen species. The combination
of these events results in endothelial dysfunction and the recruitment of circulating
monocytes to the sub-endothelial space [9-11]. As monocytes extravasate through
the endothelial barrier, they differentiate into phagocytic macrophages to engulf
and clear excess ox-LDL [10-13]. As macrophages increase ox-LDL uptake, they
transform into foam cells, which are characterized as large, lipid-containing
macrophages. As the disease progresses, the rate of lipid accumulation increases,
surpassing the rate at which macrophages can clear the ox-LDL [10, 13]. The foam-
cells, fragile due to the increased size, often burst, spilling their intracellular

contents into the sub-endothelial space, causing recruitment of inflammatory
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macrophages thus perpetuating the cycle of CVD pathology. Accumulation of lipids,
cells, and cell debris, that first appear as a fatty plaque, forms a hypoxic, necrotic
lipid core [14]. Decreased stability of the necrotic core resulting from exponential
cell accumulation eventually leads to either vessel occlusion or rupture resulting in
a cardiovascular emergency.

The stability and growth of the necrotic core is greatly influenced by the
macrophage subtypes present in the developing lesion [9-11, 14-19]. Cardiovascular
lesions with a higher proportion of inflammatory macrophages are associated with
more aggressive plaque growth and poor disease prognosis; whereas, necrotic cores
with a higher number of phagocytic macrophages are associated with better disease
prognosis, and may in some cases, contribute to plaque regression [9, 16-21]. The
ability of the endothelium to drive monocyte differentiation into macrophages is
documented; however, the mechanism(s) inducing and driving macrophage
polarization are not well understood. There is evidence suggesting that as a default
in a healthy vessel, this niche triggers polarization of macrophages of an anti-
inflammatory phenotype [20]. Understanding the factors that regulate or perturb
this endothelium-driven macrophage differentiation and polarization will be a key
step to development of immunotherapies for CKD/CVD.

Given the correlation between elevated FGF23 in CKD and the increased risk
of CVD, we sought to elucidate the role of FGF23 in the development of CVD
pathology. In this paper, we explored the effects of FGF23 on the endothelial-

monocyte microenvironment that is crucial for initiation and progression of
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atherosclerosis. Here we demonstrate that FGF23 alters monocyte lipid
accumulation in this microenvironment, and therefore may be a target for future

therapeutics aimed at mitigating CVD in patients with diminished renal function.
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MATERIALS AND METHODS

Endothelial cell culture

Primary human aortic endothelial cells, HAEC (cat no. 2535), cultured in EGM-2
BulletKit (cat. no. 3162) were purchased from Lonza (Walkersville, MD). Cells used
were between passages four to eight for all experiments. Endothelial cells were

grown to 75-100% confluence prior to experimentation.

Isolation of monocytes from healthy donor peripheral blood mononuclear cells

Ficoll-isolated peripheral blood mononuclear cells (PBMC) were obtained from
anonymous healthy donors by the Center for AIDS Research Virology Core/BSL3
Facility (supported by NIH award Al-28697 and by the UCLA AIDS Institute and
the UCLA Council of Bioscience Resources, Los Angeles, CA, USA). PBMC were
enriched for monocytes via plastic adherence by incubating PBMC in Roswell Park
Memorial Institute (RPMI 1640) medium (cat. no. 11875-093) purchased from
Invitrogen (Carlsbad, CA, USA) containing 1% fetal bovine serum (FBS) purchased
from Corning (cat. no. 35016CV) for 2 hours. Cells are washed twice with serum-

free RPMI no remove non-adherent cells.

Treatment with FGF23

Experiments with monocultures and co-cultures of HAEC and/or PBMC were done
using RPMI 1640 containing 2% FBS at 37°C in 5% COsz. Recombinant human

FGF23 (cat. no. 2604-FG) obtained from R&D Systems (Minneapolis, MN) was
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reconstituted in PBS contain 0.1% BSA in accordance with manufacture’s
instructions. Cell cultures were treated with either FGF23 (100ng/ml) or 0.2% PBS
containing 0.1% BSA. Following incubation with FGF23, cells were further

processed dependent upon experimental objectives.

RNA extraction and cDNA synthesis by reverse transcription

RNeasy Mini Kits (cat. no. 74104) purchased from Qiagen (Valencia, CA) were used
to extract RNA from cells in accordance with the manufacture's instructions.
Aliquots of 1pg RNA were then reverse-transcribed using SuperScript III Reverse

Transcriptase as recommended by the manufacturer (cat. no. 18080093, Invitrogen,

Carlsbad, CA).

Quantitative real-time RT-PCR amplification of cDNA

Tagman human gene expression assays were used for PCR amplification of target
gene cDNA per the manufacture's instructions and as previously described (Applied
Biosystems, Foster City CA) [22]. Stratagene MX3005P machine was used to
quantify mRNA expression of target genes. Reactions were amplified using the
following conditions: 10 minutes at 95°C, 40 cycles of 95°C for 30 seconds, followed
by 1 minute at 55°C and 1 minute at 72°C. Data were expressed as mean + SD ACt
values. Individual reactions were normalized by multiplex analysis with 18S rRNA
housekeeping gene (Applied Biosystems, Foster City, CA). Fold-change values were

calculated using the equation 2-2Ct as previously described [22]. The probes and
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primer kits purchased from Applied Biosystems include: FGFR1 (Hs00915134-g1),
FGFR2 (Hs01552926-m1), FGFR3 (Hs00179829-m1), FGFR4 (Hs01106908-m1), and

Klotho (Hs00183100-m1).

Protein isolation and western blots

For experiments assessing phosphorylation activity, cells were serum-starved
overnight prior to the addition of FGF23 (100ng/ml). For time-course experiments,
cells were treated for 1, 2, 5, 10, 30, and 60 minute periods before protein
extraction. Following the experiment, cells were lysed with RIPA buffer (cat. no.
R0278, Sigma Aldrich, St. Louis, MO) containing 1% protease inhibitor cocktail (cat.
no. P8340, Sigma Aldrich, St. Louis, MO) and 1% phosphatase inhibitor cocktail
(cat. no. P5726, Sigma Aldrich, St. Louis, MO). Protein lysates were centrifuged at
4°C at 5000¢ for 20 minutes and supernatants were collected and stored at -20°C.
Protein lysates were separated by molecular weight using 10% SDS-PAGE followed
by western blot transfer and immunoblotting. Biotinylated protein ladder (cat. no.
7727, Cell Signaling Technology, Danvers, MA, USA) was used to validate
molecular weights. After blocking with 5% BSA, blots were incubated overnight at
4°C with primary antibody against human Phospho-ERK1/2 (cat. no. ), ERK1/2 (cat.
no. ), Phospho-AKT (cat. no. ), and AKT (cat. no. ). Horse-radish peroxidase (HRP)-
conjugated secondary antibodies: anti-rabbit (cat. no. 7074) and anti-biotin (cat. no.
7075) were incubated for 1 hour at room temperature. Enhanced

Chemiluminescence Western Blotting Substrate (cat. no. 32106) purchased from
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Pierce Thermo Fisher (Carlsbad, CA) was used to detect HRP. Densitometery of
band intensities was quantified using ImagedJ software (National Institutes of

Health, Bethesda, MD).

Co-cultures and fluorescence microscopy with Dil-Ac-LDL

Primary cultures of HAEC were plated into 4- or 8-well chamber slides and pre-
treated with FGF23 for 1 hour prior to the addition of PBMC isolated from healthy
donors. Co-cultures were incubated for 72 hours in 37°C with 5% COz. Following the
incubation period, co-cultures were incubated with acetylated low density
Lipoprotein labeled with 1,1'-dioctadecyl-3,3,3',3'- tetramethylindo-carbocyanine
perchlorate (Dil-Ac-LDL; cat. no. L.3484) purchased from Thermo Scientific for an
additional 4 hours. Media was then removed and cells were washed twice before
fixing with 1% PFA for 10 minutes at 4°C. Slides were mounted with Vectashield
Antifade mounting media with DAPI (cat. no. H-1200) purchased from Vector
Laboratories (Birmingame, CA) and analyzed with fluorescence light microscope.
Multiple planes of view were captured for each treatment and images were
quantified using ImagedJ software to measure mean fluorescence intensity (MFI)

and percentage of cells with fluorescence.

Collection and separation of HAEC conditioned media

Primary cultures of HAEC were plated into 6-well plates and treated with either

FGF23 (100ng/ml) or vehicle control. For all time course experiments, cultures were
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allowed to incubate between 1-24hrs. A 3-hour incubation was used for all other
experiments. Following the treatment period, conditioned media was collected and
centrifuged at 5,000¢ for 20 minutes in 4°C. Supernatant was transferred to fresh
tubes and stored at -80°C. For experiments requiring filtration, 2ml of the
supernatant from each sample was additionally separated by centrifugal filtration
using Ultra-4 Centrifugal Filter Concentrator (cat. no. UFC801008) purchased from
Millipore (Billirica, MA). Proteins too large to pass through the filter were
suspended in 2ml of RPMI media. All conditioned media samples were immediately

added to monocyte cultures or stored in -80°C for later use.
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RESULTS

FGFR expression and stimulation in response to FGF23 in HAEC

To determine if endothelial cells are a potential target cell population for
FGF23 driven responses, HAEC were assessed for expression of FGF receptors
(FGFR) and FGF co-receptor Klotho. Data in Table 1 show that HAEC express
mRNA for all FGF receptors and Klotho. Our previous research in monocytes
indicated a role for FGF23 in regulating FGFR1 and Klotho [22]. To test whether
this occurred in endothelial cells, HAEC were treated with FGF23 (100ng/ml) for 24
hours and analyzed for changes in mRNA levels of FGFR1-4 and Klotho (Figure
3.1A). Treatment with FGF23 suppressed FGFR2 expression, but did not affect
mRNA expression of FGFR1, 3, 4.

After demonstrating HAEC express the machinery required to respond to
FGF23, we explored whether FGF23 would elicit changes in signaling pathways.
Time-course experiments were conducted by stimulating HAEC with FGF23
(100ng/ml) and assessing activation of ERK1/2 and AKT after 1, 2, 5, 10, 30, and 60
minutes of FGF23 exposure (Fig. 3.1B, C). Western blot analysis demonstrated a
time-dependent increase in ERK1/2 phosphorylation, with peak activation at 10
minutes  post-stimulation. A  subsequent time-dependent decrease in
phosphorylated-ERK1/2 was observed following the 10-minute time point. Western
blot analysis indicated a lack of phosphorylation activity of AKT in response to
FGF23 at any of the time points assessed suggesting FGF23 selectively stimulates

the ERK1/2 pathway in the endothelium (Data not shown).
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To assess whether FGF23 can induce endothelial activation, the expression of
cell surface adhesion proteins that are characteristic of activated endothelium were
measured. RT-PCR results demonstrated FGF23 did not alter expression of
vascular cell adhesion molecule (VCAM) 1, intracellular adhesion molecule (ICAM)
1, or endothelial selectin (E-selectin) (Supplemental Figure 3.1), all of which are

considered classical markers for endothelial cell activation.

