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ABSTRACT
YUE PAN
Discovery and Validation of a Novel Neutrophil Activation Marker
Associated with Obesity
(Under the direction of XIAOLING WANG)
Obesity and its related comorbidities such as cardiovascular disease (CVD) have
imposed a huge burden on public health worldwide. Identification of the mechanistic
pathways by which obesity impacts cardiovascular health is urgently needed to provide
new targets for prevention of obesity and its associated CVDs.
Low-grade systemic inflammation accompanies obesity and etiologically
contributes to obesity-induced CVD. Neutrophils represent the most abundant type of
leukocytes in humans and neutrophil activation is a fundamental process in the
inflammatory response. Growing evidence supports that neutrophils are most likely to be
the target peripheral leukocyte subtype initiating the adipose tissue inflammatory cascade
in response to obesity.
As depleting neutrophils is not a choice in humans, identification of obesity induced
neutrophil activation markers becomes a prerequisite to develop targeted treatment.
Therefore, our central hypothesis is that there are neutrophil activation markers that can
specifically respond to obesity status and mediate obesity’s effect on CVD risks. The goal
of this study is to identify these markers and their roles on CVD risk using a step-wise

approach including an unbiased omic step (i.e. the discovery phase) and a target step (i.e.
the validation phase).
To achieve this goal, we used the biological samples of 688 subjects from multiple
cohorts that generally have neutrophils, white blood cells, and plasma stored. CVD risk
factors including blood pressure, insulin resistance, lipid profile, and pulse wave velocity
have been measured.
In the discovery phase, genome wide DNA methylation, RNA-sequencing and
quantitative proteomics were obtained from the purified neutrophils. A significant
difference was found for one gene, ALPL, across 3 omics platforms. In the validation phase,
ALPL expression and the cellular protein levels were found to be higher in obese compared
with lean subjects. Within the obese population, we observed ALPL expression level
positively associated with CVD risk factors including systolic blood pressure (SBP),
diastolic blood pressure (DBP), mean arterial pressure (MAP), carotid intima–media
thickness (IMT), triglycerides (TG), and fasting insulin. This study identified one novel
marker of neutrophil activation in response to obesity and provided evidence that obesity
induced changes in ALPL expression were associated with CVD risk factors.

KEY WORDS: Omics, DNA methylation, RNA sequencing, proteomic analyses, youth,
African Americans, European Americans, Caucasians, obesity, neutrophils, ALPL,
neutrophil alkaline phosphatase
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I.

GENERAL INTRODUCTION

1.1.Statement of the Problem
Obesity is a chronic low-grade inflammatory disease. Neutrophil activation is
thought to play a significant role in driving the mild inflammation in obesity and
contributes to its associated cardiovascular diseases. The identification of obesity induced
specific neutrophil activation markers has the potential to uncover the underlying
mechanisms and enable the development of new treatment strategies. However, few studies
have systematically assessed obesity-induced changes in neutrophils, especially in humans.
Therefore, the overall goal of this project is to identify neutrophil activation markers that
are associated with obesity using both omics approaches and a target approach. We further
evaluate the roles of the identified marker in obesity related cardiovascular disease risks.

1.2.Review of Related Literature
1.2.1. Obesity and its assessment
Obesity is defined as a higher than healthy body weight for a given height caused
by an excessive amount and size of the fat cells in the body (Gonzalez-Muniesa et al., 2017;
Centers for Disease Control and Prevention, 2017, April 11). The accumulation of body fat
is considered the result of an imbalance between calorie intake and energy expenditure.
To determine if and to what extent a person is obese, body mass index (BMI) is the
most commonly used assessment measuring the overall adiposity (Deleurance, 1967). BMI
1

estimates overweight and obesity based on the body weight of the individual over the
square height (kg/m2). The World Health Organization (WHO) classification defines
individuals with a BMI < 18.5 kg/m2 as undernutrition, BMI between 18.5 – 24.9 kg/m2 as
normal weight or acceptable weight, BMI between 25 – 29.9 kg/m2 as overweight, BMI ≥
30 kg/m2 as obesity, and BMI ≥ 40 kg/m2 as extreme obesity (Despres, 2012). In order to
adjust for weight and height change during growth and development, BMI for children and
teens is expressed as percentiles based on national surveys (Kuczmarski et al., 2002)
relative to other children and teens of the same gender and age (Centers for Disease Control
and Prevention, 2018, July 3). The Centers for Disease Control and Prevention (CDC)
classification recommends the BMI-for-age weight status with < 5th percentile as
underweight, 5th - 85th percentile as normal or healthy weight, 85th - 95th percentile as
overweight, and ≥ 95th percentile as obese (Centers for Disease Control and Prevention,
2018, July 3).
1.2.2. Epidemiology of obesity
Today, most of the world's population live in places where overweight and
obesity kill more people than malnutrition and hunger (Bhupathiraju & Hu, 2016).
The adverse health outcomes of obesity represent great threats for public health. The
prevalence of obesity has nearly tripled worldwide since 1975. In 2016, more than
1.9 billion adults aged ≧18 years were overweight (39% of the overall adult
population), of which over 650 million were obese (13% of the overall adult
population) (Organization, 2018, February 16). The United States has an especially
high prevalence with 67.9% (63.2% women and 72.7% men) overweight and 36.2%
obese (37% women and 35.5% men) (Organization, 2017). In addition, 18% of
2

children and adolescents aged 5-19 years worldwide were overweight or obese. In
the U.S., the number increased to 21.4% (19.4% girls and 23.2% boys) (Organization,
2017). It has been estimated that by 2030, the world could have up to 3.3 billion adult
(57.8%) being obese or overweight with the medical treatment costs for obesity
related disease reaching $2 trillion per year globally (Richard Dobbs, 2014,
November), and $48 – $66 billion per year in the United States, let alone the costs
spending on its prevention (Wang, McPherson, Marsh, Gortmaker, & Brown, 2011).
Such an alarming rate of increase combined with its concomitant health
consequences and financial costs are sources of concerns. Furthermore, the early
onset of obesity is creating a future population with early occurrence of diabetes,
cardiovascular complications, and disability (Suzanne Hughes, 2006).
1.2.3. Obesity comorbidities and cardiovascular disease
This weight problem, at first glance, seems to be an overly simple condition as a
result of overeating and low physical activity. However, the severe comorbidities of obesity,
such as its associated cardiovascular disease (CVD) (Global et al., 2016), diabetes, and
certain cancers, are predominant causes of morbidity and mortality, rather than obesity
itself. In particular, CVD, the number one leading cause of death and disability in the
United States (Centers for Disease Control and Prevention, 2017, March 17), has an
overwhelmingly clear relationship with obesity. CVD includes numerous heart and blood
vessel disorders, such as coronary heart disease, cerebrovascular disease, peripheral arterial
disease, deep vein thrombosis and pulmonary embolism, and most of these problems are
related to the process of atherosclerosis (Organization, 2017, March 17). Overweight and
obesity, compared with normal weight group, have an elevated CVD mortality and
3

