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ABSTRACT OF THE DISSERTATION 

 

The Role of Macrophage Intracellular Cholesterol Homeostasis in 

Fc-gamma Receptor-mediated Phagocytosis 

 

by 

 

Diego F. Nino 

 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2014 

Professor Antonio De Maio, Chair 

 

 Macrophages are professional phagocytes that play an essential role in the host 

defense against pathogens, on the other hand these cells are at the center of lipid and 

inflammation biology as demonstrated by their role in the development of 

atherosclerosis. The intricacies of the interaction between lipid homeostasis and the 

host immune system are not yet fully elucidated. Current literature supports a role for 



 xxvi 

intracellular cholesterol content and distribution in the regulation of cellular functions 

such as: migration, membrane trafficking and signaling.  

 In the process of atherogenesis, early stages of lesion development are 

characterized by accumulation of esterified cholesterol in macrophage cytoplasmic 

lipid droplets, as the disease progresses intracellular cholesterol redistribution ensues 

with buildup of free cholesterol in other cellular compartments, such as lysosomes and 

the plasma membrane. In this study, we have investigated the role that macrophage 

intracellular cholesterol homeostasis plays on Fcγ receptor (FcγR)-mediated 

phagocytosis. Our experimental model consisted of murine macrophages (i.e. J774.1 

cells and isolated naïve peritoneal macrophages) submitted to several different 

pharmacological strategies to induce cholesterol redistribution and accumulation in 

late endosomes/lysosomes. Cells were subsequently challenged with opsonized 

bacterial particles to determine FcγR-mediated phagocytic capacity. We found that 

cholesterol accumulation in late endosomes/lysosomes leads to a significant decrease 

of this main function. We further identified the mechanism for this defect to be 

associated with decreased expression of all three subtypes of the receptor (i.e. FcγRI, 

FcγRII and FcγRIII) both at the protein as well as the mRNA level. Moreover, this 

effect was exerted at the level of transcriptional regulation of the expression of these 

receptors by impairing expression and recruitment of two essential transcription 

factors, PU.1 and Stat1. In addition, this pattern of cholesterol accumulation is 

associated with alterations in the cholesterol homeostasis transcriptional program. In 

summary, this work demonstrates the critical role of normal cholesterol homeostasis in 
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the regulation of FcγR-mediated phagocytosis, a critical function of the host immune 

response to pathogens. 

 



1 

Chapter 1. An Introduction to Cholesterol Homeostasis 

 

Cholesterol is a molecule that has been extensively studied since its isolation 

from gallstones in 1789 [1]. The complex biosynthesis and metabolism of cholesterol 

have been the focus of a great research endeavor that has led to the discovery of the 

role of this fascinating molecule in a broad range of human diseases. Not only is 

cholesterol a major factor in the pathophysiology of cardiac and brain vascular 

diseases but it has also been implicated in diabetes, Alzheimer’s disease, cancer, as 

well as several rare monogenic diseases (such as familial hypercholesterolaemia and 

lysosomal cholesterol-sphingolipid storage diseases) [2, 3]. Moreover, the intersection 

between cholesterol homeostasis and the innate immune system are starting to be 

appreciated [4, 5]. Due to its physicochemical characteristics, cholesterol plays an 

essential role as a membrane component, helping to generate a semipermeable barrier 

not only separating the cell from the extracellular environment but also between the 

different intracellular compartments. By determining the structure and fluidity of the 

cell membrane, cholesterol modulates the functions and distribution of membrane 

proteins, intracellular trafficking and signal transduction mechanisms [2, 6]. The role 

of systemic cholesterol homeostasis in the development of cardiovascular disease has 

been extensively studied in the past 50 years. In this particular context macrophages 

have been found to play an essential role in the pathophysiology of atherosclerosis [7]. 

Only until recently the underlying role of cholesterol homeostasis in macrophage 

biology and physiology has started to be elucidated. Here we present the overall 
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biochemical and physiologic determinants that regulate cholesterol homeostasis from 

the systemic to the molecular level. A particular emphasis is placed on the role of 

cholesterol in macrophage biology. 

Cholesterol is an essential component of cell membranes and its homeostasis is 

of critical relevance to the normal anatomy and physiology of the organism [2]. 

Several disease processes are determined by alterations in the proper quantity and/or 

distribution of cholesterol within cells [2, 8]. Of particular relevance is atherosclerotic 

vascular disease where macrophages play a central role [7, 9].  

 

1.1 Systemic Regulation of Cholesterol Homeostasis 

 

 Systemic regulation of cholesterol homeostasis is intricately linked to serum 

lipids and transport lipoproteins. Due to the fact that cholesterol is a highly 

hydrophobic compound it needs to be associated to a protein moiety in order to move 

through the aqueous milieu. Enterocytes and hepatocytes package cholesterol and 

cholesteryl esters into lipoproteins of various sizes and compositions, which are 

modified continuously in circulation. Lipoproteins have complex macromolecular 

structures, comprising a core of hydrophobic cholesteryl esters and triglycerides 

enveloped by hydrophilic phospholipids and free cholesterol. The protein moiety is an 

essential component that is furnished by apolipoproteins, which provide structural 

integrity and act as cofactors for enzymes or as ligands for different receptors. In this 

manner, apolipoproteins are involved therefore in the release and the delivery of 
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lipoproteins in circulation [10]. Several factors are involved in the intricate network 

regulating these processes (Figure 1.1).    

 Cholesterol is obtained from food and is transported initially from the intestine 

to the liver. From the liver lipids are distributed throughout the body. Enterocytes of 

the small intestine package dietary cholesterol along with triglycerides into 

chylomicrons. These are ~50 – 200 nm lipoproteins mainly composed by triglycerides 

(~85%), phospholipids (9%), cholesterol (4%) and proteins (2%). Chylomicrons have 

the lowest density (<1.006 g/mL) and their main protein component is apolipoprotein 

B 48 (APOB48) [11]. In circulation, some of the triglycerides are hydrolyzed and new 

apoproteins (e.g. APOE) added to generate chylomicron remnants, which are taken up 

by hepatocytes [11]. These cells package and secrete lipids into very low-density 

lipoproteins (VLDL), which are further processed in circulation to yield low-density 

lipoprotein (LDL), the main lipoprotein involved in cholesterol delivery to peripheral 

tissues. VLDL molecules are ~30 – 70 nm with a density between 0.95 – 1.006 g/mL 

composed by triglycerides (~50%), cholesterol (20%), phospholipids (20%) and 

protein (10% - with APOB100 being the main component) [12]. On the other hand, 

LDL molecules are ~20 – 25 nm in size with a density between 1.006 – 1.063 g/mL. 

The main components of LDL are: cholesterol (~45%), phospholipids (20%), 

triglycerides (10%) and protein (25% - APOB being the main apoprotein) . The main 

function of the LDL molecule is to provide cholesterol to peripheral tissues or return it 

to the liver.  
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 Excess cholesterol in extrahepatic tissues is removed and transported back to 

the liver by high-density lipoprotein (HDL) in a process that is known as reverse 

cholesterol transport [13]. HDL molecules are ~8 – 11 nm in size with a density of 

1.063 – 1.210 g/mL and composed of protein (55% - mainly APOA-I), phospholipids 

(25%), cholesterol (15%) and triglycerides (5%) .  From the liver, cholesterol is 

secreted into the bile and then into the small intestine, either as cholesterol or after it 

has been metabolized to bile acids. From there, cholesterol and bile salts are either 

reabsorbed into the enterohepatic circulation or excreted into the feces. Bile salts 

provide the only significant mechanism for cholesterol excretion, both as a metabolic 

product and as a lipid solubilizer [11, 14].  

 Cellular regulation of membrane cholesterol levels involves several 

mechanisms, including: synthesis de novo, uptake through various routes, shuttling 

between different organelles and efflux to extracellular carriers [15]. A more detailed 

description of these processes is provided below. 
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Figure 1.1 Systemic Cholesterol Homeostasis.  
The liver plays as central role in the regulation of the body’s cholesterol homeostasis. 
Cholesterol sources include dietary intake and de novo synthesis (by both the liver and 
extrahepatic tissues). Cholesterol is eliminated from the liver as unmodified 
cholesterol in the bile or by conversion to bile salts that are secreted into the intestinal 
lumen. Cholesterol is transported throughout the body in lipoprotein particles of 
various compositions. Chylomicrons are assembled in the intestinal mucosa and carry 
dietary cholesterol, triglycerides and other lipids and lipid-soluble molecules to the 
liver through the enterohepatic circulation. Very-low-density lipoproteins (VLDL) and 
low-density lipoproteins deliver cholesterol and other lipids to peripheral tissues. The 
process of reverse cholesterol transport allows the movement of cholesterol back into 
the liver from extrahepatic tissues. Macrophages are central to this process facilitating 
the loading of high-density lipoproteins that carry away cholesterol from peripheral 
sources into the liver. The balance between cholesterol influx and efflux is not precise, 
resulting in gradual deposition of cholesterol in the adipose tissue.   

Nat Rev Mol Cell Biol. 2012 Mar 14;13(4):213-24 
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1.1.1 Cholesterol Synthesis  

 

Cholesterol is synthesized in almost all tissues in mammals, although liver, 

intestine, adrenal cortex and the reproductive tissues, make the largest contributions to 

the systemic pool. Total body cholesterol levels vary considerably between 

individuals, depending both on genetic factors that control the effectiveness of 

production versus absorption and dietary supply. The systemic contribution of de novo 

cholesterol synthesis versus dietary intake has been estimated at a ratio of ~70:30 [11].  

Cholesterol is a highly hydrophobic molecule synthesized in the endoplasmic 

reticulum (ER) from the two-carbon substrate acetic acid through a complex pathway 

that involves more than 30 enzymatic reactions (Figure 1.2) [1, 16]. The rate-limiting 

step of this pathway is catalyzed by the enzyme 3-hydroxy-3-methyl-glutaryl 

Coenzyme A reductase (HMG-CoAR), which is the molecular target of statins. HMG-

CoAR facilitates the conversion of HMG-CoA to mevalonate, which is subsequently 

converted into squalene after six enzymatic reactions. The first committed step 

towards cholesterol biosynthesis is catalyzed by squalene cyclase, this reaction results 

in the synthesis of lanosterol. After ~20 steps that involve demethylation reactions, 

double-bond reductions and replacements the pathway yields the synthesis of 

cholesterol (As shown in Figure 1.2) [1, 17] Cholesterol can be further modified into 

multiple different molecules, some of them by tissue-specific reactions to yield critical 

biochemical and physiological modulators. For example, cholesterol can be oxidized 

to form steroid hormones in steroidogenic cells, it can be oxidized or auto-oxidized to 
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form oxysterols in all cells, fatty acylated to yield cholesteryl esters in all cells or in 

hepatocytes it can be oxidized to form bile acids (Figure 1.1).  

HMG-CoAR is under strict control by the transcription factor sterol regulatory 

element binding protein (SREBP), which plays a critical role in the sensing of cellular 

cholesterol levels allowing a dynamic interaction between the intracellular metabolic 

machinery and the environment [5, 18]. See Figure 1.4. 
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Nat Rev Mol Cell Biol. 2008;9:125-38 
 
Figure 1.2 Cholesterol Biosynthesis and Metabolism.  
Diagram depicts three critical steps in the biosynthesis of cholesterol and subsequent 
metabolism. The precursor molecule acetate is reduced in multiple polymerization 
reactions. The rate-limiting-enzyme of the pathway is 3-hydroxyl-3-methyl-glutaryl 
coenzyme A reductase (HMG-CoAR), which catalyzes the synthesis of mevalonate. 
The 30 carbon compound squalene undergoes cyclization in order to be converted to 
the sterol lanosterol, by the enzyme squalene cyclase.  The conversion of lanosterol to 
cholesterol is a multistep process that includes the enzyme lanosterol 14-α-
demethylase (this enzyme is inhibited by itraconazole). Subsequent processing and 
metabolism of cholesterol leads to the production of: cholesteryl esters by addition of 
fatty acids (e.g. cholesteryl oleate), oxysterols by oxidation in all cells or auto-
oxidation (e.g. 25-hydroxycholesterol), bile acids by oxidation in hepatocytes (e.g. 
cholic acid) or steroid hormones by oxidation in steroidogenic cells (e.g. 
pregnenolone). Key enzymes in each metabolic pathway are shown. 
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1.1.2 Cholesterol Uptake and Metabolism 

  

 Most of the cholesterol delivered to cells is transported in LDL molecules. 

These particles contain predominantly cholesteryl esters packaged with the protein 

moiety APOB-100. In general, LDL is comprised of: cholesterol (~45%), 

phospholipids (20%), triglycerides (10%) and protein (25%). Cells internalize LDL 

via the LDL receptor (LDLR) by interaction of this receptor with the apolipoprotein 

APOB [19]. These receptors are present on the plasma membrane of most cells and 

bind particles containing APOB or APOE proteins (i.e. chylomicron remnants, VLDL 

and LDL). LDLR are negatively charged glycoproteins that are clustered in pits on 

cell membranes that are enriched with the cytosolic protein clathrin (Figure 1.3). 

Clustering of LDLR in clathrin-coated pits greatly enhances the efficiency of the 

internalization of these molecules [19]. After binding, the LDL-receptor complex is 

internalized via endocytosis, the vesicle containing LDL loses its clathrin coat and 

fuses with similar vesicles known altogether as endosomes. The pH of the endosome 

falls (due to the proton-pumping activity of endosomal ATPases), which promotes the 

separation of the LDL molecule from its receptor. The receptors then migrate to one 

side of the vesicle in order to be recycled back to the plasma membrane. Subsequent 

progression through acidic endocytic compartments and lysosomes allows cholesteryl 

esters to be hydrolyzed by the lysosomal acid lipase (LAL) to yield unesterified 

cholesterol to provide for cellular needs [19]. 
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 Several lysosomal storage diseases caused by rare autosomal recessive 

deficiencies in the ability to hydrolyze lysosomal cholesteryl esters (e.g. Wolman 

disease), or to transport unesterified cholesterol out of the lysosome (e.g. Niemann-

Pick disease, type C - NPC) have been identified [3].  Indeed, NPC is of particular 

interest to our studies, this lysosomal storage disease is caused the deficiency of either 

one of two proteins: Niemann-Pick C1 (NPC1) [20, 21] or Niemann-Pick C2 (NPC2) 

[22]. The discovery of the molecular pathogenesis of this disease has provided a better 

understanding of the fate of the cholesteryl esters associated with LDL once they are 

internalized into the cell. In normal cells, cholesterol is exported from the LE/LY and 

delivered to other organelles, including the plasma membrane, the endocytic recycling 

compartment and the ER [15]. The precise mechanisms involved in the intracellular 

cholesterol transport are yet to be fully understood, but we know that they include both 

vesicular and nonvesicular transport processes [23].  Mutations in either one of the 

NPC proteins manifest as NPC disease, which is usually fatal. In both types of the 

disease cholesterol, bis(monoacylglycerol)phosphate (BMP), and various 

sphingolipids accumulate in specialized compartments, lysosomal storage organelles, 

these effects result into altered protein and lipid trafficking [24, 25]. Approximately 

95% of NPC cases are caused by mutations in the NPC1 gene [20] and the rest are 

related to mutations in NPC2 [22]. NPC1 is a large (1278-amino acid) protein that 

localizes to the limiting membrane of LE/LY. Topological analysis has revealed 13 

transmembrane domains, three large luminal loops including an N-terminal domain, 

six smaller cytosolic loops, and a C-terminal cytoplasmic tail. In addition, 14 potential 
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N-linked glycosylation sites have been predicted (four of them in fact have been 

shown to be utilized). Furthermore the main disease causing mutation is associated 

with deficient glycosylation at NPC1I1061T [26].  
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1.1.3 Reverse Cholesterol Transport 

  

 The metabolic process of reverse cholesterol transport is critical to the removal 

of excess cholesterol from peripheral cells and therefore of central relevance to 

atherosclerosis. Cholesterol is transported by HDL from peripheral tissues to the liver 

for excretion in the bile and ultimately the feces [27]. Nonhepatic cells acquire 

cholesterol through uptake of lipoproteins and de novo synthesis, yet these cells are 

unable to catabolize it (only exception is those cells involved in steroidogenesis). In 

macrophages and other cells, cholesterol once it is hydrolyzed from its sterified form 

becomes free cholesterol and is transfered to lipid poor/free apolipoprotein A-I (apo-

AI) via the ATP binding cassette transporter A1 (ABCA1). Apo A-I is the main 

protein component of HDL particles. (Figure 1.1)  

 

1.2 Regulation of Intracellular Cholesterol Homeostasis 

  

 Cholesterol is essential to mammalian cell organization and functioning. 

Interestingly, cholesterol content and distribution varies within the cell and between 

different cell types. In fact, the overall cholesterol:protein ratio varies depending on 

cell density, cellular metabolic status and environmental conditions. Cholesterol is 

distributed heterogeneously between cellular membranes. Plasma membrane 

cholesterol content is typically about 20 – 25% of total cell lipids, which include 

phospholipids, sphingomyelin and glycolipids [28]. Cholesterol is also abundant in the 
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endocytic recycling compartment and part of the Golgi complex, with enrichment 

towards the trans-Golgi compartments [29, 30]. In contrast, the ER has a low 

cholesterol content, estimated to be around 1% of the total cell cholesterol [31]. The 

ER cholesterol concentration is of particular relevance to cellular homeostasis, due to 

the fact that it influences several functions related to the ER and ER-Golgi membrane 

transport [15] (i.e. the operation of the sterol-homeostatic machinery [32], the activity 

of resident ER proteins and the exit of newly synthesized membrane proteins from the 

ER [33, 34]). 