Effects of FGF23 on lipid accumulation in HAEC and monocytes

Given the importance of the endothelial/monocyte macrophage interface in
CVD and the evidence showing FGF23 has the ability to trigger responses in both
cell types, we examined whether FGF23 had any effect on the interactions between
endothelial and monocyte populations. To explore the effects of FGF23 on the
endothelial-monocyte microenvironment, we employed a co-culture system to
determine whether FGF23 could affect cellular responses to modified LDL
molecules since increased production of oxidized low-density lipoprotein (ox-LDL) in
circulation is a key contributor to CVD.

Uptake of Dil-Ac-LDL, a well-established mimic of ox-LDL, was unaffected in
HAEC monocultures treated with FGF23, and the minor change seen in lipid
uptake 1n monocultures of PBMC-derived monocytes was not statistically
significant (Figure 3.2A-C). However, HAEC from the co-cultures demonstrated a
robust uptake of Dil-Ac-LDL that was significantly reduced upon FGF23 exposure.

Because this result was not observed in monocultures of HAEC, this suggests that
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changes in lipid localization were dependent upon the interaction between the

endothelial cells and monocytes in co-culture.

FGF23-driven lipid uptake in monocytes is independent of physical contact with

HAEC

Since FGF23 only effects monocyte lipid accumulation in the presence of
HAEC, we sought to determine whether this effect was dependent upon physical
interactions between the two cell types. We collected conditioned media from HAEC
that had been treated with either vehicle or FGF23 for various lengths of time (1, 2,
4, 8, 18, and 24 hours). PBMC-derived monocytes were then incubated in each
sample of conditioned media for 72 hours, followed by 4 hour incubation with Dil-
Ac-LDL. Monocytes treated with CMrcr2s exhibited incremental time-dependent
increases in lipid uptake that were absent in monocytes treated with CMyven (Figure
3.3). FGF23 alone did not affect monocyte lipid accumulation (Figure 3.2, column 1).
Monocytes treated with CMrgres from the 4 hour time point took up the most
amount of Dil-Ac-LDL. This result led us to use HAEC treatment periods between
3-4 hours for subsequent experiments.

To confirm this finding, monocytes were treated with either CMyven or
CMrgr2s for 72hrs, followed by Dil-Ac-LDL incubation, and then analyzed by flow
cytometry. Cultures treated with CMrgres showed a significantly higher percentage
of monocytes taking up Dil-Ac-LDL as compared to monocytes incubated in CMven

(Figure 3.4A). To ascertain whether the increase in Dil-Ac-LDL uptake by
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monocytes was the result of increased generalized phagocytosis, 10kDa MW FITC-
dextran conjugated beads were added to monocytes treated with either CMyen or
CMrcrzs. Internalized particles were quantified by flow cytometry (n=4). There
were no changes in the percentage of cells taking up FITC-dextran beads observed
between monocytes treated with CMven or CMrar2s indicating that FGF23-driven
lipid uptake by monocytes is specific for modified LDL particles (Figure 3.4B).
Results also show no change in mean fluorescence intensity per cell taking up either

Dil-Ac-LDL or FITC-dextran between CMven- and CMrar2s- treated monocytes.

HAEC stimulation by FGF23 drives expression of differentiation marker CD209

Given the changes in macrophage function, we investigated if FGF23 induced
alterations in macrophage polarization during the endothelial/monocyte interaction.
To do this, we measured expression of CD209, a marker for macrophage
differentiation, in the co-cultures of monocytes and endothelial cells treated with
FGF23 using flow cytometry. Results of these experiments showed a significant
increase in CD209+ macrophages (Figure 3.5).

To confirm CD209 expression was increasing as a result of FGF23 in the co-
cultures, we then tested for an increase in CD209+ macrophages in experiments
using monocytes treated with CMyven or CMrgre3. Similar to co-culture experiments,
there was a significant increase in CD209+ macrophages in cultures treated with

CMrcres compared with CMyen (Figure 3.5). This supports the hypothesis that in
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addition to function changes, monocytes were also undergoing phenotypic changes

to facilitate increased lipid accumulation.

Identification of HAEC-derived protein causing monocyte differentiation

Since conditioned media from HAEC treated with FGF23 was sufficient to
cause monocyte lipid accumulation, we hypothesized that FGF23 stimulates HAEC
to secrete a factor driving monocyte differentiation. To explore this, we used a
10kDa MW filter to separate both CMven and CMrgres into two groups each: media
containing molecules smaller than 10kDa and greater than 10kDa, before
incubating with monocytes. Cultures of monocytes treated with CMrgra3(<10kDa)
were unable to produce differentiated, lipid engulfing monocytes. However,
monocytes treated with CMrgrzs(>10kDa) showed comparable uptake of Dil-Ac-LDL
as unfiltered CMrgres. (Figure 3.6). Given that conditioned media containing only
particles above 10kDa was able to induce a response, it is likely that the HAEC
secreted factor is a protein or protein complex. Further investigation is required to
confirm this and to identify the factor. Preliminary data of mRNA for the 24kDa
protein, Endothelin 1 shows a trending increase in HAEC after 6 hours of FGF23

treatment.
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DISCUSSION

Our data show that HAEC express mRNA of all FGF receptors, with FGFR1
being the predominant isoform. Klotho, the co-receptor required in most cell types
for FGF23 binding, is also expressed at the mRNA level albeit at low levels. Work
done by Myles Wolfe and Christian Faul’s groups demonstrated FGF23 is capable of
stimulating cardiomyocytes in vitro in the absence of Klotho leading to left
ventricular hypertrophy [23, 24]. Thus, Klotho may not be necessary for FGF23
stimulation of certain cell types in a cardiovascular setting, possibly including
endothelial cells. Previous research conducted by our group in monocytes showed
FGF23 stimulated both ERK1/2 and AKT activation [22]. However, only ERK1/2
activation was observed in HAEC in response to FGF23 alluding to a specific and
selective function for FGF23 in the cardiovascular system.

Monocyte lipid accumulation is a key component to the initiation and
propagation of CVD. Patients with CKD are at a much larger risk of developing
CVD, particularly if they are experiencing dyslipidemia resulting from renal failure
[25, 26]. Therefore, mitigating the effects of lipid accumulation in these patients is
crucial to averting CVD development. Elevation in serum FGF23 are inevitable in
CKD and is typically among the first molecular abnormalities observed [7, 8, 27].
However, until now, it has been largely unknown whether or how FGF23
contributes to cardiovascular disease. Here, we provide evidence for a pathological
role of FGF23 in an endothelial-dependent initiation of monocyte differentiation

classically associated with CVD.
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Monocytes in co-culture with endothelial cells and FGF23 display increased
expression of CD209 as well as increased uptake of the ox-LDL mimic, Dil-Ac-LDL,
as compared to co-cultures without FGF23. This result is dependent upon
endothelial stimulation by FGF23 as monocytes cultured alone were unaffected by
FGF23. Interestingly though, this dependency on the endothelium does not require
direct physical interaction. The monocyte-endothelial niche i1s a dynamic
microenvironment, consisting of transient interactions between the two cell types
that drive several biological processes. Given that conditioned media from
endothelial cells treated with FGF23 elicited a change in CD209 expression and
lipid uptake in monocytes, it is very likely that FGF23 is stimulating the secretion
of a molecule from the endothelium that acts to regulate monocyte polarization.
Additional support of the changes in lipid localization were apparent from data
showing a decrease in HAEC Dil-Ac-LDL uptake in co-cultures. Alone, HAEC were
unaffected by FGF23. However, HAEC analyzed after co-culture containing FGF23
and subsequent Dil-Ac-LDL exposure showed a dramatic decrease in lipid uptake
compared to co-cultures treated with vehicle. This result directly complements our
data demonstrating an increase in monocyte lipid uptake in co-cultures with
FGF23. Collectively, the data presented here demonstrates FGF23 has an indirect
effect on monocyte lipid accumulation, specifically modified LDL that is evoked by
time-dependent FGF23 stimulation of HAEC. Furthermore we confirmed that this
effect was independent of any physical contact between monocytes and the

endothelium indicating that FGF23 is likely causing HAEC to secrete a factor that
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1s initiating monocyte differentiation. To our knowledge, this is the first and only
study to show that FGF23 causes monocyte polarization through stimulation of
endothelial cells. This finding is crucial for the advancement of therapeutics

targeting cardiovascular complications associated with chronic kidney disease.

Future directions to include exploring the a potential role for Endothelin 1

Endothelin-1 (ET-1) has been characterized for its role in monocyte
polarization, induction of lipid accumulation and quick release in hypoxia-
stimulated endothelial cells [28, 29]. We therefore hypothesized it may also be
secreted in response to FGF23. Current studies are investigating Et-1 as a possible
factor in FGF23/endothelial-induced monocyte differentiation. Et-1 1is both
transcriptionally and post-translationally regulated and is stored in endothelial
vesicles exocytose upon certain types of endothelial stimulation [30-34]. This
mechanism is in line with our data showing an effect after only a few hours of
HAEC FGF23 exposure. Preliminary results measuring endothelin-1 mRNA in
HAEC after FGF23 stimulation for various periods of time showed a trending
increase after 6 hours suggesting FGF23 may additionally transcriptionally
regulate endothelin-1. This result is consistent with previous results demonstrating
an effect on monocyte differentiation using HAEC CM treated for only 3 hours with
FGF23 and the time course experiments showing peak lipid accumulation in
monocytes treated with 4hr CMrgres. Taken together, this data indicate that FGF23

may trigger the expulsion of intracellular vesicles containing endothelin-1 from
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HAEC into the media where it binds its receptor on monocytes, initiating
differentiation. Future studies will aim to clarify the relationship between FGF23

stimulation and endothelin-1 secretion in endothelial cells.
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TABLE 3.1

Table 3.1 Expression of mMRNA for FGFRs and Klotho in HAEC

Log, of fold change
Genes ACt (mean = SEM) relative to Klotho
FGFR1 7.88 £0.32 14.69
FGFR2 19.10 £ 0.62 2.91
FGFR3 17.33+0.24 5.49
FGFR4 16.54 £ 0.56 6.14
Klotho 23.15+1.05 0.00

Table 3.1 Expression of mRNA for FGFRs and Klotho in HAEC

Untreated HAEC express mRNA for FGFR1, 2, 3, and 4, and Klotho. Data are
shown as mean ACt PCR amplification values + SEM, after normalization to
expression of housingkeeping gene 18S rRNA (column 2). Log transformed fold
change of mRNA expression relative to Klotho expression shows the predominantly
expressed receptor in HAEC is FGFR1 (column 3). Results represent average of

n=3. FGFR= fibroblast growth factor receptor; ACt=threshold cycle change.
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FIGURE 3.1
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Figure 3.1 Responses to FGF23 in HAEC

FGFRs mRNA as measured by RT-PCR and ERK1/2 activity as measure by
Western blot analysis. (A) FGF23 (100ng/ml) suppressed mRNA expression of
FGFR2 (*p<0.05), but did not significantly effect FGFR1, 3, or 4 in HAEC after
24hrs. (B) Representative Western blot showing protein expression of ERK1/2 and
phosphorylated ERK1/2 (P-ERK1/2). HAEC were treated with FGF23 (100ng/ml) for