morbidity (Global et al., 2016; Van Gaal, Mertens, & De Block, 2006). The Framingham
Heart Study and other large perspective studies have found obesity as an independent
predictor of CVD (Hubert, Feinleib, McNamara, & Castelli, 1983; Rabkin, Mathewson, &
Hsu, 1977; Wilson, D'Agostino, Sullivan, Parise, & Kannel, 2002). Obese individuals are
also found at higher risk of developing metabolic syndrome, type 2 diabetes mellitus,
asthma, hypertension, dyslipidemia, and with increased levels of C-reactive protein (CRP)
and fibrinogen, all of which contribute to the increased risk of CVD events (Despres &
Lemieux, 2006; Nordestgaard et al., 2012; Park, Sovio, Viner, Hardy, & Kinra, 2013;
Poirier et al., 2006; Renehan et al., 2010; Ritchie & Connell, 2007; Wang et al., 2011).
Unfortunately, fighting obesity and its related CVD risk has proven challenging
(Flodmark, Lissau, Moreno, Pietrobelli, & Widhalm, 2004; Flynn et al., 2006; Mercer et
al., 2003; Miller, 1999; Pietrobelli, Espinoza, & De Cristofaro, 2008; Sacks, Swinburn, &
Lawrence, 2008). For example, there are several ways for obesity treatment so far: lifestyle
interventions (both the diets and physical activities), medications, and bariatric surgery. A
diet-exercise combined program shows more effective long-term weight loss than a dietonly program. However, almost all of the people who have a “successful” weight loss
through either the diet-exercise or diet-only plan regain most of the lost weight in an
average of 3 to 5 years (Miller, 1999; T. Wu, Gao, Chen, & van Dam, 2009). All current
medications for treating obesity work by helping patients to adhere to their diets (GonzalezMuniesa et al., 2017). However, ideal medications are still in need to be developed.
Bariatric surgery, as a treatment for severe obesity shows generally favorable results with
reduced mortality by 24%, improve type 2 diabetes mellitus, sleep apnea and vascular
complications, with an average of 18% long-term weight loss for 20 years (Sjostrom, 2013;
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Sjostrom et al., 2014). Unfortunately, weight relapse, gastro-oesophageal reflux and
vitamin and mineral deficiencies are still adverse effects reported (Chang et al., 2014).
Therefore, there is an urgent need to uncover the mechanisms underlying obesity-related
disorders and to develop prevention and treatment strategies that target these mechanisms.
1.2.4. Obesity - a mild chronic inflammation
The pathogenesis of obesity is complex.

Obesity is featured by metabolic

dysfunction, oxidative stress, impaired immune function, and chronic mild inflammation
(Ballou & Kushner, 1997; Bartlett et al., 2012; Bruunsgaard et al., 1999; Paolisso et al.,
1998; Pararasa, Bailey, & Griffiths, 2015). In particular, in the past 20 years, an important
development in our understanding about the pathophysiology of obesity is that obesity is
characterized by a state of chronic low-grade inflammation (Karalis et al., 2009; O'Rourke,
2009).
Low-grade inflammation is a state between the basal non-inflammatory and the
inflammatory state. Inflammatory state is a reaction state to injury or infection,
characterized by redness, swelling, heat, and pain. It initiates local immune responses with
the release of inflammatory reactants and recruitment of innate immune cells and then
adaptive immune cells from circulation to the inflammation site (Trim, Turner, &
Thompson, 2018), including neutrophils, monocytes, macrophages, dendritic cells,
eosinophils, lymphocytes and mast cells. Inflammation activates the immune cells that
assist the release of additional mediators, such as complement, adhesion molecules,
cytokines, chemokines and lipid mediators to protect the body from harmful stimuli
(Hanada & Yoshimura, 2002).
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Low-grade inflammation is an intermediate state of tissue injury with stressed tissue
recruiting additional cells and plasma proteins, relative to non-inflammatory state, to try to
adapt the body to the new stressed condition and restore it to a homeostatic state. Lowgrade inflammation is reflected by increases of 2 to 3 fold of systemic levels of CRP and
some cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), and by
immune cell infiltration of the tissue (Kuusisto et al., 2012).
The basis for the view that obesity is accompanied by chronic low-grade
inflammation mainly comes from two dominant aspects. One is the human observation
study. The circulation levels of several markers of inflammation increase in obese
individuals. For example, pro-inflammatory cytokines such as TNF-α and IL-6, and the
acute phase proteins such as CRP and fibrinogen (Bullo, Garcia-Lorda, Megias, & SalasSalvado, 2003; Das, 2001; Festa et al., 2001; Yudkin, Stehouwer, Emeis, & Coppack, 1999)
all increase. The other one is the animal study on adipose tissues in which local productions
of cytokines (Bernotiene, Palmer, & Gabay, 2006; Calabro et al., 2009; De Rosa et al.,
2007; Kumada et al., 2004; Lord et al., 1998; Maury & Brichard, 2010; Procaccini,
Lourenco, Matarese, & La Cava, 2009) and immune cell infiltration (Apovian et al., 2008;
Cancello et al., 2006; Kintscher et al., 2008; Nishimura et al., 2009; Ortega Martinez de
Victoria et al., 2009; Rocha et al., 2008; Vidya Subramanian, 2019, Jan 01; H. Wu et al.,
2007) are discovered.
Pathogenically, this chronic low-grade systemic inflammation, which is central to
the impaired health with obesity, is contributed by the adipose tissue. The chronic positive
energy

imbalance

promotes

adipose

tissue

dysfunction,

changes

its

related

microenvironments, which determine the degree of inflammation within adipose tissue that