 Cells tightly regulate cholesterol content by the following mechanisms (Figure 

1.4): 1) Cholesterol synthesis in the ER (via the rate-limiting enzyme HMG-CoAR); 2) 

receptor-mediated endocytosis of LDL; 3) cholesterol efflux from plasma membrane 

to acceptor molecules (predominantly APOA-I and HDL) via the ABCA1 and ABCG1 

transporters; and 4) intracellular cholesterol esterification via the enzyme acyl CoA-

cholesteryl acyltransferase (ACAT). These different mechanisms are under tight 

transcriptional regulation (described in the next section), which is the most important 

orchestrator of cellular cholesterol homeostasis.   

 

1.2.1 Transcriptional Regulation of Cholesterol Homeostasis 

  

 The transcriptional regulation of cellular cholesterol synthesis, uptake and 

processing is determined by two main nuclear receptor systems, SREBP and liver X 

receptors (LXR). SREBP activation increases the transcription of gene products that 
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function to increase cellular cholesterol levels [32], whereas LXR activation facilitates 

reverse cholesterol transport (cholesterol removal from peripheral cells and subsequent 

biliary excretion) [35]. Indeed, both of these receptor systems are able to sense the 

intracellular cholesterol status and respond accordingly to maintain homeostasis [5, 

18, 32].  

 The transcriptional regulation of cholesterol homeostasis by SREBP is one of 

the best characterized mechanisms in cell biology. SREBP is an ER membrane 

resident protein that is activated during low-sterol conditions by transport to the Golgi 

complex, where it undergoes proteolytic processing (Figure 1.4). The processed 

fragment is then imported into the nucleus, where it activates the transcription of 

HMG-CoAR and other sterol-regulated genes such as the LDL receptor (LDLR). 

Sterols inhibit the ER-Golgi transport of SREBP by inducing conformational changes 

in two chaperones, SCAP (SREBP cleavage activating protein) and INSIG (insulin-

induced gene). SCAP is an SREBP Golgi escort protein and INSIG is an ER anchor 

protein. Binding of cholesterol to SCAP and binding of 25-hydroxycholesterol to 

INSIG causes these chaperones to bind one another and render the SCAP sorting 

signal inaccessible to the COPII complex. Therefore, SCAP cannot enter ER-Golgi 

transport vesicles and is sequestered in the ER [36]. An additional level of regulation 

is mediated by the cholesterol precursor lanosterol, which directs HMG-CoAR to 

proteosomal degradation [36]. 
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Figure 1.3 Transcriptional Regulation of Cholesterol Homeostasis.  
Under conditions of low cholesterol SREBP precursors are transported from the ER by 
SCAP proteins to the Golgi apparatus where they are proteolytically cleavage. The 
amino terminal domain, which comprises a helix-lop-helix transcription factor, 
translocates into the nucleus to activate the synthesis and uptake transcriptional 
program (target genes HMG-CoAR and LDLR). On the other hand, during conditions 
of high cholesterol the efflux transcriptional program is activated by the nuclear 
receptor complex LXR-RXR (liver X receptor – retinoid X receptor), which activate 
transcription of the efflux transporters ATP-binding cassette A1 and G1 (ABCA1 and 
ABCG1, respectively). 
   

ER#

Early##
Endosome#

Lysosome#

NPC1#
NPC2#

Golgi#

HMG#
CoA#R#

Clathrin<coated#pit#

LDL#

LDL#

LDL#receptor#LDL#

HDL#

ABCA1#

LDL#

Late##
Endosome#

ACAT#

SREBPs#
HMG-CoA R 
LDLR LXR RXR 

ABCA1 
ABCG1 

SCAP#

INSIG#



 16 

1.2.2 Intracellular Cholesterol transport 

  

As mentioned above, cholesterol homeostasis is determined by the dynamic 

interaction of morphology, physiology and biochemistry within the cell. Synthesis, 

uptake and processing of cholesterol take place in different cellular organelles. The 

intrinsic characteristics of these organelles help to determine the overall homeostatic 

regulation of cellular cholesterol, therefore appropriate mobilization and 

compartmentalization is important [17]. Cholesterol plays a critical role in membrane 

trafficking due to its functional and structural role in the assembly of lipid rafts 

(specialized membrane microdomains enriched of particular lipids and proteins). 

These microdomains serve as platforms to membrane trafficking and signaling [17, 

23]. In addition, is well established that cholesterol is transferred between subcellular 

membranes by vesicular as well as non-vesicular mechanisms as shown in figure 1.4 

[2, 37]. Membrane trafficking proceeds through vesicular and tubular intermediates 

that ferry membrane components and luminal cargo between subcellular organelles 

along cytoskeletal tracks. Some carriers in both endocytic and exocytic membrane 

trafficking routes are cholesterol-enriched [38, 39]. For non-vesicular transport, 

cholesterol must associate with carriers (cytosolic lipid transfer proteins), transfer 

between organelles by direct membrane contacts or combinations of these two 

mechanisms (Figure 1.4).  

Of particular interest is the mobilization of cholesterol in the endosomal 

trafficking pathway. Upon uptake of LDL molecules by receptor-mediated 
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endocytosis sorting and delivery to late endosomes/lysosomes (LE/LY) allows 

distribution of cholesterol throughout the different compartments of the cell. In this 

compartment, as mentioned above two proteins are of critical relevance: NPC1 and 

NPC2, which are considered to govern endosomal cholesterol traffic. Therefore 

mutations in either of these two proteins lead to accumulation of unesterified 

cholesterol in LE/LY, as described above.  
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Figure 1.4 Intracellular Cholesterol Traffic. 
LDL particles carrying cholesterol are uptaken via receptor-mediated endocytosis (by 
LDLR) and subsequently transported to sorting endosomes, late endosomes and 
lysosomes (LE/LY). LDLR are recycled back to the plasma membrane. Cholesteryl 
esters from LDL molecules are hydrolyzed by specific lipases such as lisosomal acid 
lipase (LAL) in LE/LY producing free cholesterol that can efflux out of these 
compartments and be distributed to other intracellular organelles. Free cholesterol is 
shuttled within the LE/LY lumen by the soluble protein NPC2 to the transmembrane 
protein NPC1 in order to be transported out of these compartments. Deficiency of 
either one of these two proteins leads to Niemann-Pick disease, type C. Cholesterol in 
the plasma membrane can traffic to the endocytic recycling compartment (ERC) by 
non-vesicular mechanisms. Recycling of cholesterol from this compartment back to 
the plasma membrane utilizes vesicular and non-vesicular transport. Cholesterol 
translocation from the plasma membrane to the ER allows the homeostatic machinery 
to sense free cholesterol levels in the cell. Excess free cholesterol is esterified by 
acetyl-coenzyme A:cholesterol acetyltransferase 1 (ACAT1) in order to store the 
excess into lipid droplets. Cholesterol synthesized de novo in the ER is transported in 
part to the plasma membrane by a non-vesicular process that bypasses the Golgi. 
 

  

Biochim'Biophys'Acta."2009;1791(7):636.45"
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Chapter 2. Materials and Methods 

 

2.1 Materials 

 

Itraconazole (ICZ), imipramine (IPN), U18666A, dimethyl sulfoxide (DMSO), 

low-density lipoprotein (LDL) from human plasma and IgG from murine serum were 

obtained from Sigma (St. Louis, MO). Bioparticles – Opsonized E. coli fluorescein 

labeled particles were obtained from Molecular Probes – Life Technologies (Carlsbad, 

CA) and prepared following the manufacturer's instructions. Purified rat anti-mouse 

CD16/CD32 (clone 2.4G2), FITC-labeled anti-CD16/CD32 (clone 2.4G2) and FITC 

Rat IgG2b, κ isotype control (clone A95-1) antibodies were obtained from BD 

Pharmingen (San Jose, CA). APC anti-mouse CD64 (clone X54-5/7.1) and APC 

mouse IgG1, κ isotype control (clone MOPC-21) antibodies were obtained from 

Biolegend (San Diego, CA). APC anti-mouse F4/80 (clone BM8) antibody was 

obtained from eBioscience (San Diego, CA). Rabbit anti-rat IgG horseradish 

peroxidase (HRP) polyclonal antibody was from Enzo life sciences (Farmingdale, 

NY). Bovine serum albumin (BSA) was obtained from Sigma. Alexa Fluor 488 -

conjugated concanavalin A was from Life Technologies. Concanavalin A from 

Canavalia ensiformis (Jack bean) horseradish peroxidase conjugate and α-Methyl 

mannoside were obtained from Sigma and Vector laboratories (Burlingame, CA), 

respectively. Trypan blue solution was from Cellgro (Manasas, VA) and propidium 

iodide solution from Molecular Probes – Life Technologies (Carlsbad, CA).   
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2.2 Macrophage Cell Line Culture 

 

 Mouse macrophage cell line, J774.1 cells were obtained from the American 

Type Culture Collection (ATCC) and maintained in RPMI 1640 media containing 

10% fetal bovine serum (FBS) and penicillin (50 IU/mL)/streptomycin (50 µg/mL) 

(Cellgro, Manassas, VA). Cells were plated in non-tissue culture 12-well plates 24 h 

prior to experiments at a concentration of 1 x 106 cells/well. 

 

2.3 Mice 

 

Male CD-1 mice (8 – 10 weeks-old) were obtained from Charles River 

Laboratory (San Diego, CA) and housed in the University of California San Diego 

School of Medicine. All procedures were approved by the Institutional Animal Care 

and Use Committee of the University of California San Diego and performed in 

accordance with the Guidelines for the Care and Use of Laboratory Animals of the 

National Institutes of Health.  

 

2.4 Isolation of Mouse Naïve Peritoneal Macrophages 

 

Resident naïve peritoneal macrophages (PMøs) were isolated by peritoneal 

cavity lavage as described previously [1]. Male CD-1 mice (8 – 10-weeks-old) were 
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euthanized by cervical dislocation under anesthesia with isoflurane via a vaporizer at 

1.5 - 2.5 minimum alveolar concentrations (MAC). Under sterile conditions, a 16-

gauge catheter was inserted into the peritoneum and used to introduce ice-cold RPMI 

1640 medium (5 mL) supplemented with penicillin (50 IU/mL)/streptomycin (50 

µg/mL). The abdomen was gently massaged and the lavage was withdrawn through 

the catheter. The peritoneal lavage was centrifuged at 360xg for 10 min at room 

temperature. The pellet containing the cells was resuspended in 1 mL of complete 

media – RPMI 1640 medium supplemented with 10% FBS and penicillin (50 

IU/mL)/streptomycin (50 µg/mL). Approximately 1 x 106 PMøs were isolated per 

mouse. The cell suspension was seeded on a 12-well plate at a concentration of 5 x 105 

cells per well. Cells were allowed to attach for 1 h at 37ºC in a CO2 incubator. Non-

adherent cells were removed and attached cells were washed 3x with complete 

medium. Cells were incubated for an additional 24 h and then treated with either ICZ, 

IPN, U18666A (or vehicle control (DMSO) doses and incubation times varied as 

indicated in the figure legends for each experiment. A spare well from each treatment 

group was used to determine cellular viability and total cell count using the trypan-

blue exclusion test (90% viability was considered acceptable). PMøs purity was 

determined by staining with F4/80 Ab. A 90 – 95% population of Mø was considered 

acceptable. At the end of the treatment period, cells were evaluated for their 

phagocytic capacity and expression of cell surface FcγR by flow cytometry as 

described below. 
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2.5 Phagocytosis Assay  

 

The phagocytic capacity of J774.1 Møs and PMøs, was determined using 

opsonized E. coli fluorescein-labeled bioparticles (Molecular Probes - Life 

Technologies, Carlsbad, CA). Møs were treated with ICZ, IPN, U18666A or vehicle 

control (DMSO). Doses and incubation times varied as indicated in the figure legends 

for each experiment. After ICZ incubation, a spare well from each treatment group 

was used to determine the total cell count. Bioparticles were applied at a ratio of 10:1 

(bioparticles:cells) for 15, 30 and 60 min at 37ºC. At the end of each incubation 

period, cells were harvested, transferred to polystyrene tubes, washed with ice-cold 

FACS staining buffer (FSB – DPBS supplemented with 0.5% [w/v] BSA) by 

centrifuging at 360xg for 8 min at 4ºC and fixed with 1% paraformaldehyde in FSB. 

Cell surface fluorescence was quenched using Trypan blue (0.2%) in the fixing 

solution. Phagocytosis was analyzed by flow cytometry.  

 

2.6 IgG Inhibition Experiments  

 

To demonstrate the specificity of FcγR mediated phagocytosis, J774.1 Møs 

were submitted to the phagocytosis assay as described above in the presence of 

purified mouse IgG isolated from serum (Sigma). After incubation with ICZ (1µM) or 

DMSO for 16 h the phagocytic capacity of J774.1 Møs was determined using 

opsonized E. coli fluorescein-labeled bioparticles at a ratio of 10:1 (particles:cells) 
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applied concomitantly with purified mouse IgG (10 µg/mL) for 60 min. Møs were 

then washed and fixed. Cell surface fluorescence was quenched with trypan blue in the 

fixing solution and phagocytosis evaluated by flow cytometry.  

 

2.7 Assessment of Non-FcγR-mediated Phagocytosis 

 

To determine non-Fc-mediated phagocytosis, fluorescent latex beads 

(FluoSpheres – carboxylate-modified microspheres 0.5 µm – Life technologies, 

Carlsbad, CA) were used following the same protocol as bioparticles at a ratio of 10:1 

(beads:cells). 

 

2.8 Western Blotting Analysis  

 

Following treatments, J774.1 Møs (~ 1x106 cells) were collected and 

centrifuged at 300xg for 8 min at 22ºC, the supernatant was discarded, and cells were 

resuspended and washed once in ice-cold PBS. Cells were centrifuged again using the 

same settings and resuspended in 100 µL of ice-cold lysis buffer (50 mM Tris-HCl, 

150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing the complete mini EDTA-

free protease inhibitor mixture from Roche (Indianapolis, IN). Protein concentration 

was determined using the BCA protein assay kit from Pierce (Rockford, IL). Cell 

lysates were mixed with 4x SDS-PAGE loading buffer, and 50 µg of total protein was 

separated by SDS-PAGE using NuPAGE 4 – 12% Bis-Tris gels (Life Technologies, 
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Carlsbad, CA). The separated proteins were transferred to nitrocellulose membranes 

and blocked in 5% BSA diluted in Tris-buffered saline (TBS) for 1 h at room 

temperature. Blots were probed with the rat anti-mouse CD16/CD32 antibody (1:500) 

in TBS supplemented with 5% bovine serum albumin and 0.1% Tween 20 (5% BSA-

TBST) at 4°C overnight followed by three 15 min washes in TBS supplemented with 

0.1% Tween 20 (TBST) at room temperature. Blots were then incubated with HRP-

conjugated rabbit anti-rat IgG antibodies (1:10,000) in 5% BSA-TBST for 2 h at room 

temperature. After three 15 min washes in TBST, bands were detected by 

chemiluminescence using SuperSignal reagents from Pierce.  