2, 5, 10, 30, and 60 in serum-free medium. FGF23 stimulation resulted in time-
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dependent increases in ERK1/2 phosphorylation, reaching peak activation (3.07 fold
change) at 10 minutes. (C) Densitometery of band intensities was quantified using
Imaged software. Data shows fold change of phosphor-ERK1/2 relative to total

ERK1/2 protein. FGF23 did not result in changes in phosphorylated AKT in HAEC

(data not shown).
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FIGURE 3.2
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Figure 3.2 FGF23 alters lipid accumulation in co-cultures of HAEC and
monocytes
Analysis of images captured by fluorescence microscopy. (A) PBMC-derived

monocytes incubated with either FGF23 (100ng/ml) or vehicle exhibited no
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significant differences in the amount of Dil-Ac-LDL uptake or in the number of cells
taking up Dil-Ac-LDL (column 1). HAEC did not uptake a significant amount of DI-
Ac-LDL in either FGF23 or vehicle treated cultures (column 2). HAEC cultured and
treated with FGF23 in the presence of monocytes showed a significant reduction
(****p<0.0001) of Dil-Ac-LDL uptake as well as the number of cells taking up Dil-
Ac-LDL as compared to vehicle control (column 3). (B) Dil-Ac-LDL intensity was
quantified by Imaged software. CTCF= corrected total cell fluorescence. (C) Percent
Dil-Ac-LDL positive cells was calculated with the equation % positive= number cells
with Dil-Ac-LDL/ total number of cells in plane of view. Measurements represent

the average of four planes of view per image and four biological replicates.
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FIGURE 3.3

Figure 3.3 CMrar2s driven monocyte lipid accumulation is time-
dependent

Analysis of images captured by fluorescence microscopy. PBMC-derived monocytes
incubated with HAEC conditioned media treated with FGF23 (100ng/ml) exhibited
a time-dependent increase in uptake of Dil-Ac-LDL. HAEC conditioned media was
collected after 1, 2, 4, 8, 18, and 24 hour exposure to FGF23 (100ng/ml) prior to

incubation with monocytes.
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FIGURE 3.4
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Figure 3.4 CMrgr2s specifically alters
monocytes

Flow cytometry analysis of monocytes incubated with conditioned media from
HAEC treated with either FGF23 (CMrgrzs) or vehicle (CMven). (A) Monocytes
treated with CMrgr23 exhibited an increase in the number of cells taking up Dil-Ac-

LDL as compared to monocytes treated with CMyen (*p< 0.05). (B) There was no
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significant difference in the number of cells taking up FITC-dextran between
CMrgres and CMyen. (C) MFI was unchanged for both Dil-Ac-LDL and FITC-

dextran.
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FIGURE 3.5
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Figure 3.5 CM from HAEC treated with FGF23 alters monocyte lipid
accumulation

Flow cytometry analysis of monocytes incubated with conditioned media from
HAEC treated with either FGF23 CMrares or vehicle CMyen. (A) The number of
CD209+ monocytes was significantly (**p< 0.001) increased in monocyte cultures
incubated with CMrgres as compared to CMyen. (B) MFI was unchanged between

treatment groups.
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FIGURE 3.6
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Figure 3.6 HAEC secreted factor is above 10kDa

CMyen and CMrgr2s were each separated by a 10kDa molecular weight cut off prior
to incubation with monocytes. CMrgr2s containing molecules above 10 kDa elicited
the same monocyte Dil-Ac-LDL uptake as the unfiltered CMrgr23, whereas CMrgras

containing only molecules below 10kDa had no effect on Dil-Ac-LDL uptake.
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FIGURE 3.7
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Figure 3.7 EDN1 mRNA expression in HAEC treated with FGF23
Expression of END1 mRNA is trending upward in HAEC after exposure to FGF23

for 6 hours.
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Supplemental Figure 3.1
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Supplemental Figure 3.1 FGF23 does not increase adhesion markers in
HAEC
Expression of mRNA for endothelial cell adhesion markers as measured by RT-PCR.

HAEC treated for 24 hours with FGF23 (100ng/ml) did not have a significant

change in inflammatory-associated cell surface adhesion markers.
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Chapter 4
Suppression of Iron-Regulatory

Hepcidin by Vitamin D
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PREFACE

Dysregulation of iron homeostasis is commonly associated with CKD often
resulting in iron deficiency and anemia. Hepcidin is a small peptide that was
initially characterized for its role in combating intracellular microbial infections by
regulating iron toxicity within phagocytic immune cells, most commonly monocytes
[Ganz paper]. Synthesized in response to infection and inflammation, Hepcidin
catalyzes the degradation of the only known mammalian iron export protein,
Ferroportin. This thereby traps iron within cells lacking membrane-tethered
Ferroportin. Functioning as an anti-microbial agent, Hepcidin-induced iron
sequestration is an effective method for fighting extracellular pathogens that are
dependent upon iron for replication. However, chronic intracellular iron
sequestration can lead to serious complications such as long-lasting serum iron
deficiency. The chronic lack of circulating bioavailable iron due to over-production of
Hepcidin inhibits proper red blood cell development leading to anemia.

Over-production of Hepcidin as well as vitamin D deficiency are closely
associated with anemia of CKD, and therefore represent potential for therapeutic
alternatives for targeting anemia in patients with CKD. This paper explores the
relationship between vitamin D and Hepcidin in iron regulation, inflammation, and

anti-microbial function in the context of CKD.
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ABSTRACT

The antibacterial protein hepcidin regulates the absorption, tissue distribution, and extracellular concentration
of iron by suppressing ferroportin-mediated export of cellular iron. In CKD, elevated hepcidin and vitamin D
deficiency are associated with anemia. Therefore, we explored a possible role for vitamin D in iron homeostasis.
Treatment of cultured hepatocytes or monocytes with prohormone 25-hydroxyvitamin D or active 1,25-
dihydroxyvitamin D decreased expression of hepcidin mRNA by 0.5-fold, contrasting the stimulatory effect of
25-hydroxyvitamin D or 1,25-dihydroxyvitamin D on related antibacterial proteins such as cathelicidin. Promoter-
reporter and chromatin immunoprecipitation analyses indicated that direct transcriptional suppression of
hepcidin gene (HAMP) expression mediated by 1,25-dihydroxyvitamin D binding to the vitamin D receptor
caused the decrease in hepcidin mRNA levels. Suppression of HAMP expression was associated with a concom-
itant increase in expression of the cellular target for hepcidin, ferroportin protein, and decreased expression of
the intracellular iron marker ferritin. In a pilot study with healthy volunteers, supplementation with a single oral
dose of vitamin D (100,000 IU vitamin D,) increased serum levels of 25D-hydroxyvitamin D from 27+2 ng/ml
before supplementation to 44+ 3 ng/ml after supplementation (P<0.001). This response was associated with a
34% decrease in circulating levels of hepcidin within 24 hours of vitamin D supplementation (P<0.05). These data
show that vitamin D is a potent regulator of the hepcidin-ferroportin axis in humans and highlight a potential new
strategy for the management of anemia in patients with low vitamin D and/or CKD.

JAm Soc Nephrol 25: 564-572, 2014. doi: 10.1681/ASN.2013040355

Patients with CKD require iron supplementation and
erythropoiesis stimulating agents (ESAs) to correct
disease-associated anemia.! However, ESA hypores-
ponsiveness is common, with the iron homeostasis
factor hepcidin (encoded by the HAMP gene) emerg-
ing as a possible culprit.2 Hepcidin post-translationally
suppresses membrane expression of ferroportin, the
only known exporter of intracellular iron.3 Elevated
plasma hepcidin, common to patients with CKD* or
inflammation, causes intracellular sequestration of
iron and increases risk of anemia. By contrast, patients
with hemochromatosis or iron deficiency exhibit de-
creased hepcidin.®

Studies of patients with CKD suggest that vitamin D
status (serum concentrations of the prohormone 25-
hydroxyvitamin D [25D]) correlates inversely with the

ISSN : 1046-6673/2503-564

prevalence of anemia” and ESA resistance® and directly
with blood hemoglobin levels.? In hemodialysis pa-
tients with anemia, vitamin D repletion has been
shown to correlate with lower ESA requirements.*-10
Vitamin D is known to exert physiologic activities be-
yond its classic skeletal function, notably as a potent
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inducer of antimicrobial proteins such as cathelicidin antibacterial
protein (encoded by the cathelicidin [CAMP] gene).!!2 In this
respect, it is interesting that hepcidin was initially described as an
antimicrobial peptide (encoded by the gene for hepcidin antibac-
terial protein, HAMP),'3 with its role in iron homeostasis being a
later observation. We therefore hypothesized that vitamin D can
act to regulate expression of hepcidin, in a similar fashion to
its effects on other antimicrobial proteins. To test this hypothesis,
vitamin D-mediated changes in hepcidin and cathelicidin were
compared using in vitro and in vivo models.

RESULTS

Vitamin D Metabolites Suppress Expression of HAMP
Studies in vitro using PBMC monocytes, THP1 cells, and HepG2
cells showed that treatment with 25D (100 nM) or 1,25-dihydrox-
yvitamin D (1,25D) (5 nM) for 6 hours decreased expression of
mRNA for HAMP (Figure 1A). In PBMC monocytes and THP1
cells, this response contrasted the effect of 25D and 1,25D in
stimulating expression of mRNA for antibacterial CAMP (Figure
1B) and the vitamin D catabolic enzyme CYP24A1 (Figure 1C). In
HepG2 cells, treatment with 25D or 1,25D appeared to have no
effect on expression of CAMP, and 1,25D induced only a small
increase in mRNA for CYP24A1. Additional experiments with
PBMC monocytes showed that suppression of mRNA for
HAMP was also observed after 24-hour treatments with 100
nM 25D (0.57-fold+0.21, n=3; P<0.05) or 1,25D (0.27-
fold*0.36, n=3; P<0.01).

To determine whether vitamin D-mediated suppression of
hepcidin also occurs in nonhuman models, further studies were
carried out in vitro using mouse monocytes. Peripheral
blood-derived monocytes from wild-type C57BL/6 mice
showed no change in mouse hepcidin (Harmp) gene expression after
24-hour treatment with increasing doses of 1,25D (Supplemental
Figure 1A). Similar results were also observed for the mouse
monocyte cell line J774 after 6-hour treatment with 25D (100
nM) or 1,25D (10 nM) (Supplemental Figure 1B). To assess pos-
sible effects of vitamin D on hepatic expression of Hamp in vivo,
12-week-old C57BL/6 male mice were placed on a vitamin D—
deficient diet for 6 weeks and then transferred to a 4 ppm iron diet
for 1 week. Groups of mice (n=4 in each case) were then treated
with intraperitoneal injections of either 0.2 ug/g body weight 25D,
1 ug/g 25D, or 0.2 ug/g 1,25D. A similar volume of intraperito-
neal saline was used as a control. Analysis of liver mRNA from
these mice 24 hours after treatment showed no effect on expres-
sion of Hamp (Supplemental Figure 1C).