6

is critical in tissue remodeling and homeostasis regulation (Wernstedt Asterholm et al.,
2014). For example, in obese status, adipose tissue stores the excessive fatty acids until its
capacity of storage becomes saturated. With the excessive growth of adipose tissue, the
requirement of its blood supply increases. It has been reported that there is an increase of
total blood flow in enlarged adipose tissue, but a decrease in perfusion per unit adipose
tissue. There is a 35% reduction in relative adipose tissue perfusion in obese individuals
compared with lean controls (Lesser & Deutsch, 1967). This perfusion imbalance brings
insufficient supply of oxygen to adipocytes, and gives rise to cellular hypoxia, organ stress
and dysfunction, pro-inflammatory responses, and metabolic disease (Rutkowski, Davis,
& Scherer, 2009; Seven et al., 2015). On the other hand, the saturated storage capacity
results a “spillover” of lipids, increasing fatty acids in the circulation, and then an
accumulation of lipids towards non-adipose tissues. These ectopic sites are normally lean
tissues such as intramuscular, intrahepatic, pericardial, myocardial, and perivascular. (Gray
& Vidal-Puig, 2007). Adipose tissue, as a key organ of endocrine and energy control, has
close interactions with multiple organs and tissues such as the brain, skeletal muscle, liver,
heart and blood vessels (Hotamisligil, 2017b; Karpe, Dickmann, & Frayn, 2011). This
surround-organ and even in-organ lipid accumulation is a major driving force for metabolic
and inflammatory dysfunction (Hotamisligil, 2006, 2017b; Lumeng & Saltiel, 2011).
Moreover, metabolically driven inflammation is a hallmark of cardiovascular disease
(Hotamisligil, 2017b). Dysregulation of the immune cell populations within the tissue
stromal fraction are thought to be one of the main factors associated with this inflammation
that contributes to the propagation of a pro-inflammatory microenvironment that spills over
into the circulation and other organs (Hotamisligil, 2017a, 2017b).
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However, because of the non-specificity of the circulating cytokines, and because
of the not-easy availability of adipose tissue in human studies, the previous findings have
remained of very limited use in clinical practice and development of prevention strategies.
1.2.5. The emerging role of neutrophils in chronic inflammation and its
role in obesity
The fact that adipose-infiltrating immune cells in obesity are largely derived from
bone marrow gives the thought that specific circulating leukocyte subpopulation and its
activation status may be possible to provide etiological clues, pharmaceutical targets or
serve as markers of the chronic, low-grade inflammatory response to obesity status, and
thereby, of obesity-associated CVD risks.
The initial interest in circulating leukocyte subtypes of adipose tissue immunology
started with monocytes since the discovery of enhanced macrophage infiltration in obesity
(Apovian et al., 2008; Cancello et al., 2006; Vidya Subramanian, 2019, Jan 01). The
interest was quickly expanded to other immune cell types including T cells, B cells, and
mast cells with the discovery of their infiltration in adipose tissues (Kintscher et al., 2008;
Nishimura et al., 2009; Rocha et al., 2008; H. Wu et al., 2007). While several studies
suggest a mild increase in the circulating numbers of these subtypes (Huang, Chien, Yang,
Tsai, & Wang, 2001; Kullo, Hensrud, & Allison, 2002; Laurson, McCann, & Senchina,
2011), this has not been a universal finding in other studies with even reports of negative
association between the percentage of these cell types and BMI (Ilavska et al., 2012;
Rogacev et al., 2010; Tanigawa et al., 2004; Viardot et al., 2012; Zaldivar et al., 2006).
Among those infiltrated immune cells, neutrophil is the only leukocyte subtype that
consistently exhibits count and percentage increases in obese status (Haslam & James,
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2005; Heilbronn & Campbell, 2008; Hruby & Hu, 2015; Kintscher et al., 2008; Nishimura
et al., 2009; Rocha et al., 2008; H. Wu et al., 2007). Although, neutrophils have long been
considered as simple suicide killers of the innate immunity, possessing limited capacity for
biosynthetic activity, and with primary roles against extracellular pathogens and in acute
inflammation, recently, novel functions of these cells, including secretion of chemokines
and cytokines (Cassatella, 1999), shaping adaptive immune response (Abi Abdallah, Egan,
Butcher, & Denkers, 2011; Charmoy et al., 2010; Duffy et al., 2012; Lande et al., 2011;
Puga et al., 2011), protection against intracellular pathogens (Berry et al., 2010; Porcherie
et al., 2011), as well as polarizing towards distinct phenotypes in response to environmental
stimuli and carcinogenesis (Fridlender et al., 2009; Pillay et al., 2012; Pillay et al., 2010),
have been uncovered.
There has been a renewed interest and great appreciation of the role of neutrophils
in chronic inflammatory and autoimmune diseases such as atherosclerosis, rheumatoid
arthritis and juvenile idiopathic arthritis (Jarvis, Jiang, Petty, & Centola, 2007; Wright,
Moots, Bucknall, & Edwards, 2010; Wright, Thomas, Moots, & Edwards, 2015). Taking
atherosclerosis as an example, neutrophils are present in unique areas of atherosclerotic
plaques and their presence correlates with poor prognosis and signs of plaque
destabilization (Drechsler, Megens, van Zandvoort, Weber, & Soehnlein, 2010; Ionita et
al., 2010; Naruko et al., 2002). Depletion of neutrophils strongly reduced atherosclerotic
lesions in mice fed on a high-fat diet (Drechsler et al., 2010), suggesting an important role
for neutrophils in atherosclerotic plaque formation.
Regarding to the role of neutrophils in obesity pathogenesis, animal studies have
found that neutrophils are the first immune cell responding to high-fat diet feeding and
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neutrophil infiltration into the visceral, but not subcutaneous adipose tissue, can occur as
early as 3 days after the feeding (Talukdar et al., 2012). In adipose tissue, neutrophils
increases more than 20 fold in high-fat fed mice compared with chow-fed mice (ElgazarCarmon, Rudich, Hadad, & Levy, 2008; Ferrante, 2013; Talukdar et al., 2012). As the first
cells at the site of inflammation, neutrophils secrete cytokines (for example, elastase
(Talukdar et al., 2012)), paving the way for recruitment and activation of other cell types.
The adipose tissue neutrophils accumulation in obese mice elevates production of elastase
(Talukdar et al., 2012). The deletion of elastase in high-fat diet induced obese mice resulted
in less tissue inflammation that was associated with lower adipose tissue neutrophil and
macrophage infiltrations as well as improvement in insulin sensitivity (Mansuy-Aubert et
al., 2013; Talukdar et al., 2012). In population studies, peripheral neutrophil count not only
correlates with BMI, insulin resistance, and circulating inflammatory markers, but also
serves as an independent risk factor and prognostic indicator of future cardiovascular
events regardless of disease status. Therefore, neutrophils, with their easy availability in
human studies, is most likely to be the target white blood cell (WBC) subtype initiating the
inflammatory cascade in response to obesity.
1.2.6. Human studies conducted on neutrophil activation in response to
obesity
Limited human studies have been conducted on neutrophil activation in obesity
status with the majority of them limited to circulating concentrations of some granule
proteins such as myeloperoxidase (encoded by MPO), Neutrophil elastase (encoded by
ELANE) and defensins (El-Eshmawy et al., 2011; Manco et al., 2010; Mansuy-Aubert et
al., 2013; Olza et al., 2012). Two studies (Cottam, Schaefer, Shaftan, Velcu, & Angus,
10

2002; Nijhuis et al., 2009) explored whether obesity was associated with changes in two
neutrophil surface markers in a small number of subjects (n < 20). In 2015, our lab
conducted a genome wide gene expression analysis on peripheral leukocytes in obese cases
and lean controls and the findings pointed to the activation of innate immunity in obesity
and especially the activation of neutrophils in obese African American (AA) males (Xu et
al., 2015). Evidence strongly suggests that obesity is associated with elevated neutrophil
activation. Due to the fact that neutrophil activation is a multifaceted process that involves
many genes, the logistic next step is conducted an unbiased genome wide analysis
specifically on purified neutrophils to identify obesity induced specific neutrophil
activation markers.
1.2.7. Purpose of the study and specific aims
Our overall goal is to identify a neutrophil phenotype that is specifically activated
in obesity status and can at least partially mediate obesity’s effect on CVD risk. We first
tested whether obesity is associated with unique neutrophil activation using RNA
sequencing data from purified neutrophils (Chapter 2). Then our goal was achieved
through omics approaches (aim 1) and a target approach (aim 2) as specified below:
Aim 1: To identify obesity related neutrophil activation markers using hypothesis
free omics approaches (Chapter 3). Neutrophil epigenome, transcriptome and proteome
were obtained from 12 obese cases and 12 age-, gender- and ethnicity- matched lean
controls from EpiGO study. The most promising gene was taken forward to aim 2.
Aim 2: To validate the signal identified in aim 1 and test whether its gene
expression levels or its cellular protein level in neutrophils are associated with obese status
and its related CVD risks (Chapter 4). Firstly, we replicated the finding in aim 1 in large
11

sample size of 219 EpiGO subjects and 391 Finnish Twin subjects by measuring the gene
expression levels in neutrophils. Then we tested whether the effect of obesity on CVD risks
is associated with the expression of the gene. Secondly, we evaluated the cellular protein
levels of this gene in neutrophils for 24 subjects from GPI ongoing studies.
Secondary aim: To test whether the signal identified in aim 1 had its plasma level
associated with CVD risks (Chapter 5). We measured the plasma protein level of the gene
for 294 subjects from the EpiGO study, and tested its relationship with obesity as well as
CVD risk factors.
The obesity-induced neutrophil activation marker identified from this study has the
potential to provide targets for future in vivo and in vitro studies on the development of
novel prevention strategies targeting obesity and its related comorbidities.
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II.