 

2.9 Analysis by Flow Cytometry  

 

Cells (J774.1 Møs and PMøs) were treated with ICZ, IPN, U18666A or vehicle 

control (DMSO). Doses and incubation times varied as indicated in the figure legends 

for each experiment. At the end of each incubation time cells were transferred to 5 mL 

polystyrene round-bottom tubes and washed with ice-cold FACS staining buffer (FSB 

– DPBS supplemented with 0.5% [w/v] BSA) by centrifuging at 360xg for 8 min at 

4ºC. Cells were incubated with APC-labeled anti-CD64 and/or FITC-labeled anti-

CD16/CD32 antibodies (1 µg/million cells in 100 µL at 4ºC for 30 min). At the end of 

the incubation period, cells were washed twice in ice-cold FSB. Cells were then fixed 

in 1% paraformaldehyde in PBS and examined by flow cytometry. To determine total 

protein expression (cell surface and intracellular) at the end of the ICZ treatment, cells 
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were transferred into 5 mL polystyrene round-bottom tubes, washed with ice-cold FSB 

and subsequently fixed and permeabilized in 100 µL of BD Cytofix/Cytoperm 

solution (BD Biosciences) for 15 min at 4ºC. Møs were then incubated with APC-

labeled anti-CD64 and/or FITC anti-CD16/CD32 as mentioned above and analyzed by 

flow cytometry (FACSCantoII – BD Biosciences, San Jose, CA). Data were acquired 

by BD FACSDiva software (BD Biosciences, San Jose, CA), analyzed and presented 

using FlowJo (TreeStar, Ashland, OR). A list of all antibodies used for analysis by 

flow cytometry in this study is presented in Table 1. 
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Table 1. List of Antibodies Used for Analysis by Flow Cytometry 

Antibody Epitope Clone Host/Isotype Vendor 
(Catalog #) 

APC anti-
mouse 
CD64 
(FcγRI) 

BALB/c mouse 
FcγRI-human IgG Fc 
fusion protein 

X54-5/7.1 

Mouse/APC 
Mouse IgG1, 
κ Isotype 
Ctrl 

Biolegend 
(139306) 

FITC Rat 
anti-mouse 
CD16/CD32 
(FcγRIII/II) 

BALB/c mouse 
Macrophage J774 2.4G2 Rat (SD) 

IgG2b, κ 

BD 
Pharmingen 
(561728) 

FITC Rat 
IgG2b, κ 
isotype 
control 

TNP-Keyhole Limpet 
Hemocyanin A95-1 Rat (LOU) 

IgG2b, κ 

BD 
Pharmingen 
(556923) 

APC mouse 
IgG1, κ 
isotype 
control 

N/A MOPC-21 
Mouse 
(BALB/c) 
IgG1, κ 

Biolegend 

Anti-LDL 
receptor 

Synthetic peptide: 
SVADTKGVKRRTL, 
corresponding to 
amino acids 499-511 
of Mouse LDL 
Receptor 

Polyclonal 
Rabbit 
polyclonal 
IgG 

Abcam 
(ab30532) 

Macrophage 
scavenger 
receptor 1 

RAW264 cell line 
CD204 2F8 Rat IgG2b 

Genetex 
(GTX 
43158) 

  



 31 

The presence of high-mannose glycoproteins on the cell surface of Møs was 

measured using the lectin concanavalin A. Møs (~1 x 106) were treated with ICZ (1 

µM) or vehicle control (DMSO) for 16 h. At the end of this incubation time cells were 

transferred to 5 mL polystyrene round-bottom tubes and washed with ice-cold FSB 

and subsequently incubated with 100 µg/ml Alexa Fluor 488-conjugated ConA for 30 

min at 4ºC followed by 3 washes in ice-cold FSB. Cells were then fixed in 1% 

paraformaldehyde in FSB and examined by flow cytometry as described above. 

 

2.10 LDL Supplementation Experiments  

 

Møs (J774.1 cells ~1 x 106) were incubated at 37ºC with ICZ (1µM 16 h), IPN 

(15 µM for 24 h) or DMSO in regular cell culture media or culture media 

supplemented with low-density lipoprotein (LDL – 100 µg/mL). FcγR mediated 

phagocytosis was evaluated as described above. Briefly, after 16 h incubation with 

ICZ or DMSO, both in the presence or absence of LDL supplementation, Møs were 

challenged with opsonized E. coli fluorescein-labeled bioparticles at a ratio of 10:1 

(particles:cells) for 30 min. Møs were then washed and fixed. Cell surface 

fluorescence was quenched with trypan blue in the fixing solution and phagocytosis 

evaluated by flow cytometry. In addition, cell surface and total cellular expression of 

Fcγ III/II receptors as well as ConA binding were determined as described above. 
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2.11 Lectin Binding Analysis 

 

After incubation with either ICZ (1µM) or vehicle control (DMSO), J774.1 

cells were washed twice with ice-cold PBS and scraped in ice-cold lysis buffer 

containing complete mini EDTA-free protease inhibitor cocktail from Roche (as 

described above). Protein concentration was determined using the BCA protein assay 

kit from Pierce. Cell lysates were mixed with 4x SDS-PAGE loading buffer and 50 µg 

of total protein was separated by SDS-PAGE using NuPAGE 4 – 12% Bis-Tris gels 

(Life Technologies). The separated proteins were transferred unto nitrocellulose 

membranes and blocked in 5% BSA-TBST for 30 min at room temperature. Blots 

were then incubated with 1 µg/mL horseradish peroxidase-conjugated concanavalin A 

(HRP-ConA) overnight at 4ºC on a rocking platform. At the end of the incubation 

period blots were washed 3x for 15 min each time in TBST. Bands were detected by 

chemiluminescence using SuperSignal reagents from Pierce.  

 

2.12 RNA Isolation and Quantitative Reverse Transcriptase-PCR  

 

To determine gene expression, mRNA levels were measured using quantitative 

real time reverse transcriptase-PCR (qRT-PCR). Total RNA was isolated from J774.1 

Møs using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. RNA was then treated with DNase I (DNA-free kit, Ambion, Carlsbad, 

CA) and reverse transcribed using the High Capacity cDNA Reverse Transcription Kit 
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from Applied Biosystems (Carlsbad, CA). cDNA was then diluted and stored at -20ºC 

until further use. The relative mRNA quantities of the genes listed in table 2 were 

quantified by qRT-PCR using validated Qiagen primer sets and the QuantiTect SYBR 

Green PCR kit (Qiagen, Valencia, CA) in a 7500 fast real time PCR system (Applied 

Biosystems). All samples were run in triplicate and normalized with glyceraldehyde-3-

phosphate dehydrogenase (GAPDH – Qiagen, Valencia, CA) mRNA levels. Data were 

analyzed using the comparative CT method and confirmed by the standard curve 

method. 
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Table 2. List of Primers Used for Quantitative Reverse Transcriptase-PCR 

Genes NCBI 
Accession 

Amplicon 
Size (bp) 

Qiagen 
Catalog # 

Fc receptor, IgG, high affinity I    
(CD64 - Fcgr1) NM_010186 83 QT00097013 

Fc receptor, IgG, low affinity 
IIb   (CD32 - Fcgr2b) 

NM_001077189 
NM_010187 

126          
126 QT00198891 

Fc receptor, IgG, low affinity 
III  (CD16 - Fcgr3)  NM_010188 116 QT00117803 

HMG CoA reductase (Hmgcr) NM_008255 84 QT01037848 

LDL receptor (Ldlr) 
NM_001252658 
NM_001252659 
NM_010700 

107          
107          
107 

QT00109823 

ATP-binding transporter A1 
(Abca1) NM_013454 91 QT00165690 

ATP-binding transporter G1 
(Abcg1) NM_009593 102 QT00113519 

Niemann-Pick type C1 (Npc1) NM_008720 65 QT00106400 
Sterol regulatory element 
binding transcription factor 1 
(Srebf1) 

NM_011480 148 QT00167055 

Sterol regulatory element 
binding transcription factor 2 
(Srebf2) 

NM_033218 
XM_127995 

113 
113 QT01045870 

Nuclear receptor subfamily 1, 
group H, member 3 (Nr1h3) 

NM_001177730 
NM_013839 

92 
92 QT00113729 

Glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) NM_008084 144 QT01658692 
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2.13 Fluorescence Microscopy 

 

 J774 Møs were grown on 8-well lab-tek chamber slides overnight before 

incubation with ICZ (1 µM for 16 h), IPN (15 µM for 24 h), U18666A (10 µM for 24 

h). At the end of the incubation period cells were washed with ice cold PBS and fixed 

with 1% paraformaldehyde. Cells were washed 3 x for 5 min each time and then 

stained with Filipin III or Oil Red O. Slides were analyzed by fluorescent microscopy 

using an excitation of 340 – 380 nm and emission of 385 – 470 nm for Filipin stained 

slides and excitation/emission 460/490 for Oil Red O stained slides. 

 

2.14 Interferon-γ  Experiments 

 

 J774A.1 cells (~1 x 106 per well in a 12-well plate) were treated with 20 ng/ml 

of recombinant mouse IFN-γ (Biolegend, San Diego, CA) and coincubated with IPN 

(15 µM) or vehicle (DMSO) for 16 h. At the end of the incubation period, cells were 

harvested and processed for analysis by flow cytometry as described above to detect 

FcγRI and FcγRIII/II cell surface expression. Control cells (DMSO) received PBS 

instead. 
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2.15 Determination of Total Cellular Cholesterol Content 

 

 Total cellular cholesterol content was determined by a fluorometric method 

using the Amplex® Red Cholesterol Assay Kit (Life Technologies, Carlsbad, CA) and 

following the manufacturers specifications. J774.1 cells (~1 x 106) were incubated 

with ICZ (1 µM for 16 h), IPN (15 µM for 24 h) or vehicle (DMSO). Cells were 

collected and centrifuged at 300xg for 8 min at 22ºC, the supernatant was discarded, 

and cells were resuspended in 100 µL of ice-cold lysis buffer (50 mM Tris-HCl, 150 

mM NaCl, 1 mM EDTA, 1% Triton X-100) containing the complete mini EDTA-free 

protease inhibitor mixture from Roche (Indianapolis, IN). Protein concentration was 

determined using the BCA protein assay kit from Pierce (Rockford, IL). Total cellular 

cholesterol was determined in total cell lysates and normalized by total amount of 

cellular proteins.  

 

2.16 Statistical Analysis 

 

All data were analyzed using GraphPad Prism software (GraphPad Prism 

Software, La Jolla, CA). Significance was determined by Student’s t-test (pair-wise 

comparisons) or one-way ANOVA (multiple comparisons) followed by Newman-

Keuls multiple comparisons test. A p value of < 0.05 was considered statistically 

significant. All the experiments were repeated at least three times unless otherwise 

indicated. 
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Chapter 2, in part, has been submitted for publication as it may appear in 

Itraconazole, A Commonly Used Antifungal, Inhibits Fcγ Receptor-mediated 

Phagocytosis: Alteration of Fcγ Receptor Glycosylation And Gene Expression. Nino, 

DF., Cauvi, DM., De Maio, A. The dissertation author was the primary investigator 

and author of this manuscript. 
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Chapter 3. Itraconazole, A Commonly Used Antifungal, Inhibits Fcγ Receptor-

mediated Phagocytosis: Alteration of Fcγ Receptor Glycosylation And Gene 

Expression 

 

Itraconazole (ICZ) is a systemic triazole antifungal with a broad spectrum of 

activity commonly used for the treatment of Candida spp. and Aspergillus spp. 

infections, the most frequent fungal pathogens [1, 2]. Since ICZ is very well tolerated 

and has a favorable safety profile, it is frequently used in chemoprophylaxis of 

systemic fungal infections, which are usually difficult to diagnose and often treated 

empirically [1, 2]. ICZ prevents fungal cell growth by inhibiting lanosterol 14α-

demethylase, which belongs to the cytochrome P450 (CYP450) oxidase family, 

blocking the synthesis of ergosterol, a key component of fungal cell membranes. In 

mammals, ICZ also interacts with this enzyme, but with much lower affinity [1, 3], 

resulting in the accumulation of lanosterol and inhibition of the cholesterol 

biosynthesis pathway.  

ICZ has also been described as an anti-angiogenic agent, predominantly by 

inhibiting the binding of vascular endothelial growth factor to its receptor [4, 5]. 

Preclinical studies have suggested that ICZ impairs proliferation, migration and tube 

formation of endothelial cells [6]. Due to the fact that ICZ is a Food and Drug 

Administration (FDA)-approved antifungal with a long-standing record of safe use 

and relatively high plasma levels, it has been identified as a potential 

chemotherapeutic agent [5, 6]. Indeed, there are several clinical trials currently 
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underway (e.g., NCT00798135, NCT00887458, NCT01409018, NCT00769600) with 

the aim to establish the efficacy of ICZ against various types of cancer.  Furthermore, 

the empirical use of ICZ in immunosuppressed patients (NCT00002370) or in patients 

undergoing bone marrow or stem cell transplantation is being evaluated 

(NCT00003883, NCT00079222). 

We have previously demonstrated that ICZ causes an impairment of N-linked 

glycosylation processing leading to the accumulation of high mannose glycoproteins 

in macrophages (Møs). Despite this alteration in glycosylation, glycoproteins were 

still delivered to the plasma membrane [7]. The present study was aimed at 

determining whether this alteration in glycosylation affects Mø function, at the level of 

phagocytosis.  Phagocytosis is initiated with the recognition of foreign particles by 

specific receptors on the surface of Møs, followed by particle engulfment and 

destruction inside phagolysosomes. In particular, immunoglobulin G (IgG) opsonized 

particles are recognized by Fcγ receptors (FcγR) [8, 9], which specifically recognize 

the constant fragment (Fc) of IgG molecules [10]. In addition, these receptors have 

been shown to be involved in other processes of the immune system, including cell 

degranulation, cytokine/chemokine release, and antibody-dependent cellular 

cytotoxicity. In fact, FcγR have been postulated to be the link between the high 

specificity of the adaptive immune system and the effector cells of the innate immune 

system [10]. 

Here we report a dramatic decrease in the rate of phagocytosis of fluorescently 

labeled opsonized E. coli bacterial particles both in a murine Mø cell line (J774.1 
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cells) as well as in isolated naïve mouse peritoneal Møs treated with ICZ. Furthermore, 

we establish the mechanism of this effect as being mediated by a significant reduction 

in the expression of all FcγR family subtypes.  

 

3.1 Biology of Fcγ  Receptors 

 

Fcγ receptors bind to the Fc region of IgG and are expressed by many immune 

cells. These receptors promote and regulate the immune and inflammatory response to 

immune complexes [11, 12]. Fcγ receptors can be divided into two main categories 

depending on whether they elicit an activating or inhibitory effect on the immune 

response. In humans, activating receptors include the high-affinity receptor FCγ RI 

and a family of low affinity receptors (Fcγ RIIA, Fcγ RIIC, Fcγ RIIIA and Fcγ RIIIB).  

In mice, activating receptors include Fcγ RI, Fcγ RIII and Fcγ RIV. On the other hand, 

only one type of Fcγ receptor has been identified to be inhibitory (Fcγ RIIB) in both 

humans and mice [11]. Furthermore, Fcγ receptors not only differ in function and 

affinity for the Fc fragment of IgG, but are also expressed in different types of 

immune cells. Innate immune effector cells (macrophages, monocytes, dendritic cells, 

mast cells and basophils) can express both activating as well as inhibitory Fcγ 

receptors.  

In mice, monocytes and macrophages express all the different types of Fcγ 

receptors (Fcγ RI – Fcγ RIV). In contrast, neutrophils mainly express the inhibitory 

Fcγ RIIB along with the activating Fcγ RIII and Fcγ RIV. Dendritic cells, on the other 
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hand are characterized by Fcγ RI, Fcγ RIIB and Fcγ RIII [13]. There are two cell types 

that do not co-express activating and inhibitory receptors: natural killer (NK) cells, 

which express only the activating Fcγ RIII and B cells, which solely express the 

inhibitory receptor Fcγ RIIB [11]. Indeed, Fcγ receptors facilitate the interaction of 

antigen-specific antibodies with nonspecific effector cells, therefore providing a link 

between the humoral and cellular arms of the immune system [14].  

A very important function of activating Fcγ receptors is the ability to mediate 

the endocytosis or phagocytosis of immune complexes, which include antibody-coated 

microorganisms and soluble proteins [11, 13]. Furthermore, Fcγ receptors are known 

to play a key role in the clearance of tumor cells [15-17]. In fact, immunotherapy 

using monoclonal antibodies (mAbs) is one of the most promising tools to combat 

cancer. This strategy has been developed to exploit the specificity and potency of 

antibodies and is highly dependent on adequate levels and normal functioning of the 

Fcγ receptors [15]. Fcγ RI and Fcγ RIIB, are potent regulators of antibody-dependent 

cell-mediated cytotoxicity, process that is critical in the removal of tumor cells [15]. 

Therefore, it is of particular importance to consider the effects of ICZ on Fcγ receptors 

when using this type of targeted therapy. 

 

3.2 Fcγ  Receptors and Immune Cell Signaling 

 

 FcγR signal via immunoreceptor tyrosine-based activation motifs (ITAMs) 

located either in the receptor tail or in the accessory Fc receptor γ-chain. ITAMs 
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(which are also responsible for signal transduction by the antigen receptors of T and B 

cells) comprise two YXXL/I motifs separated by 6–12 amino acids. Upon activation 

of FcγR, the dual tyrosines are phosphorylated by Src family kinases, and downstream 

signaling is propagated by the recruitment of the tyrosine kinase Syk, which interacts 

with the phosphorylated receptor via its tandem SH2 domains. Syk recruitment is 

followed by the mobilization of adaptor molecules that promote lipid modifications 

(PLCγ and PI3-kinase) and actin remodeling (Cdc42 and Rac1), culminating in a 

localized reorganization of the membrane and the cytoskeleton, and ultimately 

engulfment of the particle. 

 

3.3 Fcγ  Receptor-mediated Phagocytosis 

 

 Phagocytosis is defined as the receptor-mediated internalization of large (≥ 0.5 

µM) particles into plasma-membrane derived vacuoles known as phagosomes [18]. 

The main process of phagocytosis can be divided into sequential steps that are tightly 

coordinated in a spatio-temporal manner. First, there is an initial interaction between 

myeloid cell receptors and molecules that are either intrinsic components of the 

target's outer surface or opsonins coating the target. This is followed by the formation 

of receptor clusters that promote signal transduction through the plane of the 

membrane to finally enable the recruitment and reorganization of actin structures to 

drive the engulfment of the target particle [18].  
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 In particular FcγR-mediated phagocytosis, which is a paradigm of opsonic-

triggered internalization, plays a central role in the host response to pathogens. FcγR 

display in general low affinity for their ligands, therefore they require clustering and 

simultaneous engagement of multiple receptors to securely capture the target [18]. 