Vitamin D Receptor-Mediated Transcriptional
Repression of HAMP

Inhuman cells, the suppression of HAMP expression by 1,25D or
25D appears to be due to direct inhibition of HAMP transcrip-
tion. In silico analyses identified consensus vitamin D response
elements (VDREs) within a 1071-bp HAMP proximal promoter
DNA sequence (Supplemental Table 1). As shown in Figure 24,
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Figure 1. Vitamin D suppresses expression of hepcidin (HAMP) in
human monocytes and hepatocytes. Effect of in vitro treatment of
PBMC monocytes (PBMCm), monocytic THP1 cells, and HepG2
hepatocytic cells with vehicle, 25D (100 nM), or 1,25D (5 nM) for
6 hours on expression of mRNA for HAMP (A), CAMP (B), and
CYP24A1 (C). Data are shown as mean fold-change in gene ex-
pression (+SD) relative to vehicle (0.1% ethanol) controls. *P<0.05;
**p<0.01; **P<0.001, statistically different from vehicle-treated
cells. For RT-PCR data, n=8 separate donors for PBMC monocytes,
n=4 separate cultures of THP1 cells, and n=5 separate cultures of
HepG2 cells.

chromatin immunoprecipitation (ChIP) assays using PBMC
monocyte extracts demonstrated binding of vitamin D receptor
(VDR) protein to DNA from a 1-kb fragment of the HAMP
proximal promoter that includes the VDREs originally identified
in Supplemental Table 1. Further ChIP analyses using extracts
from the same cell type demonstrated similar VDR binding to
promoter fragments for known VDR target genes such as CAMP

Vitamin D and Hepcidin
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Figure 2. VDR-mediated suppression of hepcidin (HAMP) gene

expression by 1,25D. (A) ChIP analysis of VDR and RNA Pol Il in-

teraction with the HAMP gene promoter. PBMC monocytes are treated with 1,25D (5 nM, 24 hours), chromatin extracts are prepared,

and ChIP-grade antibodies are used to detect VDR and RNA Pol |l

interactions. The resulting enriched genomic DNA is gPCR amplified

using primers for CYP24A1 (—1 kb from the transcription start site and —2 kb from the transcription start site), CAMP (—1 kb from the
transcription start site), HAMP (—1 kb from the transcription start site). A negative control sequence for VDR and RNA Pol Il (IGX1A) is
also used. Data are shown first as mean arbitrary units for PCR amplification of DNA associated with RNA Pol Il or VDR in cells treated
with vehicle or 1,25D (mean of two separate chromatin preparations). In addition, fold-change values are presented showing the
change in RNA Pol Il or VDR binding to DNA after treatment with 1,25D relative to vehicle-treated cells. (B) Effect of 25D (100 nM) and
1,25D (5 nM) on HAMP promoter-reporter activity in VDR-expressing MC3T3 mouse osteoblastic cells. Data are shown as HAMP target
gene firefly/Renilla housekeeping luciferase activity (x1073). *P<0.05, statistically different from vehicle-treated cells.

and CYP24A1. Treatment of PBMCs with 1,25D enhanced VDR
enrichment on the CYP24A1 and CAMP promoters (Figure 2A),
consistent with the transcriptional induction of these genes by
1,25D (Figure 1, B and C). By contrast, VDR enrichment de-
creased 0.5-fold for the HAMP promoter after treatment with
1,25D. A similar differential promoter response to 1,25D was
also observed for ChIP analysis of RNA polymerase II (RNA Pol
1I), which is essential for gene transcription. Further analysis of
the effects of vitamin D on HAMP gene expression using a lu-
ciferase promoter-reporter construct transfected into VDR-ex-
pressing MC3T3 cells showed that treatment with 1,25D
produced a 24% decrease in transcription relative to vehicle-
treated cells (Figure 2B). However, in the absence of CYP27BI
expression/la-hydroxylase activity in MC3T3 cells, treatment
with 25D was without effect.

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

In contrast to the suppression of HAMP in human mono-
cytes or hepatocytes, 25D and 1,25D had no effect on levels
of mRNA for ferroportin in PBMC monocytes, THP1 cells, or
HepG2 cells (Figure 3A). However, Western blot and immu-
nohistochemical analyses showed that treatment with 25D
or 1,25D increased expression of ferroportin protein in hep-
atocytes and monocytes (Figure 3, B and C), suggesting a
post-transcriptional mode of action for the effects of vita-
min D metabolites on ferroportin. To assess the functional
effect of vitamin D—-mediated induction of ferroportin, fur-
ther studies were carried out to determine expression of
ferritin, an established marker of intracellular iron concen-
trations. Treatment with 25D or 1,25D decreased expression
of mRNA for ferritin in PBMC monocytes, THP1 cells, and
HepG2 cells (Figure 3D). Immunohistochemical analysis of
ferritin protein in HepG2 cells confirmed that treatment
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with 25D or 1,25D also decreased expression of ferritin pro-
tein (Figure 3E).

Effect of Vitamin D Supplementation on Circulating
Hepcidin in Healthy Volunteers
To assess the in vivo effect of vitamin D on hepcidin, a single-
arm supplementation study was performed in seven healthy
volunteers receiving a single oral dose of vitamin D, (ergo-
calciferol, 100,000 IU). Analysis of serum samples before and
after supplementation showed that circulating levels of 25D
increased from 27.0%2 ng/ml (67.5%5 nM) before supple-
mentation to 43.5%3 ng/ml (108.8+7.5 nM, P<<0.001) after
supplementation (Figure 4A). By contrast, supplementation
with vitamin D had no effect on circulating levels of active
1,25D (Figure 4B). Analysis of circulating hepcidin levels by
ELISA showed no significant variation in serum hepcidin be-
tween baseline samples. However, after vitamin D supple-
mentation, circulating hepcidin levels decreased by 34% at
24 hours after supplementation (P<<0.05) and 33% at 72
hours after supplementation (P<<0.01) (Figure 4C). First,
analysis of serum ferritin concentrations showed that baseline
(—24 hours) data for all the healthy volunteers were within
normal ranges (18-160 ng/ml for female volunteers and 18—
2710 ng/ml for male volunteers). Second, supplementation
with vitamin D resulted in a small (10%) but significant
(P=0.04) decrease in serum ferritin after vitamin D supple-
mentation (138.83*+25.03 ng/ml at —24 hours versus
124.50*21.70 ng/ml at 72 hours). No statistically significant
changes in serum iron concentration, iron binding capacity, or
transferrin saturation were observed 72 hours after vitamin D
supplementation.

In parallel with analysis of hepcidin and ferritin, assays
were also carried out to assess circulating concentrations of
hormones classically associated with vitamin D function.
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Figure 3. Effect of vitamin D metabolites on ferroportin and ferritin expression in
human monocytes and hepatocytes. (A) Effect of in vitro treatment of PBMC mono-
cytes (PBMCm), monocytic THP1 cells, and HepG2 hepatocytic cells with vehicle, 25D
(100 nM) or 1,25D (5 nM) for 6 hours on ferroportin mMRNA expression. Data are shown
as mean fold-change in gene expression (=SD relative to vehicle [0.1% ethanol]
controls). (B) Western blot analysis of protein for ferroportin protein in HepG2 cells
treated with vehicle, 25D (100 nM), or 1,25D (5 nM) for 24 hours. Loading is nor-
malized by analysis of the housekeeping protein B-actin. (C) Immunohistochemical
analysis of ferroportin protein in PBMC monocytes after treatment with vehicle or
1,25D (5 nM) for 24 hours. Ferroportin protein is shown in red with 4’,6-diamidino-2-
phenylindole (DAPI) staining of nuclei shown in blue. (D) Effect of in vitro treatment of
PBMC monocytes, THP1 cells, and HepG2 cells with vehicle, 25D (100 nM), or 1,25D
(5 nM) for 6 hours on ferritin mRNA expression. Data are shown as mean fold-change
in gene expression (+SD relative to vehicle controls). (E) Immunohistochemical anal-
ysis of ferritin protein in HepG2 cells after treatment with vehicle, 25D (100 nM), or
1,25D (5 nM) for 24 hours. Ferritin protein is shown in red with DAPI staining of nuclei
in blue. *P<0.05; **P<0.01; ***P<0.001, statistically different from vehicle-treated
cells. For RT-PCR data, n=8 separate donors for PBMC monocytes, n=4 separate
cultures of THP1 cells, and n=5 separate cultures of HepG2 cells.

ferritin

Fibroblast growth factor 23 (FGF23) and parathyroid hormone
(PTH) concentrations were analyzed for six subjects at —24
hours and +72 hours after vitamin D supplementation. Data
indicate that supplementation with vitamin D resulted in a
significant increase in serum concentrations of FGF23
(62.57%6.70 RU/ml versus 74.71+9.88 RU/ml; P=0.03, two-
tailed t test), and phosphate (3.27%+0.67 mg/dl versus
3.61%0.33 mg/dl; P<0.001, two-tailed t test). Vitamin D supple-
mentation resulted in a trend toward decreased serum PTH
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concentrations (58.86%+6.43 pg/ml versus
51.29£7.47 pg/ml; P=0.06, two-tailed ¢ test)
but no significant change in serum calcium
concentrations (9.19%0.12 mg/dl versus
9.07%0.2 mg/dl; P=0.36, two-tailed ¢ test).

DISCUSSION

Data presented in this study show for the
first time that vitamin D is a potent regu-
lator of the iron-regulatory protein hepci-
din in both monocytes and hepatocytes.
ChIP and promoter-reporter assays indi-
cate that this occurs as a consequence of
direct transcriptional suppression of the
HAMP gene proximal promoter by 1,25D
bound to its cognate nuclear receptor,
VDR. This response contrasts the 1,25D-
VDR-mediated induction of related anti-
bacterial proteins such as cathelicidin and
B-defensin-2.14 However, in a similar fash-
ion to cathelicidin,!5 1,25D-mediated reg-
ulation of hepcidin expression appears to
occur directly, with liganded VDR binding
to a specific VDRE within the HAMP gene
promoter. Previous studies have shown
that transcriptional regulation of CAMP
by 1,25D-VDR is primate specific,!>1¢ in-
dicating that antibacterial responses to vi-
tamin D have evolved relatively recently. It
was therefore interesting to note that sup-
pression of HAMP by 25D or 1,25D was not
observed in murine models, suggesting
that vitamin D-mediated regulation of
hepcidin may be part of the same evolu-
tionary adaptations observed for other an-
tibacterial proteins.