RNA SEQUENCING IN HUMAN NEUTROPHILS
REVEALS DISTINCT TRANSCRIPTIONAL
DIFFERENCES ASSOCIATED WITH OBESITY

2.1. Introduction
Neutrophil activation is an important step in the inflammatory response and a main
contributor to the regulation of the innate and the adaptive immune systems (Mantovani,
Cassatella, Costantini, & Jaillon, 2011; Mayadas, Cullere, & Lowell, 2014). It is involved
in the pathogenesis of numerous disorders, such as infectious diseases, autoimmunity,
chronic inflammation and cancer. Neutrophil transcriptional profile is closely related with
its activation status, which include the expression alterations of the membrane molecules
and their produced cytokines (Tecchio & Cassatella, 2016; Tecchio, Micheletti, &
Cassatella, 2014). The transcriptome change has been observed in response to many of its
activation situations, such as bacterial exposure (Subrahmanyam et al., 2001), asthma
(Baines, Simpson, Bowden, Scott, & Gibson, 2010), chronic granulomatous (Kobayashi et
al., 2004), juvenile idiopathic arthritis (Jiang, Sun, Chen, Shen, & Jarvis, 2015), aerobic
exercise (Radom-Aizik, Zaldivar, Leu, Galassetti, & Cooper, 2008), and cystic fibrosis (CF)
(Pillay et al., 2010). For example, dramatic changes of blood neutrophil gene expression
profile are observed in CF patients compared with non-CF controls, with the downregulation of genes comprised in the inflammatory, apoptosis, intercellular interaction, and
immune responses, indicating the circulating neutrophils may present an reduced
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inflammatory and apoptosis in CF patients (Conese et al., 2014). Gene expression
differences are also observed in neutrophils of participants before and after aerobic exercise
with an activation of growth and repair and anti-inflammation, and an inhibition of
apoptosis (Radom-Aizik et al., 2008). However, few studies had been focused on
neutrophil activation related transcriptome change in response to obesity. The studies we
report here were undertaken to fill this gap, and to further determine whether the changes
are unique to obesity. Our previous study pointed to the activation of innate immunity in
obesity and especially the activation of neutrophils in obese AA males (Xu et al., 2015).
For this reason, the study was conducted in AA males.

2.2. Method
2.2.1

Subjects

The participants of 12 obese cases and 12 age-matched lean controls were selected
from the EpiGO (EpiGenetic basis of obesity induced cardiovascular disease and type 2
diabetes) study, using the criteria: (1) AA males; (2) having neutrophil RNA available; (3)
obese cases having a BMI ≥ 99th percentile for age and gender, and lean controls having
BMI < 30th percentile for age and gender.
EpiGO study was established in 2011 aiming to identify peripheral DNA
methylation changes involved in the pathogenesis of obesity and its related co-morbidities.
This study in total recruited 378 obese (BMI ≥ 95th percentile for age and gender) and 411
lean controls (BMI ≤ 50th percentile for age and gender), aged 14 - 20, of both AA (n =
552, 49.5% obese, 54.2% female) and European Americans (n = 237, 44.3% obese, 49.4%
female). All participants were free of chronic or acute disease and not on daily prescription
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medication for treatment of diseases. All subjects were recruited from the southeastern
United States from 2011 - 2015. This study was approved by the Institutional Review
Board of Augusta University, and performed following the guidelines of the Declaration
of Helsinki. Written informed consent was provided by all participants or by their parents
if they were less than 18 years.
2.2.2

Neutrophil isolation and RNA extraction

Neutrophils were collected using a rapid and high purity method developed by De
et al. (De et al., 2005). Neutrophil/ Red blood cell (RBC) mixture was gathered using cell
preparation tubes (BD Biosciences, San Jose, CA). Neutrophils were obtained after lysis
of the RBC from the mixture. Neutrophils were stored in RNA cell protector reagent at 80°C for future RNA extraction.
Neutrophil RNA was extracted using QIAamp RNA mini Kit (QIAGEN, Inc.).
Total RNA integrity following extraction was tested using the Agilent Technologies 2100
Bio analyzer (Agilent, Inc.) with the requirement of RNA Integrity Number (RIN) value ≥
8. One sample having RNA amount < 200 ng was excluded for further RNA sequencing.
2.2.3

RNA sequencing

RNA sequencing (RNA-seq): RNA-seq includes library preparation, sequencing
and sequence alignment. TruSeq RNA Sample Preparation Kit (Illumina, Inc.) was used
for library preparation. For sequencing, the RNA-seq libraries were subjected to 2 × 50 bp
paired-end sequencing on a HiSeq2500 instrument (Illumina, Inc.) following standard
protocols. Tuxedo protocol was used for the RNA sequence alignment (Trapnell et al.,
2012).
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2.2.4

Data downloaded for comparison

To check the specificity of the changes related to obesity, we compared the signals
obtained from the present study with peripheral neutrophils gene expression alterations in
two situations with neutrophil activation: a 30 minutes of aerobic exercise challenge (12
healthy males before and after exercise challenge) reported by Radom-Aizik et al. (RadomAizik et al., 2008) and CF (10 cases vs. 7 controls) reported by Conese et al. (Conese et al.,
2014) We further compared obesity related signals in neutrophils with obesity related
signals in monocytes (16 obese vs. 10 lean subjects) reported by Hulsmans et al. (Hulsmans
et al., 2012) to distinguish the neutrophil response from monocyte response. The original
gene expression data for neutrophil response to exercise challenge and monocyte response
to obesity were downloaded from GEO database (GSE8668 & GSE32575), while for the
CF study, the list of genes showing differential expressions were obtained from the on-line
supplement of the publication (defined as p < 0.01) (Conese et al., 2014).
2.2.5

Molecular Pathway Analysis

Pathway enrichment analysis and upstream regulatory analysis were conducted by
QIAGEN’s Ingenuity Pathway Analysis (IPA) (www.qiagen.com/ingenuity) software. IPA
is commercial software that helps translating molecular data, especially omics data such as
RNA-seq and microarrays, into useful knowledge with a better understanding of links
between genes, diseases, and networks of upstream regulators. IPA builds on the content
of the Ingenuity Knowledge Base combined with algorithms. By uploading the
corresponding gene IDs, IPA matches the IDs against those generated from about 50,000
publicly available datasets with its algorithms, and calculates the score p value that
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indicates the statistical significance of association between the genes and the pathways or
networks. Gene symbols were used as identifiers.
An additional capability in IPA is that in addition to the enrichment p values, it also
infers the overall likelihood of activation/inhibition of a bio-function based on the known
individual activating/inhibiting effects of the genes on that function (derived from
literature). The preponderance of evidence is statistically represented as a z score, and biofunctions with z score ≥ 2 or z score ≤ -2 are predicted to be activated or inhibited.
2.2.6

Statistical analysis

For RNA-sequencing analysis, the R package DESeq2 (Love, Huber, & Anders,
2014) was conducted on raw count-based mRNA data for the identification of differential
expressed genes between cases and controls. Only the mRNAs with count ≥ 1 in more than
50% of the participants were selected for differential gene expression analysis. The
significant level was defined with a raw p value < 0.01. For dataset GSE8668 (i.e.
neutrophil response to exercise), Affymetrix U133+2 arrays were used to obtain the
genome wide gene expression data. For the differential gene expression analysis, we used
the package GEO2R. For dataset GSE32575 (i.e. monocyte response to obesity), Illumina
human-6 v2.0 expression beadchip was used to obtain the genome wide gene expression
data. For the differential gene expression analysis, we used the R package Limma. For both
datasets, the significant level was also defined with a raw p value < 0.01.

17

2.3.Results
Table 1 lists the general characteristics of the 24 participants. Since the RNA
sample from 1 lean participant did not have enough amount for RNA sequencing, the
general characteristics of the remaining 11 lean participants were also listed in Table 1.