Indeed, receptor oligomerization is a hallmark of the engagement of IgG-opsonized 

particles [19]. Recruitment and clustering of FcγR happens very rapidly allowing 

increased avidity of binding and immobilization of the target. Furthermore, this 

process allows the cell to gather information about the target and trigger subsequent 

intracellular signaling that ultimately results in engulfment of the particle [18, 19]. 

Once the target is internalized fusion of the phagosome to lysosomes allows the 

degradation and processing of microorganisms with subsequent presentation of 

pathogen-derived antigens either via major histocompatibility complex I or II (MHC I 

or MHC II) [20, 21]. Growing evidence has identified cholesterol as a critical 

component in the process of phagocytosis. In particular, macrophage migration and 

cytoskeletal remodeling [22] and phagosomal maturation [23] have been shown to be 

affected by cholesterol accumulation.  
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3.4 Results 

 

3.4.1 Itraconazole Decreased Phagocytosis of Opsonized Bacterial Particles 

 

Previous studies from our laboratory demonstrated that ICZ induces the 

accumulation of high mannose glycoproteins on the surface of Møs [7]. However, this 

change in the glycosylation pattern of cell surface molecules has not been correlated 

with modifications of major cellular functions. Therefore, we investigated whether or 

not treatment of Møs with ICZ affects their phagocytic capacity. Murine Møs (J774.1 

cells) were treated with ICZ at various doses and incubation times and phagocytosis 

was evaluated by incubation with fluorescent-labeled E. coli particles. We found that a 

decrease on phagocytosis was observed between 0.5 to 10 µM (Figure 3.1). The higher 

dose (10 µM) resulted in toxicity as evidenced by decreased cell viability determined 

by Trypan blue exclusion and propidium iodide binding assays, whereas no toxicity 

was observed at lower concentrations of ICZ. For the following experiments, the 

clinically relevant dose of 1µM was used. We also observed that the maximum effect 

of ICZ (1µM) was observed within 16 h of treatment (Figure 3.2), as previously 

described (7). Therefore, cells were treated with ICZ (1µM) or vehicle (DMSO) for 16 

h for the rest of the study. After treatment with ICZ (1µM) or vehicle (DMSO), cells 

were challenged with fluorescent-labeled E. coli particles at a ratio of 10:1 

(bioparticles:Møs) for 15, 30 and 60 min at 37ºC. Phagocytosis of fluorescently 

labeled particles was determined by flow cytometry. A significant decrease in the rate 
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of phagocytosis was observed as early as 15 min of the incubation period with 

bioparticles in the ICZ-treated cells as opposed to non-treated Møs, which was 

maintained until 60 min of the challenge (Figure 3.3). Representative flow cytometry 

graphs are presented in Figure 3.4.  

Since, phagocytosis of opsonized particles is mainly mediated by FcγR, we 

investigated whether or not the decrease in phagocytosis upon ICZ treatment was, 

indeed, mediated by these types of receptors by competition with purified mouse IgG. 

After ICZ treatment, cells were co-incubated with mouse IgG and fluorescently 

labeled E. coli particles. Certainly, mouse IgG effectively inhibited the uptake of 

fluorescent bioparticles, demonstrating that the process was, indeed, FcγR-dependent 

(Figure 3.5). Furthermore, we wanted to establish if the ICZ effect was a global 

alteration of phagocytosis; therefore, we determined non-FcγR-mediated phagocytosis 

by evaluating the internalization rate of fluorescent latex beads by flow cytometry. 

ICZ did not have an effect on the uptake of latex beads (Figure 3.6), providing further 

evidence to the specificity of the effect of ICZ on FcγR mediated phagocytosis.   
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Figure 3.1 ICZ Decreased Phagocytosis of Opsonized Bacterial Particles. 
Phagocytosis Dose Response Curve. 
J774.1 cells (~1 x 106) were treated with ICZ at various doses (0.5, 1, 2 or 10 µM) for 
16 h at 37ºC or equivalent concentrations of vehicle (DMSO), then challenged with 
opsonized fluorescent bacterial particles at a ratio of 10:1 (bioparticles:Møs) for 60 
min. Phagocytosis was determined by flow cytometry. The phagocytic rate was 
calculated for each treatment dose from the mean fluorescence intensity (MFI) after 
quenching cell surface fluorescence using trypan blue. Results from three independent 
experiments performed in triplicate for each sample are presented. * p ≤ 0.05 
compared to DMSO. 
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Figure 3.2 ICZ Decreased Phagocytosis of Opsonized Bacterial Particles. 
Phagocytosis Time Response Curve.  
The phagocytic rate of opsonized fluorescent bioparticles (ratio of 10:1 
bioparticles:Møs, 60 min challenge) was determined (as described above) after 
incubation of J774.1 cells (~1 x 106) with ICZ (1 µM) or vehicle (DMSO) for 0, 3, 6, 
9, 12 or 16 h.  * p ≤ 0.05 compared to DMSO. 
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Figure 3.3 ICZ Decreased Phagocytosis of Opsonized Bacterial Particles. 
Phagocytic Rate After ICZ Treatment.  
J774.1 cells (~1 x 106) were treated for 16 h at 37ºC with ICZ (1µM) or vehicle 
(DMSO), then challenged with opsonized fluorescent bacterial particles (ratio of 10:1 
bioparticles:Møs) for 15, 30 and 60 min. Results from three independent experiments 
performed in triplicate for each sample are presented. * p ≤ 0.05 compared to DMSO. 
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Figure 3.4 ICZ Decreased Phagocytosis of Opsonized Bacterial Particles. 
Representative Flow Cytometry Plots. 
J774.1 cells (~1 x 106) were treated for 16 h at 37ºC with ICZ (1µM) or vehicle 
(DMSO), then challenged with opsonized fluorescent bacterial particles (ratio of 10:1 
bioparticles:Møs) for 15, 30 and 60 min. 
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Figure 3.5 Phagocytosis of Opsonized Bacterial Particles is Fcγ Receptor-
mediated. The specificity of Fcγ receptor mediated phagocytosis of opsonized 
bacterial particles was determined by competition with purified mouse IgG applied 
concomitantly to bacterial particles. J774.1 Møs (~1 x 106) were treated with ICZ (1 
µM) or vehicle (DMSO) for 16 h and then challenged with opsonized bacterial 
particles as described above for 60 min in the presence or absence of purified mouse 
IgG (10 µg/mL). * p ≤ 0.05 compared to DMSO.   
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Figure 3.6 ICZ Does Not Affect Non FcγR-mediated Phagocytosis.  
A global effect on phagocytosis was evaluated using fluorescent latex beads. After 
incubation with ICZ (1 µM) or vehicle (DMSO) for 16 h, J774.1 cells (~1 x 106) were 
exposed to fluorescent latex beads at a ratio of 10:1 (beads:Møs) for 15, 30 and 60 min 
at 37ºC. Representative plots from two independent experiments are depicted. 
Statistical analysis was performed using ANOVA. * P ≤ 0.05 compared to Control 
(DMSO).  
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3.4.2. Itraconazole Decreased the Expression of FcγR 

 

Due to the substantial decrease in the phagocytic rate observed in the ICZ-

treated cells, we hypothesized that this drug could affect the expression of FcγR. There 

are three classes of FcγR, i.e., FcγRI: Fcgr1 (CD64), FcγRII: Fcgr2b (CD32) and 

FcγRIII: Fcgr3 (CD16). First, we measured the cell surface levels of the FcγRI and 

FcγRIII/II receptors using flow cytometry. A significant decrease (FcγRI: ~40% and 

FcγRIII/II: ~50%) of the surface levels of these receptors was observed in ICZ-treated 

cells (Figure 3.7 A and B, respectively), which was mirrored by the total cellular 

levels measured in permeabilized cells (Figure 3.7 C and D, respectively). In addition, 

we observed a change in the electrophoretic mobility of Fcγ RIII/II upon incubation 

with ICZ as visualized by Western blotting, which is consistent with a change in the 

glycosylation pattern (Figure 3.8). To further document the effect of ICZ on N-linked 

glycosylation we evaluated the presence of high-mannose glycoproteins by 

concanavalin A (ConA) binding. The lectin binding blot analysis confirmed our prior 

report (7) that indeed ICZ treatment resulted in an increased ConA binding of total 

glycoproteins as compared to vehicle control (Figure 3.10). ConA binding was 

demonstrated to be specific for mannose moieties by coincubation with α-methyl 

mannoside, which precluded the binding of the aforementioned lectin.  

Finally, we investigated whether or not incubation with ICZ altered FcγR 

expression at the mRNA level, measured by qRT-PCR. Indeed, mRNA levels of Fcgr1 

(CD64), Fcgr2b (CD32) and Fcgr3 (CD16) were all significantly reduced after ICZ 
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incubation in comparison with non-treated cells (Figure 3.9). In summary, ICZ 

decreases cellular levels of FcγR and alters the expression of the mature form of the 

protein, therefore causing a drastic reduction in the ability of Møs to phagocytize 

opsonized bacterial particles. 
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Figure 3.7 ICZ Decreased Cell Surface and Total Cellular Expression of All 
Three Subtypes of the Receptor. 
J774.1 Cells (~1 x 106) were treated for 16 h at 37ºC with ICZ (1 µM) or vehicle 
control (DMSO). A and B, Cell surface and C and D, Total cellular expression of Fcγ 
I and Fcγ III/II receptors was determined by flow cytometry using APC-labeled anti-
mouse CD64 and FITC-labeled rat anti-mouse CD16/CD32 antibodies.  
  

Cell Surface Fcγ III/II Receptor

DMSO ICZ
0

1000

2000

3000

M
ea

n 
Fl

uo
re

sc
en

ce
 In

t (
M

FI
)

*

B 
Cell Surface Fcγ Receptor III/II 

DMSO ICZ 

* 

Cell Surface FcγRI

DMSO ICZ
0

1000

2000

3000

M
ea

n 
Fl

uo
re

sc
en

ce
 In

t (
M

FI
)

*

A 
Cell Surface Fcγ Receptor I 

DMSO ICZ 

* 

Intracellular Fcγ-RIII/RII

DMSO ICZ
0

1000

2000

3000

M
ea

n 
Fl

uo
re

sc
en

ce
 In

t (
M

FI
)

D 
Total Fcγ Receptor III/II 

DMSO ICZ 

* 

C 
Total FcγRI

DMSO ICZ
0

1000

2000

3000

M
ea

n 
Fl

uo
re

sc
en

ce
 In

t (
M

FI
)

*

Total Fcγ Receptor I 

DMSO ICZ 

* 
E DMSO ICZ 

Fcγ RIII/II 

MW (kDa) 

39 

Fcγ RIII/II 



 56 

 

 

 

 

 

Figure 3.8 ICZ Altered the Electrophoretic Mobility of Fcγ III/II Receptors. 
J774.1 Cells (~1 x 106) were treated for 16 h at 37ºC with ICZ (1 µM) or vehicle 
control (DMSO). ICZ treatment results in altered migration of Fcγ III/II receptors in 
SDS-PAGE. Total cell lysates (50 µg of total protein) were resolved by SDS-PAGE. 
A representative blot is presented from two independent experiments. 
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Figure 3.9 ICZ Decreased mRNA Levels of Fcγ Receptors. 
FcγRI: Fcgr1 (CD64), FcγRII: Fcgr2b (CD32), FcγRIII: Fcgr3 (CD16) mRNA levels 
were determined using qRT-PCR. Values were determined using a standard curve and 
expressed as copy number. All values were normalized to GAPDH mRNA levels. 
Results from three independent experiments performed in triplicate for each sample 
were used to calculate the mean and standard error depicted. Statistical analysis was 
performed using ANOVA. * P ≤ 0.05 compared to Control (DMSO). 
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Figure 3.10 Itraconazole Leads to Accumulation of High-mannose Glycoproteins. 
J774.1 Cells (~1 x 106) were treated for 16 h at 37ºC with ICZ (1 µM) or vehicle 
control (DMSO). ICZ treatment results in altered lectin binding to Mø proteins. After 
incubation for 16 h with ICZ (1 µM), ConA binding of total cell lysates resolved by 
SDS-PAGE was determined in the presence or absence of α-methyl mannoside. A 
representative blot is presented from two independent experiments. 
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3.4.3 Itraconazole Exerts Similar Effects on Isolated Naïve Peritoneal 

Macrophages 

 

In order to further validate our results with the murine Mø cell line J774.1, we 

treated resident naïve peritoneal macrophages (PMøs) isolated by peritoneal lavage of 

CD1 mice (8 – 10 wk-old). Isolated PMøs were allowed to recover for 24 h and 

subsequently incubated with ICZ (1 µM) or vehicle control (DMSO) for 16 h. At the 

end of the incubation time the phagocytic rate (Figure 3.11) and cell surface FcγR 

levels (Figure 3.12) were determined by flow cytometry as described above. We found 

that ICZ (1 µM for 16 h) indeed exerted the same effect on PMøs as on J774.1 Møs, 

decreasing both phagocytosis of opsonized bacterial particles and FcγR cell surface 

expression levels (Figures 3.11 and 3.12, respectively). Furthermore, we evaluated the 

effect of ICZ on N-linked glycosylation by quantifying binding of Alexa Fluor 488-

conjugated ConA to cell surface glycoproteins using flow cytometry as described 

above. As previously reported [7], ICZ leads to an accumulation of high-mannose 

glycoproteins in the PMø cell surface as evidenced by the increased binding of Alexa 

Fluor 488-conjugated ConA (Figure 3.13).  
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Figure 3.11 Phagocytosis of Opsonized Bacterial Particles is Impaired in Isolated 
Naïve Peritoneal Macrophages After Incubation with Itraconazole. 
Resident naïve peritoneal Møs (PMøs ~1 x 106) were isolated by peritoneal cavity 
lavage from CD1 mice (8 – 10 wk-old) and treated for 16 h at 37ºC with ICZ (1 µM) 
or vehicle control (DMSO). At the end of the ICZ incubation period, the phagocytic 
rate was determined. Phagocytosis of opsonized bioparticles (ratio of 10:1, 60 min 
exposure) was evaluated by flow cytometry.  
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Figure 3.12 ICZ Decreases Cell Surface Expression of Fcγ Receptors in Isolated 
Naïve Peritoneal Macrophages. 
Cell surface expression of Fcγ I and Fcγ III/II receptors was determined by flow 
cytometry using APC-labeled anti-mouse CD64 and FITC-labeled rat anti-mouse 
CD16/CD32 antibodies.  
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Figure 3.13 ICZ Treatment Results in Increased Concanavalin A Cell Surface 
Binding to Isolated Naïve Peritoneal Macrophages. 
Itraconazole leads to increased cell surface binding of Alexa-Fluor 488 Concanavalin 
A as quantified by flow cytometry. Results from three independent experiments 
performed in triplicate for each sample were used to calculate the mean and standard 
error depicted. Statistical analysis was performed using ANOVA. * P ≤ 0.05 compared 
to Control (DMSO). 
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3.4.4 Addition of LDL prevents the effects of ICZ  

 

Silverstein et al. [24], previously reported that agents directed at blocking the 

cholesterol biosynthesis pathway, such as statins (e.g., lovastatin and simvastatin), 

reduced phagocytosis of opsonized particles. They found that the reduction in 

phagocytosis could be prevented by co-incubation of statins with LDL. Considering 

the fact that both ICZ and statins inhibit the cholesterol biosynthesis pathway, but at 

different levels, we tested whether or not the reduction of phagocytosis after treatment 

with ICZ could be reverted with the addition of LDL. Møs (J774.1 cells) were 

incubated with ICZ (1µM) or DMSO for 16 h in the presence of LDL (100 µg/mL), 

and phagocytosis was evaluated. We found that the addition of LDL reversed the 

effect of ICZ alone on phagocytosis (Figure 3.14). We also observed that the level of 

FcγR was restored to initial levels before ICZ treatment (Figure 3.15).  