In all three cell types studied, regulation
of HAMP was observed after treatment
with either active 1,25D or inactive 25D,
suggesting an intracrine mode of action
similar to that previously described for
other antibacterial actions of vitamin D.!3
Intracrine regulation of HAMP is endorsed
by the fact that PBMC monocytes, THP1

cells, and HepG2 cells express mRNA for the enzyme that
catalyzes conversion of 25D to 1,25D, la-hydroxylase/
CYP27BI1, as well as the VDR (data not shown). A similar
mode of action has been reported for antibacterial effects of
vitamin D in monocytes!!>!2 and antiviral responses to vita-
min D in human hepatocytes.!” Intracrine responses to vita-
min D appear to be exquisitely sensitive to the availability of
substrate 25D,!1-12.18 suggesting that the hepcidin-ferroportin
homeostasis system may be influenced by serum vitamin D
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(25D) status (Figure 5). This hypothesis is supported by sup-
plementation data from healthy volunteers showing that ele-
vated serum concentrations of 25D (but not 1,25D) after a
single oral dose of vitamin D, produced a 34% decrease in
serum hepcidin concentrations that persisted for 72 hours
(Figure 4). Moreover, the regulation of serum hepcidin after
vitamin D supplementation in vivo was at least as sensitive as
more established markers of serum 25D status such as PTH,
suggesting that hepcidin may be a useful marker of vitamin D
function for future studies.

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

actions of hepcidin in promoting post-transcriptional sup-
pression of ferroportin protein.'® On the basis of data presen-
ted in this study, we speculate that 25D and 1,25D can act to
oppose this response and maintain membrane expression of
ferroportin (Figure 5). Hepcidin-mediated loss of membrane
ferroportin is known to be associated with intracellular reten-
tion of iron, leading in turn to iron-restrictive anemia.> This
has immediate implications for the control of systemic iron
homeostasis but will also influence host defense during acute
infections. Iron is essential for the survival and growth of al-
most all organisms, and an important strategy for mammalian
antimicrobial defense is based on depriving pathogens of this
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Figure 4. Effects of supplementation with vitamin D, on circulating hepcidin levels in
healthy humans. A single-arm pharmacokinetic study is performed in seven healthy
volunteers (four men; median age 42 years; range, 27-63) to assess changes in serum
levels of hepcidin after a single dose of oral vitamin D, (100,000 IU). Two blood
samples are drawn before supplementation and two are drawn after supplementation.
Serum concentrations of 25D (ng/ml) (A), 1,25D (pg/ml) (B), and hepcidin (ng/ml) (C).
Data are shown as the mean+SEM. Experimental means were compared statistically
using a paired t test.*P<0.05; **P<0.01; ***P<0.001, statistically different from
baseline values.

1a-hydroxylase

vitamin D-deficiency vitamin D-sufficiency

Figure 5. Vitamin D and the hepcidin-ferroportin iron-regulatory axis. Schematic
representation of a proposed mechanism for vitamin D regulation of hepcidin/HAMP —
ferroportin (Fp) interaction in hepatocytes and monocytes. Under conditions of vitamin
D deficiency, elevated synthesis of hepcidin by hepatocytes or monocytes may in-
crease intracellular and systemic concentrations of hepcidin and decrease membrane
expression of Fp in these cells. The resulting suppression of iron export will, in turn,
lead to intracellular accumulation, increased cellular ferritin, and decreased systemic
levels of iron. Under conditions of vitamin D sufficiency, decreased transcription of
HAMP may lead to decreased intracellular and systemic concentrations of hepcidin
and concomitant increased membrane expression of Fp. The resulting enhancement
of iron export may then lead to decreased intracellular iron and ferritin and increased
systemic levels of iron.
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essential nutrient.2? Thus, another facet of
hepcidin physiology is its contribution to
host innate immune function.>2! By tar-
geting ferroportin and decreasing extracel-
lular iron, hepcidin appears to play a
pivotal role in the so-called “hypoferremia”
or “anemia” of infection, in which there is
restriction of systemic iron to pathogens.>?2
Conversely, the resulting accumulation of
intracellular iron will promote the growth
of internalized pathogens such as Salmo-
nella typhimurium,> Mycobacterium tuber-
culosis,?42¢ and Chlamydia psittaci,?” and
innate immune and viral stimuli are known
to stimulate the expression of hepcidin.?>28
In this setting, the effects of vitamin D in
suppressing hepcidin and promoting fer-
roportin are consistent with its established
intracellular antibacterial activity.!3> We
therefore hypothesize that regulation of
the hepcidin-ferroportin axis is another
key facet of vitamin D—mediated innate
immune function, complementary to its
reported effects on antibacterial pro-
teins,! 11329 and autophagy.3%3! In future
studies, it will be interesting to determine
the extent to which regulation of monocyte/
macrophage iron homeostasis contributes
to the generalized antimicrobial actions of
vitamin D.

Hepcidin was originally identified as an
antibacterial protein, but its potential as a
clinical target stems primarily from its role
in the anemia of inflammation. Unlike
dietary iron restriction, anemia of inflam-
mation involves intracellular retention of
iron by monocytes and macrophages,3? and
is thus intimately linked to aberrant hepci-
din activity and associated dysregulation of
membrane ferroportin function.33 Al-
though this is a problem that is common
to many chronic diseases, it is likely to be
particularly important in patients with
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CKD where elevated hepcidin levels may be a crucial factor in
the development of multiple pathologic complications asso-
ciated with renal impairment.? Consequently, targeting of
hepcidin has been proposed as an alternative to supplemen-
tary iron and/or ESAs as therapy for the anemia associated
with CKD.3> Potential strategies for suppression of hepcidin
include direct effects of antibodies to hepcidin,3® hepcidin-
binding oligoribonucleotides,3” and inhibitors of hepcidin ex-
pression, as well as indirect targeting via anti-inflammatory
responses.>® However, we believe that this is the first demon-
stration of rapid direct suppression of hepcidin in humans.
High-dose testosterone has also been shown to suppress hep-
cidin, but effects were only evident after 1 week of therapy.0 It
was also interesting to note that the suppressive effect of vitamin
D supplementation in vivo on serum hepcidin concentrations
was accompanied by decreased levels of serum ferritin. The
precise significance of this remains unclear but may reflect a
generalized anti-inflammatory response to elevated serum
levels of 25D.

The effect of vitamin D on the hepcidin-ferroportin axis also
suggests that low vitamin D status may be a contributing factor
to the anemia of chronic disease. CKD is characterized by
impaired vitamin D status, which is closely associated with
adverse CKD health outcomes.*! In CKD patients, low serum
levels of 25D correlate inversely with the prevalence of ane-
mia’ and ESA resistance,® and correlate directly with blood
hemoglobin levels.® Data presented in this study suggest that
these observations are linked by the effects of vitamin D on the
hepcidin-ferroportin axis. In hemodialysis patients with ane-
mia, vitamin D repletion has been shown to correlate with
lower ESA requirements.”>® We therefore propose that by act-
ing to suppress expression of hepcidin in hepatocytes and
monocytes, simple vitamin D supplementation may provide a
cost-effective and safe adjuvant therapy for managing the ane-
mia associated with this disease.

CONCISE METHODS

Isolation, Treatment, and Culture of Cells
Human hepatocellular carcinoma HepG2 cells (American Type

Culture Collection [ATCC], Manassas, VA) were cultured in
DMEM with 10% FBS. Human THP1 monocytic cells (ATCC) were
cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) and
10% FBS. Mouse J774A macrophages (ATCC) were cultured in RPMI
1640 medium and 10% FBS. Ficoll-isolated PBMCs derived from
anonymous healthy donors (screened in accordance with standard
transfusion medicine protocols) were obtained from the Center for
AIDS Research Virology Core/BSL3 Facility (supported by National
Institutes of Health award AI-28697 and by the University of
California Los Angeles [UCLA] AIDS Institute and the UCLA Council
of Bioscience Resources). PBMC monocytes were isolated as pre-
viously described.*> PBMC monocytes were seeded in RPMI 1640
(Invitrogen) with 10% human AB serum (Omega Scientific, Tarzana,
CA) and GM-CSF (10 IU/ml; PeproTech, Inc., Rocky Hill, NJ).
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MC3T3-E1 (MC3T3) murine osteoblastic cells (ATCC) were main-
tained in a-MEM plus 10% FBS before transfection with promoter-
reporter constructs. MC3T3 cells were cultured to 50% confluence
before transfection with luciferase firefly or Renilla constructs. For all
cell types, in vitro treatments at 37°C and 5% CO; included 25D (100
nM) and 1,25D (5 nM), with 0.1% ethanol as vehicle.

Animals

All of the animals used in these studies were subject to recommen-
dations for animal use and welfare outlined by the UCLA Division of
Laboratory Animal Medicine, as well as guidelines from the National
Institutes of Health. The UCLA Animal Research Committee
approved the protocol (no. 2012-024-02A) for the use of mice in
our study. Twelve-week-old male C57BL/6 mice were placed on a
vitamin D—deficient diet (Research Diets, Inc., New Brunswick, NJ)
for 6 weeks then transferred to a 4 ppm iron diet for 1 week. Groups
of mice (n=4 in each case) received the following intraperitoneal
injections: 0.2 ug/g of 25D3 (Enzo Life Sciences, Farmingdale,
NY), 1 ug/g 25D, 0.2 ug/g 1,25D (Enzo Life Sciences), or a similar
volume of saline. In each case, mice were euthanized 24 hours after
treatment and RNA were extracted from livers as previously de-
scribed.*?

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

volunteers to examine the change in hepcidin serum levels, assessed by
competitive ELISA (Intrinsic Life Sciences, La Jolla, CA) after a single
dose of oral vitamin D, (100,000 IU). For serum 25D, a rapid, direct
RIA developed in the laboratory of Dr. Hollis and manufactured by
Diasorin Corporation (Stillwater, MN) was used.** An RIA manufac-
tured by Diasorin Corporation was used to measure total circulating
1,25D concentrations.*® Circulating levels of PTH and FGF23 were
measured with an RIA kit, a first-generation immunometric assay
(normal range, 10-65 pg/ml; Immutopics, San Clemente, CA),
and a second-generation C-terminal kit (Immutopics), respectively.
Two samples were drawn before supplementation (so that each sub-
ject acted as its own control) and two samples were drawn after sup-
plementation (24 and 72 hours). All biologic samples were obtained
at 8 AM after an overnight fast. This human study was approved by the
UCLA Human Subjects Protection Committee, and consent was ob-
tained from all subjects.