Table 1: General characteristics of the subjects

Obese

Lean

p valuea

Lean

N

12

12

-

11

Age (years)

17.0 ± 1.5

17.5 ± 1.3

NS

17.6 ± 1.4

Age range (years)

15.1 - 19.1

15.9 - 19.7

-

15.9 - 19.7

41.7 ± 5.1

18.5 ± 1.3

< 0.001

18.4 ± 1.3

BMI range (kg/m )

36.4 - 51.3

16.6 - 20.7

-

16.6 - 20.7

BMI-percentile (%)

99.6 ± 0.2

12.4 ± 10.6

< 0.001

11.1 ± 10.1

BMI-percentile range (%)

99.4 - 99.9

0.6 - 29.4

-

0.6 - 29.4

SBP (mmHg)

119.4 ± 15.2

118.9 ± 8.8

NS

118.0 ± 8.6

DBP (mmHg)

64.7 ± 5.4

65.0 ± 4.0

NS

64.8 ± 4.1

Insulin (µu/mL)

24.7 ± 11.3

8.6 ± 3.1

< 0.001

8.6 ± 3.3

Glucose (mg/dL)

94.3 ± 8.8

93.0 ± 5.8

NS

93.0 ± 6.0

TG (mg/dL)

97.8 ± 36.5

62.1 ± 22.5

< 0.001

63.4 ± 23.1

TC (mg/dL)

176.9 ± 32.6

136.8 ± 25.7

< 0.001

134.0 ± 24.9

HDLC (mg/dL)

51.8 ± 6.0

54.0 ± 8.7

NS

52.5 ± 7.2

LDLC (mg/dL)

157.4 ± 32.2

116 ± 27.8

< 0.001

112.1 ± 25.5

2

BMI (kg/m )
2

Data expressed as means ± SD. a p value adjusted for age (if applicable)
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Table 2 lists the sequence quality of the 23 samples. This quality is much higher
than a recently published paper (Jiang et al., 2015) on RNA sequencing from human
neutrophils which has a number of raw read ranges from 15 million to 24 million and % of
mapped reads ranges from 66.7% to 83.1%.

Table 2: Summary of the sequencing data of the 23 samples

Read2

Total
Mapped

Uniquely
Mapped

%
Total
Mapped

%
Uniquely
Mapped

17147257

16766838

33914095

31180621

96.09

88.34

15807377

15561264

15187174

30748438

28320451

95.87

88.30

35560406

17577782

17293857

16876302

34170159

31687024

96.09

89.11

4

35634612

17562411

17294314

16718411

34012725

31634373

95.45

88.77

5

42244222

20884466

20568190

20070102

40638292

37645435

96.20

89.11

6

34375178

16896693

16622612

16124122

32746734

29108183

95.26

84.68

7

40626698

20059147

19751514

19284098

39035612

35749027

96.08

87.99

8

31734468

15646456

15430313

14888516

30318829

27044703

95.54

85.22

9

39988646

19712692

19395189

18921470

38316659

34778166

95.82

86.97

10

39355938

19407349

19106578

18630561

37737139

34254373

95.89

87.04

11

34377862

16945494

16675457

16230619

32906076

29697656

95.72

86.39

12

31215290

15442222

15216058

14820197

30036255

27767015

96.22

88.95

13

35848352

17718297

17444959

16980180

34425139

31695647

96.03

88.42

14

35392122

17466431

17168054

16712531

33880585

30542298

95.73

86.30

15

36188212

17850339

17581748

16994603

34576351

30932201

95.55

85.48

16

32988350

16197410

15950515

15547679

31498194

28121901

95.48

85.25

17

37021666

18302308

18020374

17537855

35558229

32169127

96.05

86.89
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37437460

18485528

18204096

17725385

35929481

31044897

95.97

82.92

19

35342080

17425116

17136906

16631503

33768409

30298791

95.55

85.73

20

38000106

18700152

18412686

17881799

36294485

32619900

95.51

85.84

ID

Total
Given

Paired

Read1

1

35295722

17413881

2

32074398

3

19

21

37155764

18390379

18132424

17628580

35761004

32546360

96.25

87.59
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33744720

16630119

16356858

15941119

32297977

28975068

95.71

85.87

23
Average

36902872

18217390

17936427

17470982

35407409

32012645

95.95

86.75

36021963

17771280

17495985

17024810

34520795

31296777

96.00

87.00

A total of 561 genes were differentially expressed between obese cases and lean
controls at p < 0.01 with 340 genes upregulated and 221 genes downregulated in obese
cases. Figure 1 displays the volcano plot of the differentially expressed genes.

Figure 1: Volcano plot of the differentially expressed analysis

Pathway enrichment analysis was further conducted on the transcriptome data to
reveal the biological functions involved in obesity related gene expression changes in
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neutrophils using IPA. As shown in the left 4 columns of Table 3, the top 5 differentially
regulated molecular and cellular functions unveiled by IPA analysis using double criterial
of enrichment p ≤ 0.001 & absolute z score ≥ 2 were cellular development, cellular function
and maintenance, cell-to-cell signaling and interaction, cellular movement, cell death and
survival.

Table 3: Significant diseases and functions predicted by IPA in neutrophil response to obesity and their
activation status in other situations

-log10 (p)
Category

Cellular
Develop
ment

z scores

Neu
Mono
Neu
Diseases/ biological
Neu
Neu
response response response
function
response
response to
to
to
to acute
to CF
obesity
obesity obesity exercise
- Development of
lymphocytes;
- Differentiation of
phagocytes, antigen
presenting cells,
myeloid cells and
monocytes;
- Proliferation of
lymphocytes and B
lymphocytes;
- Maturation of
dendritic cells and
phagocytes;
- T cell development

5.96

2.48
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-0.39

0.67

-0.29

Cellular
Function
and
Maintena
nce

- Lymphocyte
homeostasis;
- T cell homeostasis;
- Phagocytosis;
- Engulfment of cells

- Recruitment of
neutrophils,
phagocytes, and
antigen presenting
cells;
Cell-To- Activation of
Cell
Signaling lymphocytes;
and
- Response of
Interactio mononuclear
n
leukocytes,
phagocytes,
myeloid cells and
antigen presenting
cells, adhesion of T
lymphocytes
- Leukocyte
Cellular
migration, cell
Movemen
spreading of
t
leukocytes
- Cell variability;
Cell
Death and - Cell survival;
Survival - Cytotoxicity of cells

5.91

2.56

-0.51

0.46

0.00

4.39

2.41

0.06

0.41

-0.26

4.21

2.37

0.24

0.96

-1.06

3.96

2.76

0.39

0.50

-0.31

Within these categories, the biological functions including development of
lymphocyte, antigen presenting cells and myeloid cells, activation and proliferation of
lymphocytes, maturation of dendritic cells and phagocytes, were all activated, implicating
the role of neutrophils in shaping both the innate and adaptive immunity.
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Table 4 (left 3 columns) shows that the top 5 signaling pathways unveiled by IPA
were NF-ĸB, Toll-like receptor, TREM1, IL-1 and dendritic cell maturation signaling
pathways, all of which were activated in obesity. The two most significant signaling
pathway networks, which are networks of NF-ĸB and Toll-like receptor signaling pathway,
are shown in Figure 2.

Table 4: Significant signaling pathways in neutrophil response to obesity and their activation status in other
situations

Signaling pathway

-log10(p)

z scores

Neu
response
to obesity

Neu
Neu
Mono
Neu
response
response response
response
to acute
to obesity to obesity
to CF
exercise

NF-κB Signaling

8.24

2.83

-0.91

1.26

0.00

Toll-like Receptor Signaling

7.72

2.83

0.00

0.00

0.00

TREM1 Signaling

6.70

3.46

1.13

0.00

0.00

IL-1 Signaling

4.97

2.33

0.82

0.00

1.00

Dendritic Cell Maturation

4.03

2.67

-1.39

-0.38

0.00

Role of NFAT in Regulation of
the Immune Response

3.62

3.00

-2.31

1.51

-0.45

Acute Phase Response
Signaling

3.12

2.11

-0.58

0.00

0.00

Tec Kinase Signaling

2.85

2.45

-1.13

2.33

0.00
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A

24

B

Figure 2: Network of NF-kB signaling pathway (A) and toll-like receptor signaling pathway (B) identified
using IPA for neutrophil differentially expressed genes in comparison of RNA-seq data between obese and
lean subjects. Standard abbreviations are used to represent molecules. Significant changes of molecules are
depicted by magenta outline. Relative changes in gene expression are indicated by gradated shades of color
coding: red, activation; green, inhibition; gray, unchanged; no color, gene with no sequencing data.
Interactions between molecules are depicted by arrows. Single border of gene symbol depicted single gene.
Double borders indicate a complexity of genes or the contribution of alternative genes of the pathway
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Table 5 (left 3 columns) shows that the top 5 upstream regulators were TNF, IFNG,
CSF2, CD40LG and IL4 which were also activated in obesity.