The reversal of the ICZ-induced effect on phagocytosis and FcγR levels prompted us 

to evaluate the potential effect of LDL on the N-linked glycosylation pattern in Møs 

treated with ICZ. Therefore, we used ConA binding as a measure of the presence of 

high mannose glycoproteins on the cell surface. We found that Møs treated 

concomitantly with ICZ and LDL had the same levels of ConA binding when 

compared to the control groups (DMSO and DMSO+LDL), which were lower than in 

cells treated with ICZ alone (Figure 3.16), indicating that the ICZ-induced alteration in 

glycoconjugate processing could also be reverted by co-incubation with LDL. In 

summary, LDL can abrogate the ICZ-induced effect on phagocytosis and FcγR 
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expression and alteration in glycoprotein processing. These results suggest that ICZ 

may inhibit FcγR-dependent phagocytosis by altering Møs cholesterol pools or by 

affecting the normal trafficking of cholesterol within the cell. 
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Figure 3.14 LDL Prevented the Effect of ICZ on FcγR-mediated Phagocytosis. 
J774.1 Cells (~1 x 106) were treated for 16 h at 37ºC with ICZ (1µM) or DMSO in the 
presence or absence of LDL (100 µg/mL). LDL inhibits the ICZ effect on 
phagocytosis. At the end of the incubation period, cells were challenged with 
opsonized fluorescent bacterial particles at a ratio of 10:1 (bioparticles:Møs) for 30 
min. Cells were then washed and fixed. Cell surface fluorescence was quenched with 
trypan blue in the fixing solution and phagocytosis determined by flow cytometry. 
Representative flow cytometry plots are depicted. Statistical analysis was performed 
using ANOVA. * P ≤ 0.05 compared to vehicle control (DMSO). 
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Figure 3.15 LDL Prevented the Effect of ICZ on FcγR Levels.  
Cell surface and total cellular expression of Fcγ III/II receptors was determined by 
flow cytometry using FITC-labeled rat anti-mouse CD16/CD32 antibodies. 
Coincubation of J774 cells (~1 x 106) with ICZ (1 µM) and LDL (100 µg/mL) for 16 h 
prevented the effect of ICZ alone on cell surface and total cellular expression of FcγR. 
Statistical analysis was performed using ANOVA. * P ≤ 0.05 compared to vehicle 
control (DMSO). 
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Figure 3.16 LDL Prevented the ICZ-induced Accumulation of High-mannose 
Glycoproteins on the Cell Surface of Macrophages. 
Cell surface binding of Alexa Fluor-488 Concanavalin A was determined by flow 
cytometry. Coincubation of J774 cells (~1 x 106) with ICZ (1 µM) and LDL (100 
µg/mL) for 16 h prevented the accumulation of high-mannose glycoproteins on the 
cell surface induced by ICZ alone, as evidenced by decreased fluorescent ConA 
binding. Representative flow cytometry plots.  
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3.5 Discussion 

 

Previous studies from our laboratory have demonstrated that ICZ induces an 

alteration in the processing of N-linked glycosylation resulting in the accumulation of 

high mannose glycans [7]. However, this change in the glycosylation pattern of cell 

surface molecules has not been correlated with modifications of cellular functions.  

Therefore, we set out to investigate whether or not treatment of Møs with ICZ affects 

their phagocytic capacity. Phagocytosis plays a fundamental role in the immune 

system response to invading microorganisms and pathogens. In addition, this cellular 

process is critical in tissue homeostasis and remodeling as well as in the removal of 

cellular debris and apoptotic cells [25].  

We found that treatment of Møs with ICZ impaired FcγR-mediated 

phagocytosis of opsonized particles. The mechanism of this decrease in phagocytosis 

was associated with a reduction of FcγR, both at the protein and mRNA levels. 

Furthermore, we showed that FcγR displayed an alteration in the glycosylation pattern, 

which appeared to affect their function. Indeed, the decrease in the phagocytic rate 

after ICZ treatment (85%) was greater than the reduction in cell surface FCγR levels 

(40 - 50%). Since phagocytosis plays a central role in the clearance of pathogens, 

apoptotic cells and tumor cells [15-17], our results suggest a potential risk for the use 

of ICZ, particularly in vulnerable populations such as those who are receiving 

chemotherapy and are already immunocompromised.  
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Our studies demonstrated that ICZ exerted its effects at the level of FcγR gene 

expression, because mRNA levels of all three main subtypes of this receptor (Fcgr1, 

Fcgr2 and Fcgr3) were reduced. This finding is in contrast to the effect of ICZ on the 

major lipopolysaccharide (LPS) binding protein CD14, which we reported to be 

upregulated [7]. The effect of ICZ on FcγR gene expression could be explained by 

either alteration of transcription or changes in mRNA stability. Transcription of FcγR 

is regulated by several factors, such as interferon γ (IFN-γ) [20, 26], Interleukin 10 

[27], 6 [28], 1β [29] and granulocyte-colony stimulating factor  [20, 30]. In addition, 

Interleukin 4 has been shown to reduce the expression of all three FcγR [27]. 

Modulation of FcγRI in particular has been shown to be susceptible to treatment with 

glucocorticoids, which oppose the effect of IFN-γ [31]. Furthermore, neither IFN-γ nor 

dexamethasone affect mRNA stability of FcγR [31, 32]. At the molecular level, 

transcriptional regulation of FcγRI has been shown to be dependent upon two main 

factors: PU.1 and Stat1. PU.1 is required for basal expression and for IFN-γ induced 

FcγRI promoter activation, while Stat1 alone is not able to initiate transcription [33]. 

We also observed that the effect of ICZ on phagocytosis was reverted by co-

incubation with LDL. This observation echoed prior reports indicating that LDL 

affected FcγR-mediated phagocytosis by regulating the expression of the high affinity 

FcγR, namely FcγRI [34, 35]. Moreover, it was reported that phagocytosis was more 

sensitive to lipid depletion than reduction in the expression of FcγRI [35]. Also, our 

findings could be interpreted in light of a recent report in which ICZ was found to 

have an inhibitory effect on the mTORC pathway by altering cholesterol trafficking 
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[36]. The authors demonstrated that ICZ blocks cholesterol egress from 

endosomal/lysosomal compartments to the plasma membrane, which leads to 

inhibition of both mTORC1 and mTORC2, which highlights a possible role of ICZ in 

cholesterol trafficking [36]. Indeed, ICZ-treated cells exhibited a rearrangement of 

cholesterol distribution in a pattern reminiscent of Niemann-Pick disease type C 

(NPC) [36]. In this lysosomal storage disease, accumulation of unesterified 

cholesterol, sphingolipids and other lipids is due to mutations in either of the genes 

encoding the NPC1 or the NPC2 proteins, which are essential for normal intracellular 

cholesterol trafficking [37, 38]. Similar to NPC, ICZ leads to accumulation of 

cholesterol in late endosomes and lysosomes with a concomitant depletion at the 

plasma membrane [36, 37]. 

The effects of ICZ on Mø function could be further interpreted by considering 

the effect of this drug on glycoprotein processing. Alteration of N-linked glycosylation 

could have a profound effect on a wide array of key proteins, including NPC1, which 

is a late endolysosomal glycoprotein with 14 potential N-glycosylation sites [39]. This 

protein plays a critical role in the normal shuttling of cholesterol within the lysosome 

[39]. Indeed, wild type NPC1 is resistant to endoglycosydase H treatment, whereas the 

most prevalent NPC mutation (NPC1I1061T) is endoglycosydase H-sensitive [40], 

which is consistent with the effect of ICZ on glycoprotein processing.  Human 

fibroblasts homozygous for the NPC1I1061T mutation displayed a marked impairment 

of LDL-stimulated cholesterol esterification and accumulation of unesterified 

cholesterol in lysosomes [40]. Therefore, alteration of the NPC1 glycosylation pattern 
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after treatment with ICZ may lead to a deficient NPC1 protein unable to shuttle 

cholesterol within the late endosome/lysosome and causing the accumulation of 

unesterified cholesterol as previously reported [40]. These findings underscore the role 

of proper glycosylation and the potential link between cholesterol trafficking and the 

expression of cell surface receptors. Therefore, a change in the glycosylation pattern 

of FcγR could also contribute to the reduction of phagocytosis induced by ICZ 

treatment.  

Renewed interest in the use of ICZ has stemmed from recent findings 

suggesting its potential application as a chemotherapeutic agent against cancer. ICZ 

has been shown to have anti-tumor properties, including inhibition of angiogenesis 

[41], the Hedgehog pathway [42] and the mTOR pathway [36]. Taking advantage of 

the fact that ICZ is an FDA-approved agent, clinical trials have swiftly been initiated 

to determine its efficacy. Currently, clinical trials aimed at establishing the use of ICZ 

in malignancies of the breast (NCT00798135), prostate (NCT00887458) and lung 

(NCT007769600) are underway. But as suggested by Ringshausen et al. [43] and our 

studies, there are potential issues that need to be addressed before considering a 

widespread use of ICZ as a chemotherapeutic agent.  

In addition, ICZ has been reported to have anti-inflammatory effects and lead 

to reduced systemic immune activation by decreasing IgG and IgE levels [44]. 

Moreover, ICZ has been recently reported to interfere with rituximab immunotherapy 

in patients suffering from B-cell lymphoma [43].  In summary, we present evidence 

that the use of ICZ in vulnerable populations such as those immunosuppressed patients 
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or those receiving targeted immunotherapy should be approached with caution and 

under strict surveillance to prevent detrimental side effects. 

 

Chapter 3, in part, has been submitted for publication as it may appear in 

Itraconazole, A Commonly Used Antifungal, Inhibits Fcγ Receptor-mediated 

Phagocytosis: Alteration of Fcγ Receptor Glycosylation And Gene Expression. Nino, 

DF., Cauvi, DM., De Maio, A. The dissertation author was the primary investigator 

and author of this manuscript. 
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Chapter 4. Intracellular Cholesterol Redistribution Leads to Inhibition of Fcγ  

Receptor-mediated Phagocytosis 

 

Lipid composition and in particular intracellular cholesterol content and 

distribution are critical factors that determine plasma membrane structure and function 

[1]. Derangements in lipid metabolism and transport translate into various instances of 

human disease such as Niemann-Pick disease type C and atherosclerosis[1, 2]. 

Macrophages are of particular relevance in the overall economy of cholesterol 

metabolism and have been identified to even play a detrimental role when overloaded 

with cholesterol, which leads to the formation of foam cells [3]. The focus of the 

current literature has been placed on this role and on the intersection of the immune 

response and the metabolic components of the disease [4-6]. The aspect that still 

remains unclear is the effect that intracellular cholesterol homeostasis within the 

macrophage plays in the basic functions of this cell. In this chapter we present the 

results of our investigations on the role that cholesterol redistribution within 

macrophages plays in the regulation of Fcγ receptor-mediated phagocytosis, the major 

function of these cells. 

 

4.1 Specific Aspects of Intracellular Cholesterol Homeostasis in Macrophages 

 

 Cholesterol homeostasis in macrophages as well as in other peripheral cells is 

dependent upon a regulated balance between synthesis, uptake and efflux [7]. On the 
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other hand, there are specific aspects of intracellular cholesterol homeostasis that are 

of particular relevance to macrophages. Cholesterol influx in macrophages involves 

the internalization of both native (non-modified) as well as modified lipoproteins via 

non-receptor mediated or receptor-mediated endocytosis. Uptake of native lipoproteins 

mainly follows receptor-mediated endocytosis through the LDL receptor [3, 8].  Other 

lipid-containing particles (specifically modified lipoproteins) are internalized by 

receptor-mediated endocytosis via a member of the family of scavenger receptors (i.e. 

SR-A1, SR-B1, LOX1 and CD36) [3, 7]. Non-receptor mediated pathways include 

phagocytosis of aggregated LDL particles [9] and macropinocytosis of native [10] or 

modified LDLs[11], these pathways in fact ultimately can contribute to the formation 

of foam cells[7].  

 

Macrophages possess a number of mechanisms to regulate the equilibrium 

between cholesterol uptake/synthesis and export, including transport mechanisms that 

promote the efflux of excess cholesterol to extracellular acceptors [12, 13]. As it was 

described in chapter 1 and shown in Figure 1.4, lipoproteins and their associated lipids 

are internalized into endosomes that subsequently fuse with lysosomes where the 

cargo is digested. These processes result in the release of free cholesterol that can be 

either mobilized to the plasma membrane or to the ER compartment [14]. The 

cholesterol that is delivered to the ER can be esterified by acetyl-coenzyme 

A:cholesterol acetyltransferase 1 (ACAT1) and ultimately stored in cytosolic lipid 

droplets in the form of esterified cholesterol [3]. Stored lipid droplets can be mobilized 
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for efflux by to different mechanisms: lipolysis, which involves the enzyme neutral 

cholesterol ester hydrolase 1 (NCEH1) or via lipophagy, a form of autophagy in which 

lipid droplets are fused to lysosomes [3, 15]. Degradation of cholesteryl esters at the 

lysosomes makes free and modified cholesterol available for efflux by delivery to the 

plasma membrane [16]. Free cholesterol transported to the plasma membrane becomes 

available either for incorporation or to be released. Free cholesterol efflux from 

macrophages occurs via receptor-mediated delivery to extracellular acceptors[17]. 

Both SR-BI and members of the family of ATP-binding cassette transporters (ABC – 

ABCA1, ABCG1, ABCG5/ABCG8) play a role in free cholesterol export [3, 14, 18].  

The most important ABC transporter in macrophages is ABCA1[18], which has been 

shown to load the cholesterol acceptor protein apolipoprotein A-I, the main 

component of HDL [19]. As described in chapter 1, this is a crucial step in the process 

of reverse cholesterol transport, which allows cholesterol to be mobilized from 

peripheral tissues into the liver for further metabolic processing into bile acids and 

subsequent excretion [20].   

Intracellular transport of cholesterol is essential for its metabolism and delivery 

to specific organelles [21]. Cholesterol transport within Møs is regulated by the NPC1 

and 2 proteins, which shuttle unesterified cholesterol from late endosomes to the 

plasma membrane and subsequently to other intracellular organelles via vesicular and 

non-vesicular transport [22, 23]. Internalization of cholesteryl esters associated with 

LDL molecules and other lipoproteins via receptor-mediated endocytosis follows the 

endosomal pathway into sorting endosomes and then to late endosomes/lysosomes. In 



 80 

this compartment cholesteryl esters are hydrolyzed and sterols trafficked out by the 

concerted effort of NPC1 and 2 proteins in a process that is not fully understood yet 

[23]. Figure 1.4 depicts our current knowledge of this process. Free cholesterol within 

late endosomes/lysosomes is thought to be shuttled within these vesicles by the 

soluble luminal NPC2 protein to the membrane-embedded NPC1 protein. Cholesterol 

is then distributed throughout the cell [23]. Deficiency of either one of these proteins 

leads to the phenotypic characteristics of NPC disease [24], which leads to 

accumulation of cholesterol and various sphingolipids in late endosomes/lysosomes, 

with repercussions on both protein and lipid trafficking. In addition, NPC1 is also 

involved in loading apolipoprotein A-I through ABCA1 [25].  

On the other hand, as in most organs and tissues, macrophages fulfill their 

requirements for cellular cholesterol by endogenous biosynthesis [26, 27]. Cholesterol 

is the product of a multi-step enzymatic pathway that is tightly regulated at the 

transcriptional level [28, 29].  Synthesis takes place in the smooth endoplasmic 

reticulum via the rate-limiting enzyme HMG CoA reductase. See Figure 1.2. 

 Lipid metabolism in macrophages is under the control of nuclear receptors that 

are able to sense environmental cues and tailor gene expression programs that 

modulate cellular phenotype [30]. In fact, different intermediates in the cholesterol-

biosynthetic pathway and oxysterol derivatives of cholesterol regulate a multitude of 

functions of both the innate and the adaptive immune systems [31].   