Extraction of RNA and Quantitative RT-PCR

Adherent cell cultures or centrifuged pellets of PBMC monocytes,
THP1 cells, or HepG2 cells were initially lysed with 1 ml RNAzol. Each
sample was then transferred to Eppendorf tubes and RNA was
extracted by adding 0.2 ml chloroform in a fume cabinet, and then
vortexing samples for >5 seconds followed by centrifugation at
12,000Xg for 15 minutes at 4°C. The aqueous phase was collected
for each sample and mixed with 1 ul glycogen and 0.5 ml isopropanol.
Samples were then vortexed and centrifuged again as described above.
All fluid was then discarded and the resulting RNA pellet dried in the
Eppendorf tube. The resulting pellet was then washed with 1 ml 70%
ethanol and vortexed and centrifuged again, followed by further air
drying of the resulting pellet. Finally, RNA pellets were resuspended
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in =14 ul of RNase free water and stored at —20°C after RNA quan-
tification and quality assessment (260/280 ratio; Nanodrop).
Aliquots (300 ng) of resuspended RNA were reverse-transcribed
using the SuperScript III RT enzyme as recommended by the
manufacturer (Invitrogen) and as previously described.'? Quantita-
tive real-time RT-PCR was performed in a Stratagene cycler (LaJolla,
CA), using TagMan probes and primers (Applied Biosystems, Foster
City, CA).!2:4¢ Expression of mRNA for the VDR (VDR)
(Hs001721113_m1), the vitamin D—activating enzyme la-hydroxy-
lase (CYP27B1) (Hs00168017_m1), the vitamin D catabolic enzyme
24-hydroxylase (CYP24A1) (Hs00167999_ml), HAMP
(Hs00221783_m1), ferritin (Hs00830226_gH), ferroportin
(Hs00205888_m1), CAMP (Hs00189038_m1), and mouse hepcidin
(Hamp) (MmO00842044_gl) was quantified using TagMan human
gene expression assays, as previously described.’? All reactions were
amplified under the following conditions: 95°C for 10 minutes fol-
lowed by 40 cycles of 95°C for 30 seconds, 55°C for 1 minute, and 72°C
for 1 minute. Data were obtained as ACt values (the difference be-
tween Ct of the target gene and Ct of the housekeeping 18S rRNA
gene). For visual representation, ACt data for each treatment were
converted to fold-change relative to ACt for control vehicle-treated

cells (AACt) using the equation 244,

Western Blot and Immunofluorescence Analyses
Expression of ferroportin protein was assessed by Western blot

analyses using previously reported protocols,*® involving overnight
incubation with primary ferroportin antibody (1/1000; Amgen,
Thousand Oaks, CA). A B-actin antibody (Sigma-Aldrich, St. Louis,
MO) was used as a loading control. Immunofluorescence analysis of
ferroportin and ferritin was carried out using adaptations of previ-
ously described methods.* Briefly, monocytes or hepatocytes were
seeded on 4-well glass slides, and incubated for 1 hour with anti-
bodies to ferroportin (1/200; Amgen) or ferritin (1/200; Abcam).
Secondary antibodies labeled with Alexa 594 were applied for 1
hour, and finalized with 4',6-diamidino-2-phenylindole (1/10,000,
5 minutes).

ChIP-qPCR Analyses of the Hepcidin Promoter
To predict potential HAMP promoter chromatin binding sites for the

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

To assess physical binding of the VDR and associated transcrip-
tional machinery to the HAMP gene promoter, ChIP was carried out.
PBMC monocytes were treated with 1,25D (5 nM, 24 hours) and
chromatin extracts prepared as previously described.*” ChIP-qPCR
assays were performed using the ChIP-IT Express kit (Active Motif)
and the ChampionChIP kit (SABiosciences, Inc., Valencia, CA).
ChIP-grade antibodies were used to detect VDR (sc-13133) and
RNA polymerase II (SABiosciences, Inc.) interactions. The resulting
enriched genomic DNA was purified (QIAquick kit; Qiagen, Inc.,
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Valencia, CA) and measured by qPCR using the EpiTect ChIP-
qPCR Primer Assay for CYP24A1 (GPH021775(—)01A (—1 kb
from the transcription start site) and GPH021775(—)02A (—2 kb
from the transcription start site), for CAMP (NM_004345.3,
—1 kb: GPH1009280(—)01A), for HAMP (NM_021175.2, —1 kb:
GPH1006776(—)01A), and for the negative control sequence
IGXIA (all Qiagen). The qPCR program was 10 minutes at 95°C,
followed by 15 seconds at 95°C and 1 minute at 60°C for 40 cycles.
A dissociation curve analysis was run to monitor the specificity of
amplification and lack of primer dimers. Data were shown first as
arbitrary units for gPCR amplification of DNA associated with RNA
Pol Il or VDR in cells treated with vehicle or 1,25D. In addition, fold-
change values were calculated to show the change in RNA Pol II or
VDR binding to DNA after treatment with 1,25D.

Luciferase Reporter Analysis of Vitamin D-Mediated

Regulation of the HAMP Promoter
A pGL4.17 firefly luciferase reporter vector containing the entire

proximal promoter (2997 bp) DNA sequence was used for analysis of
1,25D/25D-regulated HAMP transcription using previously reported
protocols.*® All transient transfections were performed using Lipo-
fectamine 2000 Reagent (Invitrogen) at a ratio of 1:1 (total DNA to
lipofectamine) according to the manufacturer’s recommendations.
Briefly, cells were seeded into 96-well plates at a density of 2X 10 cells
per well 24 hours before transfection. Each transfection was per-
formed using 200 ng HAMP construct cotransfected with 50 ng Re-
nilla luciferase plasmid to normalize transfection efficiency. Trans-
fection recipient MC3T3 cells, which express VDR but do not express
CYP27B1, were treated with vehicle (<0.2% ethanol), 25D (100 nM),
or 1,25D (10 nM) 24 hours before harvest with 30 ul Passive Lysis
Buffer (Promega, Fitchburg, WI). Luciferase activity in cell lysates
was assessed using the Dual Luciferase assay kit (Promega) according
to the manufacturer’s protocol and measured using a FLUOstar
Omega instrument (BMG Labtech, Cary, NC). Specifically, 20 ul of
each sample was transferred into a white 96-well plate. The FLUOstar
was programmed to inject 90 ul Luciferase Assay Reagent II followed
by 90 ul Stop & Glo. Transcriptional activity was expressed as lucif-
erase activity relative to Renilla activity. Each treatment was per-
formed in triplicate and repeated on at least three separate occasions.
Results were expressed as fold-change over untreated cells by dividing
the firefly/Renilla ratio of treated cells by the firefly/Renilla ratio of
untreated cells.

Statistical Analyses
RT-PCR data for in vitro and ex vivo studies were compared statisti-

cally using an unpaired ¢ test. Where indicated, multifactorial data
involving 25D/1,25D treatments were compared using one-way AN-
OVA with the Holm-Sidak method used as a post hoc multiple com-
parison procedure. Statistical analyses were carried out using raw ACt
values and fold-changes. Spearman correlation test was used for bi-
variate analyses.

For the vitamin D supplementation in healthy volunteers study,
clinical data are presented as the mean=*SD for variables with normal
distributions, or median (range) for variables with skewed distribu-
tion. A paired ¢ test was used to compare baseline samples, and
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baseline 1 with post-treatment samples. All statistical tests were per-
formed at the two-sided 0.05 level of significance. Analyses were per-
formed using the SPSS software (version 19.0; SPSS, Inc., Chicago,
IL) for Windows.
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SUPPLEMENTAL TABLE 1

SEQUENCE LENGTH POSITION STRAND RAW SCORE P VALUE SITE SEQUENCE
1071 72 - 0.602588 0.132854 AGTCCGatgAGTACA
1071 952 + 0.596919 0.259562 AGGGGAgggGGCTCA
1071 422 - 0.564744 0.580772 TGGCCAtaaATGACA
1071 903 - 0.564162 0.457681 AGATAAgcgGGAACA
1071 649 + 0.526702 0.868162 TGTGCAtgtAGGCGA
1071 193 - 0.525093 0.687983 AGCCCAggaGGCTGA
1071 10 + 0.507491 0.791509 GGCTGAgHGGTGCA

Supplemental Table 1. In silico nuclear receptor site prediction for vitamin D response elements in the
HAMP gene promoter (-1071 bp) For general nuclear receptor target prediction the NubiScan program
(www.nubiscan.unibas.ch) was used. A -1071bp HAMP gene promoter sequence was analyzed using the
general weighted matrix for nuclear receptor halfsites (including the VDR canonical halfsites), whereby direct-
repeat 3 sites were acquisitioned. For the search parameter, an automatic scan with a raw score threshold of 0.5
was used, where the optimal match would have a raw score of 1.
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SUPPLEMENTAL FIGURE 1
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Supplemental Figure 1. Effect of vitamin D on expression of hepcidin in mice. S1A. Peripheral blood-derived monocytes
from wild type C57BL/6 mice showed no change in mouse hepcidin (Hamp) gene expression following 24 hr treatment with
increasing doses of 1,25D (1-100 nM). S1B. Similar results were also observed for the mouse monocyte cell line J774 following 6
hr treatment with 25D (100 nM) or 1,25D (10 nM) . S1C. To assess possible effects of vitamin D on hepatic expression of Hamp in
vivo, 12 wk old C57BL/6 male mice were placed on a vitamin D-deficient diet for 6 weeks then transferred to a 4 parts per million
(ppm) iron diet for one week. Groups of mice (n=4 in each case) were then treated with either 0.2 ug/g body weight of 25D by
intraperitoneal (IP) injection, 1 ug/g 25D IP, 0.2 pg/g of 1,25D IP. A similar volume of saline IP (saline) was used as a control.
Analysis of liver mRNA in these mice 24 hours after treatment showed no effect on expression of Hamp.
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1,25-dihydroxyvitamin D mitigates hypoxic responses

1n human aortic endothelial cells

84



1,25-dihydroxyvitamin D mitigates hypoxic responses in human

aortic endothelial cells

Jessica L. Seal, Michelle Khrom!, Bing Li*, Michelle M. Reynoso!, Daniel Cohn?,

Martin Hewison3, Philip T. Liu4

1Department of Molecular, Cell and Developmental Biology, University of California
at Los Angeles, Los Angeles, CA

2Department of Pediatrics, David Geffen School of Medicine, University of
California at Los Angeles, Los Angeles, CA

3Centre for Endocrinology, Diabetes and Metabolism, The University of
Birmingham, Birmingham, UK

4Department of Orthopaedic Surgery, Orthopaedic Hospital Research Center,

University of California at Los Angeles, Los Angeles, CA

85



ABSTRACT

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality
in the US. Diabetes, autoimmune diseases, cancer, as well as renal diseases are
associated with an increased risk in developing CVD and concomitant vascular
complications. CVD 1is a complex, multifactorial disease with early stages
hallmarked by systemic inflammation and aberrant circulating lipid profiles that
lead to endothelial dysfunction and localized intravascular hypoxia. Clinical studies
over the past decade have established a correlation between CVD and vitamin D
deficiency; however, its function in the cardiovascular system is less
understood. Given the ability of active 1la,25-dihydroxyvitamin D (1,25D) to
dampen inflammation, we hypothesize that vitamin D exerts a cardioprotective
effect on the endothelium; therefore, we tested whether 1,25D could mitigate
inflammation- and hypoxia-driven endothelial dysfunction. Using human aortic
endothelial cells (HAEC) and human umbilical vein endothelial cells (HUVEC), we
demonstrate that 1,25D downregulates inflammation-induced expression of VCAM,
ICAM, and E-selectin in a time-dependent manner. Our data also demonstrate that
1,25D downregulates hypoxia-driven VEGF and DDIT4 expression as well as
proliferation of endothelial cells. Taken together, these results provide evidence for
a cardioprotective role of 1,25D in the endothelium during inflammatory disease
states through a direct effect on endothelial cells. This suggests that vitamin D
may similarly play an important role in diseases with comorbid vascular

complications.
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INTRODUCTION

Atherosclerosis is a disease of chronic inflammation and hypoxia leading to
cardiovascular disease (CVD) [1-4]. Diabetes, autoimmune diseases, cancer, and
renal diseases are associated with an increased risk in developing atherosclerosis
and concomitant vascular complications. Atherosclerosis, while initiated by
systemic inflammation leading to endothelial dysfunction, is the process by which
fatty plaques form on the blood vessel as a result of the accumulation of oxidized
low-density lipoproteins (ox-LDL) in the subendothelial space [5-9]. Lipid
accumulation stimulates the recruitment and retention of macrophages through
monocyte extravasation to engulf excess lipids and cellular debris [3, 10].
Macrophage uptake of lipids leads to formation of lipid-laden foam cells that then
undergo apoptosis, triggering the recruitment of additional macrophages to clear
apoptotic cells [5, 10, 11]. As the rate of lipid and cell debris accumulation rises,
macrophage efferocytosis is unable to keep abreast leading to the formation of a
necrotic core of excess cellular debris [6, 12].