Table 5: Significant upstream regulators in neutrophil response to obesity and their activation status
in other situations

-log10 (p)

z scores

Upstream
regulators Neu response Neu response Mono response Neu response Neu response
to obesity
to obesity
to obesity
to acute exercise
to CF
TNF

6.12

5.11

4.09

0.23

1.02

IFNG

6.02

5.18

1.74

0.51

-0.52

CSF2

4.95

3.04

0.91

1.08

-0.15

CD40LG

4.27

3.25

0.33

1.43

0.09

IL4

3.43

3.43

-0.49

1.39

-0.18

In order to check the uniqueness of the gene expression changes related to obesity
in neutrophils, the signals were compared with two neutrophil activation situations
mentioned before and as well as monocytes activation in response to obesity. The results
of IPA analysis on the three gene expression datasets (neutrophils in response to exercise
challenge and CF, and monocytes in response to obesity) were listed in the last 3 columns
of Table 4 - 6. It clearly shows that the gene expression changes in neutrophils in response
to obesity have some similarity but substantial differences in comparison with changes in
response to acute exercise and CF as well as the changes in monocytes in response to
obesity. Particularly, on one hand, the same signaling pathway predicted from different cell
types could show completely different regulation patterns in response to the same situation.
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For example, in obese status, the signaling pathway “Role of NAFT in regulation of the
immune response” was predicted significantly changed for both neutrophil expressed genes
(z score = 3.0, Table 5 , row 8, column 3), and monocyte expressed genes (z score = -2.31,
Table 5, row 8, column 4), but in different regulation directions (Figure 3). On the other
hand, in terms of the gene expression change of the same cell type in response to different
situations, although the regulation direction may be the same, the detailed pathway
networks were still different. For example, the “Tec Kinase signaling pathway” were
observed activated in neutrophils in response to both obesity (z score = 2.45, Table 5, row
9, column 3) and exercise status (z score = 3.0, Table 5, row 9, column 5). However, their
activation were contributed by different activated gene, or the same gene of different
directions (Figure 4).

27

A

28

B

Figure 3: Network of role of NAFT in regulation of the immune response signaling pathway identified by
the IPA software analysis for neutrophil (A) and monocyte (B) differentially expressed genes in the
comparison of RNA-seq data between obese and lean subjects. Standard abbreviations are used to represent
molecules. Significant changes of molecules are depicted by magenta outline. Relative changes in gene
expression are indicated by gradated shades of color coding: red, activation; green, inhibition; gray, no
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change; no color, gene with no sequencing data. Indirect or direct relationship are depicted by dashed and
solid connecting lines with arrows. Single border of gene symbol depicted single gene. Double borders
indicate a complexity of genes or the contribution of alternative genes of the pathway

A

30

B

Figure 4: Network of Tec kinase signaling pathway identified by the IPA software analysis for neutrophil
differentially expressed genes in the comparison of RNA-seq data between obese and lean patients (A), and
between pre and post 30 minutes aerobic exercise (B). Standard abbreviations are used to represent molecules.
Significant changes of molecules are depicted by magenta outline. Relative changes in gene expression are
indicated by gradated shades of color coding: red, activation; green, inhibition; gray, no change; no color,
gene with no sequencing data. Indirect or direct relationship are depicted by dashed and solid connecting
lines with arrows. Single border of gene symbol depicted single gene. Double borders indicate a complexity
of genes or the contribution of alternative genes of the pathway
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2.4. Summary
These data demonstrate that obesity is associated with significant transcriptome
changes in neutrophils and these changes supported the concept that neutrophils are key
regulators for both innate and adaptive immunity. The observed changes are distinct to
obesity status and neutrophils compared with some other situations, showing promise of
transcriptome studies in neutrophils for elucidating obesity-unique regulatory networks.
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III.

DISCOVERY OF AN OBESITY RELATED

NEUTROPHIL ACTIVATION MARKER USING
HYPOTHESIS FREE OMICS STUDIES

3.1.Introduction
Despite the fact that obesity is associated with persistent neutrophilia and treatment
using neutrophil depletion antibody can decrease atherosclerotic lesions and improve
insulin sensitivity in mice fed on a high-fat diet (Drechsler et al., 2010; Mansuy-Aubert et
al., 2013), depleting neutrophils is clearly not an option in clinical practice. In this regard,
identification of obesity induced highly specific neutrophil activation markers serves as a
prerequisite to develop targeted treatment. Neutrophil activation is a multifaceted process
that involves many biological pathways and it is difficult to pre-decide a list of genes based
on the current knowledge. Accordingly, we conducted a series of omics studies in purified
neutrophils, including genome wide DNA methylation, RNA sequencing, and label-free
quantitative proteomics, to discover the obesity related neutrophil activation marker from
a comprehensive and systematic view.

3.2.Methods
3.2.1

Subjects

The neutrophil samples from the same 24 participants of the EpiGO study used for
RNA sequencing were also used in this study for DNA methylation and quantitative
proteomics.
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3.2.2

Neutrophil isolation and its DNA, RNA, protein extraction

Neutrophil collection and its RNA extraction were described previously (see
chapter 2 - 2.2.2 neutrophil isolation and extraction). Neutrophil DNA and protein
extraction were processed as below:
After the RBC lysed from the Neutrophil/RBC mixture, pelleted neutrophils were
either stored at -80°C immediately for future protein extraction or dissolved in RNA protect
Cell Reagent (QIAGEN, Inc.) and stored at -80°C for future DNA and RNA extraction.
Neutrophil DNA was extracted using QIAamp DNA mini Kit (QIAGEN, Inc.).
Neutrophil proteins were extracted from the stored pellets, the extracted proteins were
digested with trypsin, and peptide concentrations were measured by Nanodrop (Thermo
Scientific, Inc.). The same sample that did not have enough RNA and another sample failed
to provide enough protein for the quantitative proteomics were excluded. In summary,
DNA methylation data were obtained for all the 24 discovery samples, while RNA
sequencing data and quantitative proteomics data were obtained from 23 (12 cases vs. 11
controls) and 22 (12 cases vs. 10 controls) samples respectively.
3.2.3

Quantitative proteomics

Mass-spectrometry based label-free quantitative proteomics were used. Protein
identification was performed using nano LC-MS/MS on a Thermo Scientific orbitrap
fusion mass spectrometer equipped with an EASY-Spray™ Sources operated in positive
ion mode. For the protein quantification, spectral counts were used, which were obtained
from the MultiSpec method (Branson & Freitas, 2016). In the spectral counting approach,
relative protein quantification is achieved by comparing the number of identified MS/MS
spectra from the same protein in multiple datasets.
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3.2.4

RNA sequencing

(See Chapter 2 – 2.2.3 RNA sequencing).
3.2.5

Genome-wide DNA methylation

Genome-wide DNA methylation data were obtained using Illumina Infinium
Human Methylation 450K Beadchip (Illumina Inc.). The Minfi package (Aryee et al., 2014)
and CPACOR (incorporating Control Probe Adjustment and reduction of global
CORrelation) package (Lehne et al., 2015) were used for initial quantification, data
preprocessing and quality control. For the quality control steps, detectable probes were
defined as probes with detection p value < 1x10-16 in more than 95% samples and detectable
samples were defined as samples with more than 95% CpG sites having a detection p value
< 1x10-16). Probes on X and Y chromosomes were excluded.
3.2.6