 The regulation of intracellular cholesterol levels is under a tight balance that is 

highly responsive to environmental changes [32]. The molecular link between the 
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extracellular milieu and the intracellular metabolic machinery is a vast network of 

transcriptional regulators orchestrated by nuclear receptors [30]. Homeostasis is 

achieved by the coordinated action of two transcriptional regulatory programs (i.e. 

cholesterol synthesis/uptake vs cholesterol efflux). The two main transcriptional 

regulators are the SREBP and LXR families of transcription factors (Figure 1.3) [31, 

33]. During cellular cholesterol deprivation SREBP proteins are proteolytically 

activated and translocated to the nucleus where they bind sterol-responsive elements 

(SRE) in target genes encoding enzymes required for the synthesis and uptake of 

cholesterol (e.g. HMG CoA reductase and LDL receptor, respectively – Figure 4.4E) 

[31, 34]. On the other hand, when cellular cholesterol levels are high the SREBP 

transcription factors are retained in the ER and not allowed to migrate to the nucleus to 

activate target genes [28, 32]. Sterols, oxidized derivatives of cholesterol (oxysterols) 

as well as desmosterol (a precursor of cholesterol), regulate the activity of these 

transcription factors by binding to the proteins SCAP or INSIG ultimately 

sequestering SREBP precursors in the ER [34]. In addition, oxysterols and 

desmosterol bind to LXRs, leading to the dissociation of corepressors and recruitment 

of coactivators, which induce the transcription of target genes involved in cholesterol 

efflux (e.g. ABCA1 and ABCG1) [20, 35] or degradation of the LDLR (i.e. Idol – 

inducible degrader of LDL receptor) [31]. Macrophage reverse cholesterol transport 

via ABCA1 and ABCG1 is greatly regulated at the transcriptional level by liver X 

receptors [30].  
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4.2 Results 

4.2.1 Imipramine and Itraconazole Induce Accumulation of Esterified and Non-

Esterified Cholesterol 

  

Several pharmacologic agents have been identified to have an effect on 

cholesterol distribution. Even though the precise mechanism by which most of them 

modify cholesterol trafficking is not well understood they have provided us with very 

useful tools that can help to dissect the role of particular intracellular compartments 

and their cholesterol composition [36, 37].  We aimed to determine the role of 

cholesterol redistribution on macrophage FcγR mediated phagocytosis, the major 

function of Møs. For this purpose we utilize three different agents (i.e. imipramine, 

itraconazole and U18666A), which have been shown to significantly impair 

cholesterol trafficking (Figure 4.1) [36-39]. These agents are characterized by the 

common effect of leading to accumulation of esterified and unesterified cholesterol in 

late endosomes/lysosomes [36, 39]. The inhibition of the cholesterol egress from late 

endosomes and lysosomes mimics the loss of the functional Niemann-Pick type C 

(NPC) protein responsible for NPC disease [40]. Our initial experiments aimed to 

evaluate the effect of these pharmacologic agents on macrophage cholesterol 

homeostasis. Using J774.1 Møs we determined the phenotype induced by: imipramine 

(15 µM for 24 h), itraconazole (1 µM for 16 h) and U18666A (10 µM for 24 h). Doses 

and incubation times where selected from previous reports [39, 41, 42]. Intracellular 

cholesterol distribution was determined by fluorescence microscopy of Oil Red O  
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(esterified cholesterol) and Filipin III (unesterified cholesterol) stained specimens 

(Figure 4.2). We confirmed that in macrophages all three agents lead to cholesterol 

redistribution in a pattern that followed previously published reports in other cell types 

[39, 40]. Therefore we concluded that the use of these agents was relevant to study the 

effects that such redistribution and accumulation of cholesterol may have on the 

phagocytic capacity of J774.1 Møs. 
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Figure 4.1 Cholesterol Traffic Blocking Agents Prevent Normal Transport of 
Cholesterol Out of Late Endosomes/lysosomes.  
Diagram depicts the site of action of the cholesterol traffic blocking agents U18666A 
and imipramine (IPN) [36, 37]. The target of itraconazole (ICZ) is predicted to be the 
NPC1 protein, which is highly glycosylated and potentially affected by the ICZ-
induced alteration in glycoprotein processing previously reported by Frey et al. [43]. 
All three agents lead to the accumulation of esterified and/or unesterified cholesterol 
in late endosomes/lysosomes in a pattern that is reminiscent of the lysosomal storage 
disease Niemann-Pick disease Type C (NPC) [39]. This autosomal recessive disease is 
characterized by the functional loss of the protein product of the NPC1 gene.  
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Figure 4.2 Impairment of Cholesterol Trafficking Causes Accumulation of 
Esterified and Free Cholesterol.  
J774.1 cells (~1 x 106) were incubated with ICZ (1 µM for 16 h), IPN (15 µM for 
24 h), U18666A (5 µM for 24 h) or vehicle (DMSO). Filipin III and Oil Red O 
staining were used to determine the cellular distribution of unesterified and 
esterified cholesterol, respectively. All three agents lead to cholesterol 
redistribution and accumulation in a subcellular compartment, consistent with 
previous reports demonstrating a phenotype reminiscent of Niemann-Pick disease 
type C [39]. 
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4.2.2 Impairment of Intracellular Cholesterol Traffic Does Not Affect Total 

Cholesterol Levels 

  

In order to further characterize our experimental model we determine total 

cholesterol levels in J774.1 Møs treated with imipramine (15 µM for 24 h) or 

itraconazole (1 µM for 16 h) and compared to vehicle (DMSO) treated controls. We 

found that even though both treatments led to significant accumulation of cholesterol 

in late endosomes/lysosomes, IPN and ICZ did not affect total cellular cholesterol 

levels (Figure 4.3).  
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Figure 4.3 Cholesterol Accumulation Does Not Affect Total Cholesterol Content. 
J774.1 cells (~1 x 106) were incubated with ICZ (1 µM for 16 h), IPN (15 µM for 24 
h) or vehicle (DMSO). Total cellular cholesterol content was determined by a 
fluorometric method using the Amplex® Red Cholesterol Assay Kit (Life 
Technologies, Carlsbad, CA) and following the manufacturers specifications. 
Fluorometric values were normalized by total amount of cellular proteins. Statistical 
analysis was performed using ANOVA.  
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4.2.3 Impairment of Intracellular Cholesterol Traffic by Imipramine, but Not 

Itraconazole, Triggers Cholesterol Synthesis and Uptake Transcriptional 

Program 

 
To further characterize cholesterol homeostasis in our experimental model we 

determined gene expression of several of the key modulators of the two transcriptional 

programs mentioned above. We found that impairment of intracellular traffic by IPN, 

but not ICZ, led to activation of the cholesterol synthesis and uptake transcriptional 

program as evidenced by the upregulation of HMG CoA reductase and LDL receptor 

mRNA levels (Figure 4.4A and 4.4B, respectively). ICZ, despite having similar effects 

on intracellular cholesterol distribution, did not exert any changes in the gene 

expression of these two critical factors at the mRNA level when compared to vehicle 

(DMSO) (Figure 4.4A and 4.4B).  

On the other hand, IPN led to downregulation of the mRNA levels of the main 

cholesterol transporter ABCA1 (Figure 4.4C), which is the critical mediator of 

cholesterol efflux in macrophages [44, 45]. Neither ICZ nor IPN had an effect on 

ABCG1 (Figure 4.4D). Considering the fact that these agents exert their effects at the 

level of the endosomal/lysosomal transport of cholesterol [37, 39], we evaluated 

mRNA expression of the endosomal membrane transporter NPC1, which is critical in 

the shuttling of unesterified cholesterol out of late endosomes and lysosomes [46, 47]. 

We found that these two agents had an opposite effect on NPC1 gene expression with 

IPN causing an upregulation of the mRNA levels (Figure 4.4F).  
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Figure 4.4 Impairment of Cholesterol Trafficking Leads to Activation of the 
Cholesterol Synthesis and Uptake Transcriptional Program. 
J774.1 cells (~1 x 106) were incubated with ICZ (1 µM for 16 h), IPN (15 µM for 24 
h) or vehicle (DMSO). Hmgcr (A), Ldlr (B), Abca1 (C), Abcg1 (D) and Npc1 (F) 
mRNA levels were determined by qRT-PCR. (E) Diagram depicts the transcriptional 
regulation involved in maintaining intracellular cholesterol homeostasis during low 
cholesterol levels. SREBP transcription factors are transported to the Golgi complex 
and proteolytically activated. The amino-terminal domain, which comprises a helix-
loop-helix transcription factor, migrates into the nucleus where it binds sterol 
responsive elements on target genes (e.g. Hmgcr and Ldlr) [31]. Statistical 
significance was determined by ANOVA. 
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Then we evaluated gene expression of the transcriptional factors that regulate 

the aforementioned target genes (i.e. Srebf1, Srebf2 and Lxrα). Interestingly, ICZ led 

to upregulation of both SREBP genes, whereas only IPN led to the upregulation of 

Lxrα (Figure 4.5). 

Our results seem to indicate that despite the cholesterol accumulation in 

endosomes/lysosomes, the intracellular cholesterol sensing mechanism in the ER is 

deprived of cholesterol, thus synthesis (HMG CoA reductase) and uptake (LDL-R) 

factors are upregulated. To confirm this hypothesis we evaluated gene expression of 

two additional factors that are involved in uptake of native as well as oxidized 

lipoproteins (i.e. macrophage scavenger receptor 1 – SRA/Msr1 and CD36, Figures 

4.6A and 4.6B, respectively). We found that both members of the family of scavenger 

receptors are upregulated at the mRNA level in J774.1 Møs incubated with the 

cholesterol traffic blocking agents ICZ and IPN. In particular, SRA was increased by 

the treatment with ICZ, which induced a stronger effect than IPN (Figure 4.6A). CD36 

was upregulated by both agents at the same level (Figure 4.6B).  

To further document the effects of cholesterol traffic blocking by ICZ and IPN 

we determined the cell surface expression of the LDL receptor (Figure 4.6C) and SRA 

(Figure 4.6D) by flow cytometry. Both pharmacological agents, indeed, led to 

increased cell surface expression of these two important receptors. LDL-R (Figure 

4.6C) was increased by both agents to the same level, whereas ICZ led to a higher 

increase of SRA cell surface expression (Figure 4.6D), which paralleled our mRNA 

expression results (Figure 4.6A).  
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Figure 4.5 Impairment of Cholesterol Trafficking is Associated to Alterations in 
the Gene Expression of Transcription Factors Involved in the Regulation of 
Cholesterol Homeostasis.  
J774.1 cells (~1 x 106) were incubated with ICZ (1 µM for 16 h), IPN (15 µM for 24 
h) or vehicle (DMSO). mRNA expression of Srebf1 (A), Srebf2 (B) and Lxra (C) was 
determined by qRT-PCR. Results from three independent experiments performed in 
triplicate for each sample are presented. Statistical significance was determined by 
ANOVA. 
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Figure 4.6 Expression of LDL Receptor, Macrophage Scavenger Receptor A and 
CD36 is Increased by ICZ and IPN. 
J774.1 cells (~1 x 106) were incubated with ICZ (1 µM for 16 h), IPN (15 µM for 24 
h) or vehicle (DMSO). At the end of the incubation  time, mRNA expression of Sra 
(A) and CD36 (B) was determined by qRT-PCR. In addition, cell surface expression 
of LDL receptor (C) and macrophage scavenger receptor A (D) was quantified by flow 
cytometry. Results from three independent experiments performed in triplicate for 
each sample are presented. Statistical significance was determined by ANOVA. 
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4.2.4 Inhibition of Intracellular Cholesterol Traffic Impairs Fcγ  Receptor-

mediated Phagocytosis  

 

 We have previously demonstrated that ICZ, an agent that leads to 

accumulation of cholesterol in late endosomes/lysosomes in a pattern reminiscent of 

NPC disease, impairs FcγR mediated phagocytosis by altering expression of FcγR 

both at the protein and mRNA levels (see Figure 3.3). We hypothesized that this effect 

was due in part to the intracellular cholesterol accumulation observed. Imipramine 

[37] as well as U18666A [36] have been shown to be useful tools in the study of 

cholesterol trafficking, since both of these agents lead to accumulation of cholesterol 

in late endosomes/lysosomes. In order to test our hypothesis we used these agents to 

determine whether or not this was an effect specific to ICZ or a common consequence 

to intracellular cholesterol accumulation in macrophages. We found that similar to 

ICZ, both IPN and U18666A led to a significant impairment of FcγR mediated 

phagocytosis, as evidenced by the decreased internalization of fluorescently labeled 

opsonized bacterial particles (Figure 4.7). Phagocytosis of opsonized fluorescent 

bioparticles was quantified using flow cytometry as described in the Materials and 

Methods section. In particular, the phagocytic rate of J774.1 cells (~1 x 106) incubated 

with IPN (15 µM for 24 h) was determined by measuring the internalization of 

bioparticles at three different exposure times (i.e. 15, 30 and 60 min at 37ºC – Figure 

4.8). A significant decrease in the rate of phagocytosis was observed in the cells 

incubated with IPN, when compared to vehicle (DMSO) control, as early  
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Figure 4.7 Impairment of Cholesterol Traffic is Associated with Decreased 
Phagocytosis of Opsonized Bacterial Particles.  
Cholesterol traffic blockers decrease FcγR-mediated Phagocytosis. The phagocytic 
rate of opsonized fluorescent bioparticles (ratio of 10:1 bioparticles:Møs, 60 min 
challenge at 37ºC) was determined (as described in Chapter 2) after incubation of 
J774.1 cells (~1 x 106) with ICZ (1 µM 16 h), IPN (15 µM 24 h), U18666A (10 µM 24 
h) or vehicle (DMSO). Results from three independent experiments performed in 
triplicate for each sample are presented. Statistical analysis was performed using 
ANOVA.  
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Figure 4.8 Imipramine Decreases the Phagocytic Rate of Opsonized Bacterial 
Particles.  
J774.1 cells (~1 x 106) were treated with IPN (15 µM) or vehicle (DMSO) for 24 h, 
then challenged with opsonized fluorescent bacterial particles at a ratio of 10:1 
(bioparticles:Møs) for 15, 30 or 60 min at 37ºC. Phagocytosis was determined by flow 
cytometry. The phagocytic rate was determined after quenching cell surface 
fluorescence using trypan blue. Results from three independent experiments 
performed in triplicate for each sample are presented. Statistical significance was 
determined by ANOVA. * p ≤ 0.05 compared to vehicle (DMSO).  
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as 15 min. The impairment in the phagocytic rate of opsonized bacterial particles was 

sustained throughout the duration of the 60 min challenge (Figure 4.8).  

 

4.2.5 Inhibition of Intracellular Cholesterol Traffic Impairs Fcγ  Receptor 

Expression 

 The substantial decrease in the phagocytic rate exerted by all three of these 

cholesterol traffic blockers (Figure 4.7) prompted us to determine cellular expression 

of FcγR both at the protein as well as mRNA levels. To this end, we quantified cell 

surface expression of FcγR (FcγRI and FcγRIII/II) using flow cytometry. Cell surface 

expression of FcγRI (CD64) and FcγRIII (CD16)/FcγRII (CD32) was significantly 

decreased by incubation with each of all three cholesterol traffic blocking agents (ICZ 

– 1µM 16 h, IPN – 15µM 24 h and U18666A 10 µM 24 h) as shown in Figure 4.9. 

Finally, we determined whether or not incubation with the cholesterol traffic-blocking 

agent IPN had an effect on mRNA expression of all three FcγR subtypes (Fcgr1, 

Fcgr2b and Fcgr3) as measured by qRT-PCR. We found that similar to the effect we 

had observed with ICZ (Figure 3.9), IPN also decreases expression of all subtypes of 

FcγR at the mRNA level (Figure 4.10). Interestingly, while both ICZ and IPN 

downregulate Fcgr2 and Fcgr3 to the same level, in the case of Fcgr1, IPN had a 

stronger effect (Figure 4.10). 
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Figure 4.9 Impairment of Cholesterol Traffic is Associated with Decreased Cell 
Surface Expression of FcγR. 
Cell surface expression of FcγR is decreased by cholesterol traffic blockers. J774.1 
Cells (~1 x 106) were treated with ICZ (1 µM 16 h), IPN (15 µM 24 h), U18666A (10 
µM 24 h) or vehicle (DMSO). At the end of the incubation time cell surface 
expression of FcγRI and FcγRIII/II was determined by flow cytometry using APC-
labeled anti-mouse CD64 and FITC-labeled rat anti-mouse CD16/CD32 antibodies. 
Statistical significance indicated was determined by ANOVA. 
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Figure 4.10 Impairment of Cholesterol Traffic is Associated with Decreased FcγR 
Gene Expression.  
J774.1 Cells (~1 x 106) were treated with ICZ (1 µM 16 h), IPN (15 µM 24 h) or 
vehicle (DMSO). At the end of the incubation time, cell samples were processed to 
determine mRNA levels of Fcgr1 (A), Fcgr2b (B) and Fcgr3 (C) using qRT-PCR. 
Values were determined using a standard curve and expressed as copy number. All 
values were normalized to Gapdh mRNA levels. All data depicted were obtained from 
three independent experiments performed in triplicate for each sample and used to 
calculate the mean and standard error. Statistical analysis was performed using 
ANOVA.  
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4.2.6 Inhibition of Intracellular Cholesterol Traffic Impairs Fcγ  Receptor-

mediated Phagocytosis in Isolated Peritoneal Macrophages 

 

 In order to further validate our results obtained with the murine macrophage 

cell line J774.1 we tested the effect that cholesterol traffic impairment would have in 

naïve peritoneal macrophages (PMøs) isolated from 8-weeks-old CD1 mice. PMøs 

isolated by peritoneal lavage were allowed to recover for 24 h as described in Material 

and Methods. Subsequently, PMøs were incubated with cholesterol traffic blocking 

agents (ICZ – 1µM 16 h, IPN – 15µM 24 h and U18666A 10 µM 24 h) or vehicle 

control (DMSO). At the end of the incubation time phagocytosis of fluorescent 

opsonized bacterial particles (10:1 bacterial particles:cells for 60 min at 37ºC – Figure 

4.11) and cell surface FcγR levels (Figure 4.12) were determined by flow cytometry as 

described above. We found that all three cholesterol blocking agents indeed exerted 

the same effect on PMøs as on J774.1 Møs, decreasing both phagocytosis of 

opsonized bacterial particles and FcγR cell surface expression levels (Figures 4.11 and 

4.12, respectively). In addition, no differences were found between the level of effect 

on phagocytosis and FcγR expression of all three pharmacological agents.  
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Figure 4.11 Inhibition of Intracellular Cholesterol Traffic Impairs Fcγ  Receptor-
mediated Phagocytosis in Isolated Naïve Peritoneal Macrophages.  
Resident naïve peritoneal Møs (PMøs ~1 x 106) were isolated by peritoneal cavity 
lavage from CD1 mice (8 – 10 weeks-old) and treated with ICZ (1 µM 16 h), IPN (15 
µM 24 h), U18666A (10 µM 24 h) or vehicle (DMSO), phagocytosis of opsonized 
fluorescent bioparticles (ratio of 10:1 bioparticles:Møs – 60 min challenge at 37ºC) 
was determined by flow cytometry. The phagocytic rate was calculated for each 
treatment from the mean fluorescence intensity (MFI) recorded after quenching cell 
surface fluorescence using trypan blue. Statistical significance was determined by 
ANOVA. 
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Figure 4.12 Inhibition of Intracellular Cholesterol Traffic in Isolated Naïve 
Peritoneal Macrophages is Associated with Decreased FcγR Cell Surface 
Expression.  
Resident naïve peritoneal Møs (PMøs ~1 x 106) were isolated by peritoneal cavity 
lavage from CD1 mice (8 – 10 weeks-old) and treated with ICZ (1 µM 16 h), IPN (15 
µM 24 h), U18666A (10 µM 24 h) or vehicle (DMSO). At the end of the incubation 
time, cell surface expression of FcγRI and FcγRIII/II was determined by flow 
cytometry using APC-labeled anti-mouse CD64 and FITC-labeled rat anti-mouse 
CD16/CD32 antibodies. All data depicted were obtained from three independent 
experiments performed in triplicate for each sample and used to calculate the mean 
and standard error. Statistical analysis was performed using ANOVA. 
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4.2.7 Low-density Lipoprotein Prevents the Effects that Inhibition of 