The necrotic core is a markedly hypoxic microenvironment characterized by
high levels of reactive oxygen species, oxidized lipids, cell debris, and apoptotic cells
[5, 12]. Hypoxia drives plaque growth by promoting endothelial dysfunction,
stimulating the release of cytokines and chemokines by resident macrophages,
inducing vasa vasorum angiogenesis, and stimulating macrophage engulfment of

oxLDL [2, 13-16]. This cycle of inflammation, cell accretion, and hypoxia continues
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throughout the disease until the plaque ruptures or occludes blood flow entirely,
leading to the clinically emergent state of myocardial infarction [17].

Clinical studies demonstrate a correlation between vitamin D deficiency and
CVD, as well as diseases with cardiovascular complications including diabetes,
autoimmune diseases, and chronic kidney disease [18]. However, the function of
vitamin D in the cardiovascular system, particularly cardiovascular pathology,
remains unclear. The active form of vitamin D, 1a,25-dihydroxyvitamin D (1,25D),
1s well known for its role in bone health, regulating circulating calcium/phosphorus,
and modulating innate and adaptive immune functions [19-22]. 1,25D stimulates
macrophage engulfment of bacterial pathogens and can also function in anti-
inflammatory and antioxidant capacities [21, 22]. We hypothesized that 1,25D could
potentially mitigate the inflammatory conditions contributing to atherogenesis or
its resulting increase of reactive oxygen species (ROS) due to the hypoxic local
environment 1in the necrotic lesions. In this study, we explore potential
cardioprotective roles for 1,25D in human aortic endothelial cells (HAEC) exposed to

either inflammatory stimulus or hypoxic conditions.
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MATERIALS AND METHODS

Endothelial Cell Culture

HAEC (cat no. 2535), HUVEC (cat. no 2517), and EGM-2 BulletKit (cat. no. 3162)
were purchased from Lonza (Walkersville, MD). Cells used were between passages
four to eight for all experiments. Endothelial cells were grown in EBM-2 growth
media to 75- 100% confluence prior to experimentation. M199 media, purchased
from Corning CellGro (10-060-CV), with either 1% fetal bovine serum (FBS) or 10%

FBS was used during experiments.

Inflammatory Stimulation

Recombinant human TNFa, purchased from R&D Systems in Minneapolis, MN
(cat. no. 210-TA) was reconstituted in sterile PBS with 0.1% BSA in accordance
with manufacturer's instructions and used at a concentration of 100ng/ml. 1a,25-
dihydroxyvitamin D (1,25D), purchased from Enzo was reconstituted in ethanol in
accordance with manufacturer's instructions. EBM-2 growth media was replaced by
M199 media containing either 1% or 10% FBS just prior to treatments. HAEC were
supplemented with either 1,25D (100nM) or vehicle control (0.1% ethanol) one hour
prior to stimulation with TNFa (100ng/ml). TNFa or vehicle control (0.1% PBS with
BSA) were added to culture media and cells incubated at 32°C in 5% CO: for 18

hours before lysing cells to collect RNA or protein.
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Hypoxia Stimulation

EC were grown to confluence in EBM-2 media. Media was changed to M199 culture
media with 1% FBS and cells incubated in 32°C with 5% COgz for 6-8hrs. 1,25D
(100nM) or vehicle control (0.1% ethanol) was added to the cell cultures one hour
prior to either treatment with CoCls (200mM) or transfer into SANYO MCO-5M
multi-gas incubator set to 5% O3z, 5% CO2, and 32°C. Cells were incubated in CoCl2

or 5% Qs for 18 hours.

RNA extraction and cDNA synthesis by reverse transcription

Qiagen mini RNase Kkits were used in accordance with the manufacture's
instructions to extract RNA from cells. Aliquots of 1ug RNA were reverse-
transcribed using SuperScript III Reverse Transcriptase as recommended by the

manufacturer (Invitrogen, Carlsbad, CA).

Quantitative real-time RT-PCR amplification of cDNA

Tagman human gene expression assays were used for PCR amplification of target
gene cDNA per the manufacture's instructions and as previously described (Justine
and Jess et al). Stratagene MX3005P machine was used to quantify mRNA
expression of VDR, VCAM, ICAM, and E-selectin. Reactions were amplified using
the following conditions: 10 minutes at 95°C, 40 cycles of 95°C for 30 seconds,
followed by 1 minute at 55°C and 1 minute at 72°C. Data were expressed as mean +

SD ACt values. Individual reactions were normalized by multiplex analysis with
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18S rRNA housekeeping gene (Applied Biosystems, Foster City, CA, USA). Fold-
change values were calculated using the equation 2—ACt as previously described
(Bacchetta and Sea et al). The probes and primer kits from Applied Biosystems used
include: VDR  (Hs00172113_m1), VEGFA  (HS0090055_m1), VCAM1
(Hs01003372_m1), ICAM1 (Hs00164932_m1), E-selectin (Hs_00950401_m1), DDIT-

1 (Hs0111686_g1).

RNA sequencing and bioinformatics analysis

Libraries were created using TruSeq RNA v2 library prep by UCLA Neurosciences
Genomics Core. Libraries were sequenced at PE 2x69 on Illumina HiSeq 2500 next

generation sequencing instrument.

Protein isolation and western blots

Cells were lysed with RIPA buffer (R0278, Sigma Aldrich, St Louis, MO, USA)
containing 1% protease inhibitor cocktail (P8340, Sigma Aldrich, St Louis, MO,
USA), and centrifuged at 5,000g for 20 minutes at 4°C. Protein lysates were
separated by molecular weight using 10% SDS-PAGE followed by western blot
transfer and immunoblotting. Biotinylated protein ladder (7727, Cell Signaling
Technology, Danvers, MA, USA) was used to validate molecular weights. After
blocking with 5% BSA, blots were incubated overnight at 4°C with primary antibody
against human VDR (sc-1008 rabbit polyclonal, Santa Cruz Biotechnology). Horse-

radish peroxidase (HRP)-conjugated secondary anti-rabbit antibody was incubated
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for 1 hour at room temperature. Enhanced Chemiluminescence Western Blotting
Substrate (Pierce Thermo Fisher Cat No. 32106) was used to detect HRP.
Densitometery of band intensities were quantified using ImagedJ software (National

Institutes of Health, Bethesda, MD).

Analysis of 25D metabolism in HAEC

HAEC assessed for synthesis of 1,25D by quantifying the metabolism of
radiolabeled 250HD as described previously [23]. Briefly, HAEC were incubated
with radiolabeled 3H-25D substrate (300,000 cpm, 155Ci/mmol; Perkin Elmer,
Waltham, Massachusetts) for 6 hrs in serum-free culture medium. The resulting
mix of 3H-vitamin D metabolites was then extracted from the total cell lipids using
initial C18 Sep-pak purification (Waters, Milford, Massachusetts) and subsequent
HPLC (ZorbaxSil column; Agilent, Santa Clara, California) separation of la-

hydroxylated vitamin D metabolites. Biological replicates n=4.

Proliferation assay

The colorimetric WST proliferation assay, obtained from Abcam (ab155902), was
used in accordance with manufacture's guidelines to quantify proliferation rates in
HAEC. Briefly, after treatment periods in 98-well plates, WST reagent was added to
HAEC cell cultures and incubated at 32°C in 5% CO2 for 30 minutes. Absorbance
was measured at 450nm using a plate reader. Data was normalized against a

standard curve of cell densities and corresponding absorbency readings.
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RESULTS

Vitamin D system in HAEC

Cytochrome P450, Family 27, Subfamily B, Polypeptide 1 (CYP27B1) mRNA,
the enzyme required to convert 25D to 1,25D, was expressed in HAEC (Figure
5.1A). Previous studies in monocytes demonstrated a robust increase in CYP27B1 in
response to inflammatory stimulation by TNFa. To test whether this effect was
present in HAEC, we treated with TNFa (30ng/ml) for 6, 12, and 24 hours and
measured mRNA by RT-PCR (Figure 5.1A). Results show a slightly increasing
trend; however, the increases were not statistically significant. To assess protein
expression, we treated with 30ng/ml of TNFa for 24 hours and assessed changes in
CYP27B1 protein expression by western blot. Results showed low baseline
CYP27B1 expression, and a modest increase upon TNFo treatment with a fold
change of 1.96 after normalization to B-actin loading control (Figure 5.1B).

However, we were unable to detect activity of CYP27B1 in HAEC (Figure
5.2). HAEC were treated with either vehicle or TNFa (30ng/ml) for 24 hours and
incubated with radio-labeled 3H-25D for 6 hours. No 3H-1,25D was detected by
HPLC in either HAEC sample (repeated with 4 biological replicates).

This is contrary to human umbilical vein endothelial cells (HUVEC), in which
a functional vitamin D system was previously established [24]. However, this is
possibly due to the differences in CYP27B1 protein expression, which is much

higher in untreated HUVEC compared to HAEC (Supplemental Figure 5.1).
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Given that 1,25D functions largely as an endocrine and paracrine factor, we
explored whether HAEC are be able to respond to 1,25D. We demonstrated HAEC
express the vitamin D receptor (VDR) at similar levels to those observed in HUVEC.
The monocytic cell line THP-1, which has established robust responses to 1,25D,
was used for comparison in addition to HUVEC, and showed significant amount of
VDR protein (Figure 5.3).

To assess whether HAEC could respond to 1,25D via changes in gene
expression, we sequenced mRNA isolated from HAEC after a 6-hour incubation
with either 1,25D (100nM) or vehicle control (0.01% ethanol). Sequencing results
showed few changes in mRNA expression in both treatments suggesting vitamin D
may not play role in maintaining normal function in HAEC (data not shown),

particularly in comparison to cell types with more robust responses [21].

HAEC vs. HUVEC: 1,25D responses to inflammatory-stimulation

To explore potential differences between HAEC and HUVEC, we stimulated
each with TNFa(100ng/ml) for 24 hours in the presence of 1,25D (100nM) or vehicle.
TNFo induced expression of several markers for endothelial activation to
comparable levels in both cell types. Vascular cell adhesion molecule (VCAM),
intracellular cell adhesion molecule (ICAM), and endothelial selectin (E-sel) mRNA
was significantly elevated following exposure to TNFa. However, supplementation
with 1,25D 1 hour prior to TNFoa treatment did not significantly reduce

inflammatory-driven increases in VCAM or ICAM in either HAEC or HUVEC
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(Figure 5.4A-D). To test whether this was the result of serum starvation conditions
(1% FBS) that were used, experiments were carried out using 10% FBS. Results
showed differences in serum concentration between 1% and 10% did not change
cellular responses to 1,25D upon TNFa stimulation. However, 1,25D did have an
effect on E-sel expression by in HAEC, but not HUVEC, by down regulating TNFa-

induced E-sel expression in both 1% and 10% FBS (Figure 5.4E-F).