Statistical analysis

The analysis on obesity related epigenomic, transcriptomic and proteomic changes
in neutrophils were conducted for each platform separately. For DNA methylation analysis,
the R package Limma (Smyth, 2004) was used for the identification of differentially
methylated CpG sites between obese cases and lean controls. For RNA-seq analysis, the R
package DESeq2 (Love et al., 2014) was conducted on count-based mRNA data for the
identification of differential expressed genes between cases and controls. For the
quantitative proteomics analysis, the R package DESeq2 was also used to rank differential
protein expressions from the spectral counting data.
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3.3.Results
The general characteristics of the discovery panel were showed previously (see
Chapter 2 - 2.3 Results, Table 1).
Quantitative proteomics identified 854 proteins in peripheral neutrophils, which is
comparable to previous studies (Kotz et al., 2010; Uriarte et al., 2008). Out of the 854
proteins, 622 proteins were identified in more than 50% of the samples and were taken
forward for differential analysis between cases and controls. The top 10 signals were listed
in Table 6. RNA sequencing identified 30565 mRNAs in peripheral neutrophils, of which,
21632 mRNAs had ≥ 1 count in more than 50% of the samples and were taken forward for
differential analysis between cases and controls. The top 20 signals were listed in Table 7.
Table 8 listed the top 20 signals of the differentially methylated CpG sites between cases
and controls.

Table 6: Top 10 genes with their protein levels associated with obesity in purified neutrophils

Gene name

p value

ALPL

Spectral counts
Lean

Obese

0.001

15

51

STT3B

0.006

14

4

VNN2

0.012

67

24

C3

0.017

30

57

MYL12B

0.019

30

11

YOD1

0.020

8

35

PDCD6

0.021

13

25

CD93

0.026

61

40

PSMA4

0.028

17

47

ASAH1

0.030

93

71
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Table 7: Top 20 genes with their expression levels associated with obesity in purified neutrophils

Gene name

Fold change*

p value

CASP5

2.46

2.00E-08

TINF2

1.19

3.69E-08

BCL2L11

1.84

1.48E-07

SH3GLB1

1.58

4.85E-07

WDR59

0.75

5.66E-07

IFNAR1

1.26

1.73E-06

PI4KA

0.84

2.47E-06

OAT

2.51

3.51E-06

DGKZ

0.76

3.75E-06

FFAR2

1.40

3.99E-06

FAM129A

1.51

5.50E-06

PLEK

1.30

8.12E-06

UBXN4

1.17

8.24E-06

TPR

1.27

1.14E-05

IL1B

1.59

1.15E-05

RBPJ

1.28

1.33E-05

DAPP1

1.32

1.36E-05

TET2

1.31

1.37E-05

LENG8

0.82

1.49E-05

GK

1.34

1.52E-05

*Fold change: a quantity of changes between obese cases and lean controls.
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Table 8: Top 20 CpG sites with their methylation levels associated with obesity in purified neutrophils

CpG site

Gene name

Beta*

p value

cg27126872

KBTBD11

0.0991251

0.0000486

cg08269733

CDH8

-0.0349482

0.0000489

cg24769628

PCDHA6

0.0685704

0.0000850

cg10860308

C10orf88

0.0434874

0.0000853

cg05359853

PPM1H

-0.0128915

0.0000864

cg22582113

FAM102A

-0.0186667

0.0000907

cg06066676

ATP10A

-0.0328985

0.0000957

cg27467552

PIM3

-0.0509076

0.0001048

cg16544956

SP8

-0.0114061

0.0001100

cg19214629

CRLS1

0.0124844

0.0001256

cg25154075

MED13L

0.0173008

0.0001299

cg27338487

GRP

0.0128273

0.0001324

cg26497348

DSC3

-0.0366982

0.0001335

cg10008137

GPX6

-0.0244814

0.0001402

cg02627403

UNC13D

-0.0356996

0.0001466

cg09233395

TRPS1

-0.0550059

0.0001502

cg12195135

ZNF584

-0.0153043

0.0001538

cg10182869

TMEM196

0.0521222

0.0001731

cg27209993

GUCA1A

0.0249388

0.0001777

cg08180884

ZNF536

-0.0149752

0.0001935

*Beta value: the DNA methylation changes in cases in comparison with controls.

Using the cut off of p < 0.05 across all three platforms, ALPL gene was identified
with its gene expression (p = 5.8 × 10-5) and protein level (p = 2.7 × 10-3) significantly
increased and its DNA methylation level significantly decreased (p = 5.9 × 10-4) in obese
cases in comparison with lean controls (Table 9).
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Table 9: Integration of proteomic, transcriptomic and epigenomic results. p value < 0.05

Transcriptomics

Proteomics

DNA methylation

Gene name
ALPL

p value

Direction*

p value

Direction*

CpG site

p value

Direction*

0.000058

+

0.002671

+

cg18789685

0.009252

-

cg24722348

0.015466

-

cg08727996

0.033684

-

cg01037895

0.000595

-

cg06346857

0.040962

-

*Direction: +, up-regulated in obese cases compare with lean controls; - , down-regulated in obese cases compare with lean controls.
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3.4.Summary
ALPL gene showed the most promising result with its gene expression level,
protein level and DNA methylation level significantly changed in obese cases in
comparison with lean controls. ALPL gene was then taken forward for validation in the
replication cohort.
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IV.

VALIDATION OF INCREASED NEUTROPHIL ALPL
EXPRESSION AND CELLULAR PROTEIN LEVELS
IN OBESITY

4.1.Introduction
In purified neutrophils, we conducted a series of hypothesis free omics studies with
the goal to find potential target genes in response to obesity status (See Chapter 3). From
the omics results, gene alkaline phosphatase, liver/bone/kidney (ALPL) showed the most
promising results with its DNA methylation level significantly decreased and gene
expression and protein level significantly increased in obese cases. ALPL gene in
neutrophils encodes neutrophil alkaline phosphatase (NAP) (Radu G. Iliescu Aurelian
Udristioiu, Manole Cojocaru and Adela Joanta, 2014), which is a membrane bounding
glycosylated protein (Ali, Paiker, & Crowther, 2006) with its function of catalyzing
dephospharylation and transphosphorylation reactions (Sharma, Pal, & Prasad, 2014).
NAP is a membrane-bound enzyme (Ali et al., 2006) that presents mostly in the neutrophil
secretory vesicles and a few on the cell membrane. It has been reported that during bacterial
infections, when the cells encounter stimulations of inflammatory signals, neutrophil NAP
number dramatically increases, NAP rapidly transports from secretory vesicles onto
neutrophil cell membrane (Borregaard, Miller, & Springer, 1987), and NAP activity rapidly
increases (Hosokawa et al., 2011). NAP-over-expressed neutrophils display enhanced
chemotaxis, which promote its migration into inflammatory sites, ROS generation and
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apoptosis (Li, Zhao, Li, Yang, & Wu, 2016). However, the role of NAP in neutrophil
response to obesity and its linked chronic inflammation has not been explored. Therefore,
in this chapter, we followed up our finding of ALPL into a validation of both ALPL gene
expression level and its protein level, both on the plasma membrane and the secretory
vesicle membrane, in response to obesity, and further explored their association with CVD
risk factors.