Intracellular Cholesterol Traffic has on Fcγ  Receptor-mediated Phagocytosis 

  

The potential role of cholesterol in FcγR-mediated phagocytosis had 

previously been recognized by Loike et.al. [48] whom had found that inhibition of 

cholesterol synthesis by statins impair FcγR-mediated phagocytosis. Furthermore, the 

authors reported the reversal of the effect on phagocytosis by statins with the 

concomitant use of LDL (100 µg/mL) [48]. In our previous report on the effect of ICZ 

on FcγR-mediated phagocytosis, we found a similar phenomenon (Figures 3.14 and 

3.15), so we decided to test the effect of LDL on the IPN-induced downregulation of 

cell surface expression of FcγR. Indeed, concomitant incubation of J774.1 cells (~1 x 

106) with ICZ (1 µM for 16 h) or IPN (15 µM for 24 h) in the presence of LDL (100 

µg/mL) prevents the effects that we had observed on FcγRIII/II cell surface expression 

(Figure 4.13). Furthermore, our lab had previously shown [43] that ICZ leads to the 

accumulation of high-mannose glycoproteins, effect that is in fact reversed by 

coincubation of ICZ with LDL (Figure 3.16). We hypothesized that IPN could induce 

a similar effect on high-mannose glycoproteins and that LDL would prevent this 

effect. To test this hypothesis we treated J774.1 Møs (~1 x 106) in the presence or 

absence of LDL (100 µg/mL) and we quantified cell surface accumulation of high-

mannose glycoproteins as described in Materials and Methods by flow cytometry 

using Alexa Fluor 488-conjugated concanavalin A. Our experiments demonstrated that 
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IPN leads to a similar accumulation of high-mannose glycoproteins on the cell surface 

and that this effect is prevented by concomitant incubation with LDL (Figure 4.13).   
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Figure 4.13 Low-density lipoprotein (LDL) Prevents the Effect of Cholesterol 
Traffic blockade on the Expression of FcγR. 
(A) Cell surface expression of Fcγ III/II receptors was determined by flow cytometry 
using FITC-labeled rat anti-mouse CD16/CD32 antibodies. Coincubation of J774 cells 
(~1 x 106) with IPN (15 µM) and LDL (100 µg/mL) for 24 h prevented the effect of 
IPN alone on cell surface expression of FcγR. Statistical analysis was performed using 
ANOVA. * P ≤ 0.05 compared to vehicle control (DMSO). (B) Cell surface binding of 
Alexa Fluor-488 Concanavalin A was determined by flow cytometry. Coincubation of 
J774 cells (~1 x 106) with IPN (15 µM) and LDL (100 µg/mL) for 24 h prevented the 
accumulation of high-mannose glycoproteins on the cell surface induced by IPN 
alone, as evidenced by decreased fluorescent ConA binding. Results from three 
independent experiments performed in triplicate for each sample are presented. 
Statistical analysis was performed using ANOVA.  
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4.2.8 Inhibition of Intracellular Cholesterol Traffic Impairs Fcγ  Receptor 

Expression by Altering Transcriptional Regulation 

 

 The transcriptional regulation of the expression of all three subtypes of FcγR 

involves several factors (Figure 4.14), which have been shown to play a cooperative 

role [49]. In particular, the hematopoietic factor PU.1 is a transcription factor located 

in the nucleus [50] that is required for both the basal activity and for the IFN-γ-

induced FcγRI promoter activation [49, 51], which is mediated by STAT1 (a member 

of the Signal Transducers and Activators of Transcription family of transcription 

factors) [52, 53].  We hypothesized that cholesterol redistribution plays a role in the 

activation/expression of this transcription factors. To test our hypothesis we first 

designed an experiment in which we could test the cooperativity of PU.1 and STAT1. 

Using recombinant mouse IFN-γ (10 ng/mL) we determined the effect of cholesterol 

traffic blockade by IPN in the cell surface expression of FcγR. IFN-γ has been shown 

to be a strong activator of the FcγRI leading to 7 – 8 fold upregulation of cell surface 

expression [52, 54], so we determined whether or not concomitant treatment with IPN 

would impair the IFN-γ-induced upregulation of this receptor. We quantified cell 

surface expression of FcγR by flow cytometry after incubation of J774.1 Møs with 

IPN (15 µM for 24 h) in the presence or absence of IFN-γ (10 ng/mL). Indeed, we 

found that in our experimental model IFN-γ led to a 3-fold upregulation of FcγRI cell 

surface levels and cholesterol traffic blockade by IPN prevented this upregulation 

(Figure 4.15).  Interestingly, in the case of FcγRIII/II, even though IFN-γ alone did not 
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have a significant effect on cell surface expression of this receptor when used in 

conjunction with IPN it rescued cell surface expression of these receptors (Figure 

4.15). 
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Figure 4.14 Transcriptional Regulation of the FcγR Genes. 
Figure depicts the predicted transcription factor binding sites on the promoters of all 
three FcγR. The transcription factors PU.1 and Stat1 have been shown to 
cooperatively modulate the expression of FcγRI, with PU.1 been required for both 
basal and IFN-γ-induced FcγRI promoter activation[49]. 
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Figure 4.15 Imipramine-induced Cholesterol Traffic Block Impairs Interferon-γ 
(IFN-γ) induced upregulation of FcγRI expression.  
J774.1 Cells (~1 x 106) were treated with IPN (15 µM) or vehicle (DMSO) in the 
presence or absence of IFN-γ (20 ng/mL) for 24 h at 37ºC. At the end of the 
incubation period cell surface expression of FcγRI and FcγRIII/II was determined by 
flow cytometry using APC-labeled anti-mouse CD64 and FITC-labeled rat anti-mouse 
CD16/CD32 antibodies. All data depicted were obtained from three independent 
experiments performed in triplicate for each sample and used to calculate the mean 
and standard error. Statistical analysis was performed using ANOVA. * P ≤ 0.0001 
compared to Control (DMSO).  
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4.3 Discussion 

  

A relationship between intracellular content/distribution and multiple aspects 

of cellular function and homeostasis have been identified [1]. Some facets of cellular 

functioning that are known to be highly dependent upon proper cholesterol 

homeostasis include: cell signaling transduction [55], membrane trafficking [56] and 

cytoskeleton dynamics [57], which regulate intracellular integrity and migration [58, 

59]. In this report we explore the impact that cholesterol redistribution caused by 

blocking normal cholesterol traffic has on the main function of macrophages, 

phagocytosis. In particular, we studied the effects of three different agents (i.e. ICZ, 

IPN and U18666A) that have been shown to cause an accumulation of both non-

esterified as well as esterified cholesterol in late endosomes/lysosomes [37, 39, 60]. 

The diagram depicted in Figure 4.1 identifies the site of action for each of these 

agents.  First, after corroborating that these drugs indeed cause a redistribution of 

cholesterol in our experimental model (J774.1 murine macrophages – Figure 4.2), we 

proceeded to evaluate the status of cholesterol homeostasis in these cells after 

treatment with the aforementioned cholesterol traffic-blocking agents. For this purpose 

we chose to determine quantitatively the mRNA expression of several genes that are 

highly reactive to intracellular cholesterol homeostasis and the surrounding 

environment [30]. In particular we aimed to establish gene expression of those 

modulators of cholesterol synthesis (HMG CoA reductase, Hmgcr), uptake (LDL-R - 

Ldlr and members of the family of scavenger receptors – SR-A1, Msr1 and CD36, 



 110 

Cd36) as well as those factors involved in the efflux of cholesterol (ABCA1, Abca1 

and ABCG1, Abcg1). In addition, we determined gene expression of NPC1, Npc1 a 

critical factor in the trafficking of cholesterol from late endosomes/lysosomes to the 

plasma membrane and the rest of the cell [61]. Finally, we evaluated the gene 

expression of the transcription factors responsible for the downstream regulation of the 

aforementioned modulators of cholesterol homeostasis (i.e. SREBP1 – Srebf1, 

SREBP2 – Srebf2 and the nuclear receptor LXRα, Nr1h3). Is important to highlight 

the fact that even though we established a clear accumulation of both esterified and 

unesterified cholesterol in a pattern reminiscent of the lysosomal storage disease 

Niemann-Pick disease type C (Figure 4.2), there was no difference in the total cellular 

content of cholesterol (Figure 4.3). Our findings suggest that in particular for the 

cholesterol blocking agent imipramine, the cellular cholesterol sensing mechanism 

detects a lack of cholesterol, which translates into upregulation of the relevant 

synthesis and uptake mediators (HMG CoA reductase and LDL-R, Figures 4.4A and 

4.4B, respectively). On the other hand, this effect is further supported by the 

downregulation of the main cholesterol efflux transporter, i.e. ABCA1 (Figure 4.4C). 

This pattern is a clear example of the dynamic nature of the cholesterol homeostasis 

control, depicted by the diagram in Figure 4.4E. Moreover, we determined gene 

expression of the factors that orchestrate cholesterol homeostasis by regulating 

expression of the these genes. We determined expression of the SREBP transcription 

factors (SREBP1 and SREBP2, Figures 4.5A and 4.5B, respectively), which are 

critical for the expression of Hmgcr and Ldlr. Paradoxically, while ICZ induced an 
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upregulation of both Srebf1 and Srebf2, IPN did not have an effect on SREBPs, which 

regulate both Hmgcr1 and Ldlr, genes that were found to be increased with IPN. In 

addition, we determined the expression of the nuclear receptor LXRα to further 

dissect the role that cholesterol accumulation/redistribution plays in the transcriptional 

regulation of these processes (Figure 4.5). Interestingly, in this case only ICZ had a 

strong effect, demonstrating specific differences in the mechanism by which these 

agents alter cholesterol homeostasis. The specific effect of imipramine and U18666A 

has been found to be associated to blocking post-lysosomal cholesterol transport 

without affecting lipoprotein uptake and cholesteryl ester hydrolysis, therefore 

incubation with these agents mainly leads to accumulation of unesterified cholesterol 

[60, 62] as evidenced by our microscopy studies using filipin III (Figure 4.2).  To put 

into context these findings we determined cell surface expression of two proteins 

involved in the uptake of cholesterol, i.e. LDL-receptor and macrophage scavenger 

receptor 1 (SR-A1 – Figures 4.6C and 4.6D). These proteins were shown to be 

increased in the cell surface of Møs treated with ICZ or IPN, corroborating the 

observation that these cells are deprived of optimal levels of cholesterol intracellularly 

and seek to internalize greater amounts of cholesterol.  

We proceeded to explore the functional implications of these changes in 

cholesterol homeostasis. Specifically, since Møs are professional phagocytes, we 

aimed to determine the effect of cholesterol redistribution on this important function. 

An effect of cholesterol on FcγR-mediated phagocytosis had previously been 

recognized in the context of inhibition of cholesterol synthesis by statins as 
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demonstrated by Loike et. al. [48]. In our studies a similar mechanism might be taking 

place in which intracellular deprivation of cholesterol has a detrimental effect on the 

expression of FcγR, thus impairing FcγR-mediated phagocytosis. We found that all 

three cholesterol-blocking agents led to impaired phagocytosis of opsonized bacterial 

particles (Figure 4.7). We show here that this impairment is caused by decreased 

expression (at the protein and the mRNA level) of all three subtypes of the receptor 

(Figures 4.9 and 4.10). In addition, we were able to demonstrate that this effect is also 

relevant to isolated murine resident naïve peritoneal macrophages (Figure 4.11 and 

4.12). 

The potential role of LDL-derived cholesterol in FcγR-mediated phagocytosis 

had previously been recognized by Bigler et.al. [63] whom had found that optimal 

expression of FcγRI in human monocytes was dependent upon adequate levels of LDL 

[64]. Several years later, Loike et.al., found that inhibition of cholesterol synthesis by 

statins impairs FcγR-mediated phagocytosis and that this effect could be rescued by 

concomitant administration of LDL [48], pointing to the possibility that the observed 

effects were related to the lack of intracellular cholesterol. Since we had identified an 

activation of the synthesis and uptake transcriptional program compatible with an 

intracellular deprivation of cholesterol, we tested the hypothesis that providing 

additional sources of cholesterol to the cell we could overcome the effect induced by 

cholesterol traffic block. We found that in fact, coincubation of Møs with IPN and 

LDL prevented the effect of IPN on cell surface FcγR expression (Figure 4.13A). This 

is consistent with previous reports that have implicated the presence of LDL as 
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required for optimal expression of FcγR [64], thus being a critical regulator of 

phagocytosis [63]. 

Furthermore, in a previous report from our lab we had found that ICZ alters 

glycoprotein processing, leading to the accumulation of high-mannose glycoproteins 

[43]. We decided to establish whether or not IPN induces a similar effect on the N-

linked glycosylation pattern of Møs and if the effect was also preventable by LDL 

coincubation. Therefore, we utilized the lectin concanavalin A, which has a high 

affinity for α-mannosyl residues, to demonstrate that indeed IPN also leads to 

increased concanavalin A binding to cell surface glycoproteins indicating an 

accumulation of high-mannose glycoproteins and deficient N-linked glycoprotein 

processing. This effect was prevented as well by LDL coincubation (Figure 4.13B), 

which suggested that both the impairment in FcγR expression and the deficient N-

linked glycoprotein processing could be related to the deprivation of intracellular 

cholesterol induced by cholesterol redistribution.  

There is an intricate regulatory network that controls the tight balance of 

cholesterol within the cell. Here we provide evidence that when cells are treated with 

cholesterol blocking agents, the intracellular cholesterol sensing mechanisms detect a 

lack of cholesterol demonstrated by the activation of the synthesis and uptake 

transcriptional program. In fact, there is evidence that different pools of cholesterol 

play a regulatory role on the synthesis and delivery of free and esterified cholesterol 

within the cell [65]. These findings in our experimental model are associated to 

alteration of FcγR mediated phagocytosis. As mentioned earlier, several aspects of 
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normal cellular functioning are known to be highly dependent upon proper cholesterol 

homeostasis (e.g. cell signaling transduction [55], membrane trafficking [56] and 

cytoskeleton dynamics [57], which regulate intracellular integrity and migration [58, 

59]). In particular, members of the Rho-family of GTP-binding proteins such as Rac1 

and Cdc42 have been shown to play a critical role in FcγR mediated phagocytosis [66, 

67]. Moreover, membrane recruitment of Rac1 regulates FcγR mediated phagocytosis 

in macrophages by controlling actin polymerization [67], which is essential for this 

process. In addition, Rho GTPases regulate FcγR mediated Ca2+ signaling [66]. The 

role of Rac1 is particularly relevant to our investigation since this Rho-family GTP-

binding protein also has been shown to be affected by cholesterol accumulation in 

macrophages [68]. Therefore, cholesterol accumulation in macrophages not only 

impairs FcγR mediated phagocytosis by decreasing expression of the main receptors 

involved but also by affecting the engulfment machinery. This fact explains the 

substantial effect that all three cholesterol transport blocking agents had on 

phagocytosis of opsonized bacterial particles. In addition, Dynasore (a dynamin 

inhibitor) impairs cholesterol trafficking and sterol sensitive genes transcription, 

highlighting the role that intracellular cholesterol delivery plays in gene expression 

[69, 70]. 

In order to establish the mechanism for the phenomena we observed we 

evaluated the transcriptional regulation of FcγRI as a proxy to the overall effect on all 

three FcγR (Figure 4.15). In particular, PU.1 and STAT1 are two transcription factors 

that have been shown to play a key role in the regulation of FcγR expression. These 
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two factors are known to play a cooperative role in FcγRI promoter activation [49]. 

Exploiting the fact that this mechanism of transcriptional regulation is well understood 

[49, 71], we designed an experiment to test the effect of cholesterol redistribution on 

the functional cooperativity of these two transcription factors. PU.1 is required for 

both the basal activity and for the Stat1-mediated IFN-γ-induced FcγRI promoter 

activation. PU.1 acts as an amplifier and bridging factor between Stat1 and the basal 

transcription machinery. Using recombinant mouse IFN-γ we determined the effect of 

cholesterol redistribution in this well know pathway of transcriptional regulation. We 

found that cholesterol redistribution triggered by incubation with IPN impaired the 

IFN-γ-induced upregulation of FcγRI (Figure 4.15), pointing to the role that 

cholesterol may play in the migration of Stat1 or the basal expression of PU.1.  

Indeed, a plausible mechanism for the impairment of FcγR expression is that 

recruitment of Stat1 into the nucleus be impaired by the deficient cholesterol transport. 