1,25D lowers hypoxia-induced VEGF and DDIT4 expression in HAEC

Given that hypoxia is a potent inducer of VEGF expression and endothelial
dysfunction, we explored whether 1,25D could mitigate endothelial responses to
hypoxia. To test whether 1,25D displayed anti-oxidant properties in endothelial
cells, we exposed HAEC to hypoxic environments in the presence of either 1,25D or
vehicle. Supplementation of 1,25D (100nM), but not 25D (data not shown)
significantly lowered hypoxia-induced VEGF mRNA expression in HAEC (Figure
5.5A). We next sough to determine whether a downstream target of VEGF, DDIT4
was affected by 1,25D supplementation in hypoxia. DDIT4 mRNA expression
patterned that of VEGF: demonstrating a trend in dramatically increasing levels of
DDIT4 with hypoxia that were reduced by 1,25D supplementation in HAEC (Figure

5.5B).
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DISCUSSION

Vitamin D has demonstrated anti-oxidant effects in previous studies, and
given that many cell types respond differently to stimulus when cultured under
stressed conditions, we tested the ability of HAEC to respond to 1,25D in hypoxic
environment [25]. Hypoxia is well established to affect the endothelium in several
diseases including, atherosclerosis and cancer. The lipid core of atherosclerotic
plaques is highly hypoxic, driving endothelial activation, proliferation, and eventual
dysfunction. Vascular endothelial growth factor (VEGF) expression is dramatically
increased by hypoxia in endothelial cells, acting as a potent inducer of proliferation,
which in a disease state can lead to endothelial dysfunction [26]. In atherosclerosis,
hypoxia-driven VEGF expression can be both beneficial and detrimental to fighting
plaque growth. VEGF overexpression is involved in several pathological functions
contributing to atherosclerosis initiation and progression. In addition to driving
endothelial dysfunction, VEGF also facilitates endothelial-dependent formation of
vasa vasorum, which are neovascularizations within the vessel wall that supply the
hypoxia core with oxygen and nutrients. This is thought to aid in vessel stability
during certain points in the disease, however, the vasa vassorum have been
implicated in the initiation of fatty plaques via LDL transportation leading to lipid
accumulation [27, 28]. Although VEGF over expression appears to be beneficial at
certain points in atherosclerosis, its role as a pathological agent is overwhelmingly

dominant in plaque development [28].
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Future directions to include characterizing proliferative effects of 1,25D in HAEC

VEGF and DDIT4 each play key roles in endothelial proliferation, which in a
pathological setting can be detrimental. To assess the effects of 1,25D on endothelial
proliferation, future directions will aim to address the question of whether 1,25D
can regulate HAEC proliferation under physiological as well as hypoxic conditions.
We plan to explore this using in vitro systems consisting of both monolayers and 3D
culture matrices to mimic the in vivo environment. Future studies will also focus on
characterizing the signaling pathways and mechanism by which 1,25D down
regulates VEGF and DDIT4. We will do this by performing in vitro experiments to
knock down expression of VDR to assess hypoxia responses for potential changes.
Our hypothesis is that 1,25D is acting through VEGF and DDIT4 to down regulate
mammalian target of rapamycin complex 1 (mTORC1) that is largely responsible for

regulating cellular responses for proliferation.
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FIGURE 5.1

A CYP27b1 mRNA
HAEC +/- TNFo

1T 1 |

6Hr 12Hr 24Hr

Veh TNF

.- CYP27B1

_____E

Densitometry
(FC vs Veh)

Veh

Figure 5.1 CYP27B1 expression in HAEC treated with TNFa

CYP27B1 mRNA as measured by RT-PCR and protein as measured by western blot

in HAEC treated with TNFa (30ng/ml). (A) RT-PCR results indicate no significant

difference in HAEC CYP27B1 expression in response to TNFa (30ng/ml) after 6, 12,

or 24 hours. (B) CYP27B1 protein showed only a modest increase after 24 hours of

TNFa (30ng/ml).
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FIGURE 5.2
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Figure 5.2 HAEC do not convert 25D to 1,25D at baseline or when
stimulated with TNFa
HPLC results showed no activity of CYP27B1 in HAEC as measured by conversion

of radio-labeled of 3H-25D to 3H-1,25D. Top plot showing positive control for 3H-
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1,25D. Middle plot showing HAEC treated with vehicle control. Bottom plot
showing HAEC treated with TNFa (30ng/ml) for 24 hours. Plots are representative

of 4 biological replicates.
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FIGURE 5.3
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Figure 5.3 Expression of the VDR in HAEC
Untreated THP-1, HAEC, and HUVEC were assessed for VDR protein expression
observed by western blot. Data indicate HAEC and HUVEC express similar

amounts of VDR, albeit lower than the THP-1 monocytic cell line.
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FIGURE 5.4
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Figure 5.4 HAEC and HUVEC responses to inflammatory-stimulation
in vitamin D supplemented conditions

HAEC and HUVEC were pre-treated with 1.25D, followed by TNFa stimulation for

24 hours in two different FBS concentrations and assessed for changes in mRNA of
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adhesion markers: VCAM, ICAM, and E-sel. (A-D) TNFa induced significant
increases in VCAM and ICAM in both serum concentrations across both cell types.
1,25D supplementation did not significantly inhibit TNFa-driven increases in
VCAM or ICAM mRNA in either cell type and serum concentration. (E-F) TNFa
stimulation resulted in significant induction of E-sel in both HAEC and HUVEC;
however, inhibition of this increase by 1,25D only occurred in HAEC.

*p< 0.05; **¥* p< 0.001; ****p< 0.0001.
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FIGURE 5.5
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Figure 5.5 Effects of 1,25D on VEGF and DDIT4 expression in HAEC

Expression of VEGF and DDIT4 mRNA in HAEC supplemented with 1,25D
(100nM) and cultured in hypoxic conditions. (A) HAEC cultured under 5% oxygen
tension had a significant increase in VEGF mRNA that was significantly lowered by
pre-treatment with 1.25D.

demonstrated a trending increase in DDIT4 mRNA that was lowered by pre-
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SUPPLEMENTAL FIGURE 5.1
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Supplemental Figure 5.1 Expression of CYP27B1 in HAEC and HUVEC
HAEC and HUVEC baseline expression of CYP27B1. (A) Western blot shows
higher expression of CYP27B1 protein in HUVEc as compared to HAEC. (B)

Densitometery of band intensities was quantified using Imaged software.
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Chapter 6

Conclusions
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Chronic kidney disease (CKD) is a serious worldwide health issue in which
patients most often die of cardiovascular diseases (CKD) [1-3]. Elevated FGF23 is
among the first clinically detectable signs of renal dysfunction and is independently
associated with all —cause mortality in these patients [4-6]. Even children, who lack
the traditional risk factors of CVD, suffer from cardiovascular co-morbidities that
result in death [7-10]. Given the early onset of increased FGF23, CVD development
associated with CKD, we hypothesized FGF23 may contribute to CVD pathology in
patients with renal disease. We specifically focus on monocytes and endothelial cells
as they are key initiating factors in CVD, and are dysregulated in CKD. In this
study, we aim to understand the effects of FGF23 on several aspects of both
monocytes and endothelial cells, as well as the interrelationship between the two
cell types.

Starting with the effects of FGF23 on the monocyte vitamin D system, we
demonstrated a unique role for FGF23 in mitigating innate immune function
through down regulation of vitamin D synthesis. Active vitamin D (1,25D),
synthesized in monocytes, is key to stimulating bacterial killing during pathogenic
infections [11]. Patients with CKD, who have high levels of circulating FGF23, are
at an increased risk of infections due to a compromised immune system [12-14]. The
data presented in the second chapter of this dissertation suggests a link between
FGF23 and weakened innate immune function in fighting bacterial infections.

Cardiovascular pathologies, particularly atherosclerosis, are initiated by

chronic inflammation, increased oxidized low-density lipoprotein (ox-LDL), and
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endothelial dysfunction [15, 16]. The purpose of the study described in chapter 3
was to investigate the effects of FGF23 on the relationship between endothelial cells
and monocytes. Phagocytic monocytes taking up ox-LDL eventually develop into
foam cells and when coupled with systemic inflammation and endothelial
dysfunction, lead to the formation of a fatty plaque on the vessel wall [17-20]. As the
plaque develops, cells, ox-LDL, and cellular debris accumulate leading to the
development of an atherosclerotic lipid core [16]. In this study, we demonstrated
that FGF23 acts on endothelial cells and monocytes in co-culture to facilitate the
acquisition of modified LDL particles by monocytes; thereby demonstrating a
connection between FGF23 and foam cell formation contributing to CVD. Future
studies will aim to further characterize the mechanism by which FGF23 facilitates
aberrant lipid responses in the endothelial/monocyte microenvironment.

In addition to CVD, patients in renal failure often develop anemia and have a
weakened immune system. The iron-regulatory protein, Hepcidin catalyzes the
degradation of the only mammalian iron-export protein, Ferroportin [21, 22]. In
facilitating this process, Hepcidin overexpression causes iron sequestration
important for fighting extra-cellular pathogens that require iron for replication [23-
25]. In a pathological setting such as renal disease, Hepcidin overexpression can
lead to iron-deficiency and anemia [26-29]. Patients with CKD are also often
vitamin D deficient, also contributing to weakened immune responses [30]. This
study explored the connection between Hepcidin over-expression and vitamin D

deficiency associated with CKD in monocytes. Our results demonstrate a direct
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regulation of Hepcidin by the vitamin D system while also proposing a mechanism
for Hepcidin over production in vitamin D deficient patients. Future studies will
explore potential contributions of elevated FGF23 in Hepcidin over production in
monocytes.

The final study of this dissertation aimed to characterize the vitamin D
system in human aortic endothelial cells (HAEC). Our data show HAEC do not
possess the ability to synthesize 1,25D. However, expression of the vitamin D
receptor (VDR) led us to hypothesize that 1,25D might act on HAEC by way of
endocrine/paracrine effects. This study demonstrates a potential role for 1,25D in
mitigating hypoxia-driven VEGF mRNA expression. Preliminary data show 1,25D
may also mitigate VEGF-induced DNA-damage-inducible transcript 4 (DDIT4)
upregulation in HAEC. Given that VEGF and DDIT4 are potent regulators of
proliferation, and are up regulated in hypoxic conditions and CVD, future studies
will involve assessing whether 1,25D elicits an effect on proliferation in a
pathological setting.

Taken together, this body of work demonstrates an important role for FGF23
and vitamin D in CKD-mediated cardiovascular pathologies. Future work will aim
to further explore the mechanisms by which FGF23 and 1,25D function within the
cardiovascular system, with the goal of developing alternative therapeutics and

immunotherapies to treat CVD/CKD.
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