This is a phenomenon that has been identified in the subversion of West Nile Virus, 

which by hijacking the molecular machinery responsible for the adequate cholesterol 

delivery to intracellular organelles and the subsequent redistribution of cholesterol is 

able to downregulate the interferon-stimulated Jak-Stat antiviral signaling response to 

infection [72]. An alternative explanation is that the expression levels/functional 

activity of PU.1 is affected by cholesterol redistribution, which remains to be 

determined.  

In conclusion, we present evidence that optimal cholesterol homeostasis is 

required for normal FcγR-mediated phacocytosis in macrophages. Alterations in 
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cholesterol distribution, in particular accumulation of unesterified and esterified 

cholesterol in late endosomes/lysosomes is associated to downregulation of all three 

subtypes of the FcγR and this effect is mediated at the transcriptional level. Further 

elucidation of the precise mechanism should provide further evidence into the 

regulatory role of cholesterol in the host immune response to pathogens. 

Chapter 4, in part, is currently being prepared for submission for publication as 

it may appear in Cholesterol Redistribution Leads to Inhibition of Fcγ Receptor-

mediated Phagocytosis. Nino, DF., Cauvi, DM., De Maio, A. The dissertation author 

was the primary investigator and author of this manuscript. 
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Chapter 5. Conclusions and Future Directions 

 

 The lipid components of biological membranes are of paramount importance to 

the normal structure, organization and function of cells [1]. In particular cholesterol, 

which is considered the central lipid of mammalian cells, plays a vital role in the 

overall morphology, biochemistry and physiology of the cell [2]. This importance 

translates into human health with several pathologies directly linked to one aspect or 

another of cholesterol homeostasis [3]. The last century in science and medicine has 

seen a remarkable tour de force to identify and characterize all the different aspects of 

cholesterol biology [4]. As Michael S. Brown and Joseph L. Goldstein in their Nobel 

Prize Lecture described, cholesterol is indeed “the most highly decorated small 

molecule in biology. Thirteen Nobel Prizes have been awarded to scientists who 

devoted major parts of their careers to cholesterol”. From the elucidation of its 

structure by Wieland, Windaus, Ruzicka, Robinson and Diels, the characterization of 

its synthesis by Bloch and Lynen, to the discoveries concerning the regulation of 

cholesterol uptake and metabolism by Brown and Goldstein. This body of knowledge 

has provided an opportunity to be translated into pharmacological strategies to 

overcome the burden of cardiovascular disease. Despite these great achievements, 

there are still many basic aspects of cholesterol homeostasis that are not well 

understood, in particular its relationship with other systemic and local physiological 

processes such as the host response to infection. A growing appreciation of the 

molecular links between the cholesterol homeostasis machinery and the immune 
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system is underway [5, 6]. This work aimed to characterize the role of macrophage 

cholesterol homeostasis on the main function of macrophages, phagocytosis.  

 Macrophages are professional phagocytes that play an essential role in the host 

defense against pathogens, on the other hand these cells are at the center of lipid and 

inflammation biology as demonstrated by their role in the development of 

atherosclerosis [7]. Indeed, this pathological condition is now considered to be the 

result of a maladaptive inflammatory response initiated by the accumulation of 

cholesterol-rich lipoproteins in susceptible areas of arterial vasculature [7]. The 

intricacies of the interaction between lipid homeostasis and the host immune system 

are not yet fully elucidated. Current literature supports a role for intracellular 

cholesterol content and distribution in the regulation of cellular functions such as: 

migration, membrane trafficking and signaling [8]. Here we present evidence that 

normal cholesterol traffic is required for proper binding and internalization of 

opsonized bacteria.  

 In the process of atherogenesis, early stages of lesion development are 

characterized by accumulation of esterified cholesterol in macrophage cytoplasmic 

lipid droplets, as the disease progresses intracellular cholesterol redistribution ensues 

with buildup of free cholesterol in other cellular compartments, such as lysosomes and 

the plasma membrane. In this study, we have investigated the role that macrophage 

intracellular cholesterol homeostasis plays on Fcγ receptor (FcγR)-mediated 

phagocytosis. Our experimental model consisted of murine macrophages (i.e. J774.1 

cells and isolated peritoneal macrophages) submitted to several different 
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pharmacological strategies to induce cholesterol redistribution and accumulation in 

late endosomes/lysosomes. In chapter 3, we describe the finding from our experiments 

with the commonly used antifungal itraconazole (ICZ). This agent was shown by our 

lab [9] to affect glycoprotein processing. In particular, it was found that treatment of 

macrophages with this drug led to accumulation of high-mannose glycoproteins on the 

cell surface. Of relevance is the fact that the site of action for this agent is the 

cytochrome p450 enzyme lanosterol 14-α-demethylase, a member of the cholesterol 

biosynthetic pathway that catalizes the conversion of lanosterol to cholesterol. The 

effect of this drug was demonstrated to be independent of its inhibitory role on the 

cholesterol biosynthetic pathway, since other azole antifungals acting at the same level 

of cholesterol synthesis failed to alter glycosylation. We set out to characterize (if any) 

the functional implications of such changes, for this purpose we evaluated the main 

function of macrophages, i.e. phagocytosis.  

 We found that in fact ICZ led to a substantial decrease in the internalization of 

opsonized bacterial particles, a process mediated by Fcγ receptors (FcγR). Thus, we 

determine the expression of all three subtypes of these receptors (i.e. FcγRI – CD64, 

FcγRII – CD32 and FcγRIII – CD16) and we found that both cell surface as well as 

total cellular levels are significantly decreased. Interestingly, the magnitude of this 

decrease was not exactly the same as the one observed with phagocytosis, this latter 

one being more accentuated. Considering the fact that the high affinity receptor FcγRI 

has been shown to be glycosylated [10] and the other two members contain at least 4 

potential glycosylation sites, we hypothesized that ICZ was altering the glycosylation 
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status of these receptors, thus modifying their ability to interact with the natural 

ligand. To demonstrate this we performed a Western blot analysis that indeed 

corroborated this hypothesis. Not only the levels of FcγRIII/II were decreased 

compared to vehicle treated cells but also the electrophoretic mobility of the proteins 

detected was affected (i.e. increase mobility in SDS-PAGE separation). We then 

wanted to evaluate if the effect of ICZ was exerted only at the protein level, so we 

tested whether or not mRNA expression was also affected. Indeed we found that the 

effect of ICZ was associated with a decreased expression of all three subtypes of the 

FcγR genes. Even though this was not surprising since all three subtypes had been 

downregulated at the protein level, we were puzzled by the fact that all three had been 

affected, considering the fact that they do not share the same promoter, transcriptional 

regulatory machinery and are located in different chromosomes (i.e. Fcgr1 in 

chromosome 3 and Fcgr2 and Fcgr3 in chromosome 1) [11, 12]. Therefore, a common 

mechanism was at play affecting the expression of all three FcγR subtypes. But first to 

further validate our results and to make sure that we were not dealing with an artifact 

specific to the cell line we were using we proceeded to determine the effect of ICZ in 

an ex vivo model. For this purpose we isolated resident naïve peritoneal macrophages 

from CD1 mice (8-10-weeks-old) via peritoneal lavage. We found that similar to our 

experimental model with J774.1 macrophages, peritoneal macrophages were equally 

affected by ICZ. Cell surface expression as well as total cellular levels of FcγRI and 

FcγRIII/II where found to be significantly decreased.  
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 In order to elucidate the mechanism affecting the expression of FcγR, and in 

light of reports demonstrating the essential requirement of LDL for optimal expression 

of FcγRI [13], which also determines phagocytosis [14]; we designed experiments to 

test the hypothesis that downregulation of FcγR was due to a lack of this essential 

factor. Our hypothesis was supported by the fact that ICZ had recently been 

demonstrated to affect intracellular cholesterol distribution. Cells that are treated with 

this antifungal agent have been shown to display a phenotype that is reminiscent of the 

lysosomal storage disease Niemann-Pick, type C [15]. This was a very critical finding 

because it further demonstrated the pleiotropic effects of ICZ, which had been shown 

to inhibit angiogenesis [16], the Hedgehog signaling pathway [17] and the mTOR 

pathway [15]. In fact, these finding are now central to the intention to repurpose this 

commonly used drug as an anticancer [18]. Taking advantage of the fact that ICZ is an 

FDA-approved agent, clinical trials have swiftly been initiated to determine its 

efficacy. Currently, clinical trials aimed at establishing the use of ICZ in malignancies 

of the breast (NCT00798135), prostate (NCT00887458) and lung (NCT007769600) 

are underway. But as suggested by Ringshausen et al. [19] and our studies, there are 

potential issues that need to be addressed before considering a widespread use of ICZ 

as a chemotherapeutic agent.  

 In our search for a mechanistic explanation to the effects of ICZ, we found that 

indeed administration of LDL prevented the effects observed by ICZ. These findings 

are consistent with reports that inhibition of cholesterol synthesis by statins leads to 

decreased FcγR-mediated phagocytosis and that this impairment is overcome by co-
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administration of LDL or water-soluble free cholesterol [20].  This provided further 

evidence that we were dealing with a consequence of a derangement of cholesterol 

homeostasis. A surprising finding was that the defect in glycoprotein processing that 

we had reported [9] was also prevented by addition of LDL to the culture media. Is 

important at this moment to make the point that all our experiments where conducted 

in the presence of serum. 

 We proceeded to evaluate the hypothesis that alterations in cholesterol 

homeostasis, in particular redistribution of intracellular cholesterol, leads to decreased 

expression of FcγR, which translates into impaired phagocytosis. Using different 

pharmacological agents known to lead to similar redistribution of cholesterol as 

Niemann-Pick disease, type C, we aimed to further demonstrate that such changes in 

cholesterol homeostasis are detrimental to FcγR-mediated phagocytosis. Imipramine 

[21], Itraconazole [15] and U18666A [22] have previously been shown to cause 

cholesterol redistribution with accumulation of unesterified and sterified cholesterol in 

late endosomes/lysosomes. We found that incubation of macrophages (J774.1 cells 

and isolated peritoneal macrophages) with any of these pharmacological agents indeed 

led to downregulation of FcγR and subsequent impairment of phagocytosis. We 

further documented the status of cholesterol homeostasis in treated cells and found 

that redistribution of cholesterol in a pattern similar to NPC led to activation of the 

transcriptional program responsible for increasing cholesterol synthesis and uptake. 

Consistent with the hypothesis that despite accumulation of cholesterol in late 

endosomes/lysosomes the ER sensing mechanism detects low levels of the sterol 
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triggering transcriptional changes that aim to replenish cellular cholesterol levels. Of 

note is the fact that when we measured total cholesterol content in treated cells and 

compared to vehicle, no significant differences where found. This provides evidence 

that we are dealing with deficient signaling and trafficking that reflect only 

compartmentalization of cholesterol content. These findings are consistent with 

reports demonstrating that the ER sensing mechanism is highly susceptible to any 

changes in cholesterol distribution and content [1, 23, 24]  

 The fact that the effect we observe is associated with decreased expression of 

all three subtypes of the receptor (i.e. FcγRI, FcγRII and FcγRIII) both at the protein as 

well as the mRNA level, led us to hypothesize that a defect in the specific 

transcriptional regulation of the expression of these receptors was involved. As 

mentioned above, the genes for all three subtypes of FcγR do not have many 

similarities, but a careful bioinformatics analysis of their promoter yielded two 

important candidates (i.e. PU.1 and Stat1) that could be implicated in the effects we 

observe. We hypothesized that by impairing expression and/or recruitment of these 

two essential transcription factors, alterations in cholesterol homeostasis could indeed 

affect expression of these receptors. Our hypothesis was supported by reports that 

demonstrate that these two transcription factors exhibit cooperativity in their 

regulation of FcγR expression [25, 26] and very recent data demonstrating that 

alterations in cholesterol distribution are responsible for impairment of recruitment 

and expression of this transcription factors [27]. Therefore, we designed experiments 

to test this hypothesis in our experimental model. Interferon-γ has been shown to lead 
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to a robust activation of the FcγRI promoter [28-30] as well as having some effect on 

the expression of FcγRIII/II [30, 31]. In addition, IFN-γ is known to enhance 

phagocytic capacity of macrophages and subsequently improve killing of pathogens, 

IFN-γ induces nitric oxide synthase [32], phagocyte oxidase [33], IFN-γ also alters 

phagosome maturation, triggers macrophage immune response and promotes antigen 

loading of MHC class I and II molecules [34] 

  The IFN-γ-induced upregulation of FcγR has been shown to be exerted by the 

Stat1 transcription factor in a cooperative fashion with PU.1 [25, 26]. Therefore we 

tested whether or not the IFN-γ-induced upregulation of FcγR was affected by 

cholesterol accumulation and redistribution induced by IPN. Indeed we found that IPN 

prevented the effect of IFN-γ, suggesting that recruitment of Stat1 into the nucleus was 

impaired. Furthermore, this data is consistent with a recent report that identified 

redistribution of cellular cholesterol as the mechanism employed by West Nile Virus 

in order to overcome the IFN-γ induced Jak-Stat antiviral signaling response to 

infection [27]. Therefore we are able to propose a mechanism by which cholesterol 

redistribution affects FcγR expression by impairing recruitment of the critical 

transcription factor Stat1 into the nucleus and/or affect affect expression levels of 

PU.1. These effects might be responsible in part for the impairment of phagocytosis 

that has been demonstrated in foam cells [7]. Our studies, add to the growing body of 

knowledge that has identified critical repercussions of impaired macrophage 

cholesterol homeostasis on cellular migration, cytoskeletal dynamics, inflammatory 

signaling and bactericidal response [7, 8, 35].    In summary, this work demonstrates 
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the critical role of normal cholesterol homeostasis in the regulation of FcγR-mediated 

phagocytosis, a critical function of the host immune response to pathogens. Our 

studies, provide further evidence for the relationship tah 

 

Future Directions 

 Our studies provide evidence for the importance of optimal cholesterol 

homeostasis in the normal functioning of macrophages, particularly in their phagocytic 

capacity. Several aspects remain to be elucidated and multiple questions remain to be 

answered, here we present some of them. 

 We would have liked to establish more clearly the precise mechanism by 

which ICZ leads to the glycoprotein processing deficiency and subsequent 

accumulation of high-mannose glycoproteins. ICZ impairs oligosaccharide processing 

either in the ER or early Golgi apparatus since no complex glycosylation is present in 

newly synthesized proteins when cells are treated with this drug. Potential sites of 

action are blockade of either N-acetylglucosamine transferase I or Golgi mannosidase 

II. An alternative effect might be exerted on the GlcNAc transporter with subsequent 

impairment of the addition of GlcNAc to nascent oligosaccharide chains, since 

nucleotide-conjugated sugars are brought into the ER and Golgi to serve as 

oligosaccharide-chain building blocks. Therefore, at this point the precise mechanism 

for the glycosylation effect of ICZ remains to be determined.  

 Another effect exerted by ICZ and critical to our study that could be linked to 

the glycoprotein-processing defect is the induction of cholesterol accumulation in late 
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endosomes/lysosomes. This accumulation is reminiscent of the phenotype observed in 

cells that contain mutations in either one of the two NPC proteins (i.e. NPC1 and 

NPC2) and that are characteristic of Niemann-Pick, type C disease. Indeed, the effects 

of ICZ on macrophage function could be further interpreted by considering the effect 

of this drug on glycoprotein processing. Alteration of N-linked glycosylation could 

have a profound effect on a wide array of key proteins, including NPC1, which is a 

late endolysosomal glycoprotein with 14 potential N-glycosylation sites [36]. This 

protein plays a critical role in the normal shuttling of cholesterol within the lysosome 

[36]. Indeed, wild type NPC1 is resistant to endoglycosydase H treatment, whereas the 

most prevalent NPC mutation (NPC1I1061T) is endoglycosydase H-sensitive [37], 

which is consistent with the effect of ICZ on glycoprotein processing.  Human 

fibroblasts homozygous for the NPC1I1061T mutation display a marked impairment of 

LDL-stimulated cholesterol esterification and accumulation of unesterified cholesterol 

in lysosomes [37]. Therefore, alteration of the NPC1 glycosylation pattern after 

treatment with ICZ may lead to a deficient NPC1 protein unable to shuttle cholesterol 

within the late endosome/lysosome and causing the accumulation of unesterified 

cholesterol as previously reported [37]. We were unable to demonstrate that ICZ 

changes the glycosylation pattern of NPC1 protein, due to a lack of specific antibodies 

targeting mouse NPC1 protein. The antibody that was available to us was developed 

against human NPC1 and although reported to cross react with the murine protein in 

our experiments did not yield appropriate detection. 
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 In order to further demonstrate the effect of cholesterol redistribution and 

accumulation in late endosomes/lysosomes on transcriptional regulation it would be 

important to quantify the levels of each of the two main transcription factors involved, 

PU.1 and Stat1. Specifically, determination of nuclear translocation of Stat1 into the 

nucleus would provide further evidence to the effect of cholesterol redistribution. 

Furthermore, FcγR mRNA levels in IFN-γ and IPN+ IFN-γ should be determined in 

order to have a more accurate reading of the transcriptional regulation of FcγR in a 

well known setting of transcriptional activation (effect of IFN-γ).  

 

 

 

 

!  
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