4.2.Validation of neutrophil ALPL gene expression level in response to obesity

4.2.1 Methods
4.2.1.1 Subjects
A total of 510 subjects were involved in this section. Our omics studies provide us
a particular gene, ALPL, in neutrophils in response to obesity from the overall view of
genome wide analyses in 24 AA males. Due to the fact that in peripheral leukocytes, ALPL
mRNA has only been observed in polymorphonuclear cells (PMNs) (Mansuy-Aubert et al.,
2013), gene expression of ALPL in this section were performed on leukocytes instead of
purified neutrophils.
Taking advantage of the genome wide gene expression data on leukocytes from the
EpiGO study (see Chapter 2 – 2.2.1 Subjects), we first replicated this finding in a sample
of 164 AAs (81 obese vs. 83 lean, aged 14 - 20, and 52.4% of females). Secondly, we
measured ALPL gene expression level in stored leukocytes of 55 European Americans
(EAs) (28 obese vs. 27 lean, aged 14 - 20, both genders) from the EpiGO study using realtime PCR approach. Thirdly, we further validated this finding in 391 Caucasians (aged 55
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- 69, both genders) from the Finnish Twin Cohort that also has genome wide gene
expression data available. The epigenetic study of the Finnish Twin cohort was established
in 2012 to identify blood pressure related DNA methylation and gene expression changes.
A total of 222 twin pairs and 3 singletons (n = 447) participated in the clinical protocol.
Informed consent was obtained from each subject, and the study was approved by the
Ethics Committee of the University Central Hospital of Helsinki.
4.2.1.2 Cardio metabolic traits
For both the EpiGO study and the Finnish Twin Cohort, height and weight were
measured by standard methods using a wall-mounted stadiometer and a scale, respectively.
BMI was calculated as weight/height2.
In the EpiGO study, mean arterial pressure (MAP), systolic blood pressure (SBP)
and diastolic BP (DBP) were measured with Dinamap monitors, using an appropriately
sized BP cuff placed on the subject’s right arm. BP measurements were taken at 11, 13,
and 15 minutes, during a 15-minute supine relaxation period. The average of the last two
readings was used to represent MAP, SBP and DBP values. Fasting glucose levels were
measured using Ektachem DT II system (Johnson and Johnson Clinical Diagnostics,
Rochester, NY, USA) and fasting insulin was assayed in duplicate by specific
radioimmunoassay (Linco Research, Inc., St Charles, MO, USA) (Gutin et al., 2007).
Fasting serum triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol
(LDLC), and high-density lipoprotein cholesterol (HDLC) were measured using
clorimetric method on Sirrus analyzer (Stanbio Laboratory, Boerne, TX).
4.2.1.3 Assessment of carotid intima media thickness
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For the participants from the EpiGO study, the common carotid's intima media
thickness (IMT) was measured using Hewlett-Packard Sonos 5500 (Andover, MA)
equipped with a 7.5 MHz linear array probe. Ten frames from both the left and right
common carotid arteries were analyzed by an experienced sonographer. The mean IMT
was defined as the average of the IMT measurements and the maximum IMT was defined
as the largest IMT measurement from both carotid arteries.
4.2.1.4 Leukocyte RNA extraction
Due to the fact that in peripheral leukocytes, NAP has only been detected in
differentiated neutrophils (Izumi, Ishikawa, Takeshita, & Maekawa, 2005) and ALPL
mRNA has only been observed in PMNs (Rambaldi et al., 1990), gene expression
approaches in this section were performed on leukocytes instead of purified neutrophils.
Leukocytes were collected after plasma removal and RBC lysis. Pelleted
leukocytes were dissolved in RNA protect Cell Reagent (QIAGEN, Inc.) and stored at 80°C immediately. Total RNA was isolated from the stored WBCs of EpiGO subjects using
miRNeasy Mini Kit (QIAGEN, 217004). RNA extraction for leukocyte was the same as
that for neutrophil with the identical RNA quality control (see Chapter 2.). Out of the 402
peripheral blood samples from the Finnish Twin Cohort, high quality RNA was obtained
for 391 subjects. High quality RNA was obtained from all the EpiGO participants selected
for this study.
4.2.1.5 Genome wide gene expression assay
Illumina HumanHT-12 v4 Expression BeadChip (Illumina, Inc.) was used to obtain
genome-wide gene expression data. This chip targets more than 48,000 probes that provide
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genome-wide coverage of well-characterized genes, gene candidates and splice variants.
Initial quantification was achieved by the Genome-Studio Gene Expression Module
(Illumina, Inc.), and data preprocessing and quality control were achieved using lumi
package (Du, Kibbe, & Lin, 2008). The quality control steps included detectable probes
(probes with detection p value < 0.05 in more than 50% of the samples), log transformation,
quartile normalization, and batch adjustment. After these steps, the ALPL gene expression
levels were selected for further analysis.
4.2.1.6 Real-Time PCR
Real-Time polymerase chain reaction (RT-PCR), which has the advantage of wide
dynamic range and low quantification limits, was conducted as a technique replication
checking the ALPL expression levels of 164 AAs. Furthermore, it was performed to check
whether there was a similar pattern of ALPL expression level change in EAs. Reverse
transcription was performed using High Capacity RNA-to-cDNA Kit (Thermo Fisher,
4387406). RT-PCR was performed using TaqMan™ Fast Advanced Master Mix (Thermo
Fisher, 4444963) on an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster
City, CA). All samples were normalized to endogenous control gene Glyceraldehyde-3Phosphate Dehydrogenase (GAPDH) mRNA levels. The chosen of GAPDH was based on
our genome wide gene expression data of neutrophils in response to obesity.
4.2.1.7 Statistical analysis
Linear regression was used to test whether leukocyte ALPL expression levels were
associated with obesity with age and gender as covariates. The test of interest was group
(obese vs. lean) for the EpiGO study and BMI for the Finnish Twin Cohort. For the Finnish
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Twin Cohort, generalized estimation equations (GEEs) were used to correct the nonindependence of the twins. For ALPL obtained from the genome wide gene expression chip,
the residual derived from the regression of each probe gene expression level on batches
was used as dependent variable. For ALPL expression obtained from RT-PCR, relative
mRNA levels were quantified based on the comparative ΔCT method. We further checked
the consistency of the two technologies of obtaining ALPL gene expression levels using
Pearson linear correlation in 155 samples that had ALPL expression measured by both
methods.
In the EpiGO participants, we further tested whether ALPL gene expression level
were associated with cardio-metabolic traits including SBP, DBP, MAP, fasting glucose,
fasting insulin, fasting TG, fasting TC, fasting HDLC, fasting LDLC, and IMT in the obese
group with the adjustment of total amount of WBC, gender and age. A p value < 0.05 was
defined as significant.

4.2.2 Results
We validated our finding from the discovery phase in a sample size of 164 AAs.
Table 10 lists the general characteristics.
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Table 10: General characteristics of the 164 AAs

Lean

Obese

p value

N

83

81

-

Female (%)

50.6

54.3

-

Age (years)

17.7 ± 1.7

17.8 ± 1.7

NS

Age range (years)

14.0 - 20.9

14.2 - 21.0

-

BMI ( kg/m2)

18.8 ± 1.4

39.8 ± 7.1

<0.001

BMI range (kg/m2)

15.0 - 21.7

28.1 - 70.1

-

BMI-percentile (%)

19.1 ± 11.4

98.7 ± 1.1

<0.001

BMI-percentile range (%)

0.0 - 41.7

95.0 - 99.9

-

SBP (mm Hg)

107.3 ± 8.9

121.6 ± 17.4

<0.001

DBP (mm Hg)

64.1 ± 6.9

63.2 ± 8.7

NS

Insulin (µu/mL)

9.5 ± 5.1

24.3 ± 14.5

<0.001

Glucose (mg/dL)

86.8 ± 8.2

88.9 ± 7.9

NS

TG (mg/dL)

58.8 ± 20.6

68.9 ± 27.0

<0.01

TC (mg/dL)

151.5 ± 26.0

155.4 ± 32.9

NS

HDLC (mg/dL)

56.1 ± 11.9

44.0 ± 10.2

<0.001

LDLC (mg/dL)

83.7 ± 24.0

97.4 ± 30.6

<0.01

Mean IMT (mm)*

0.5 ± 0.1

0.5 ± 0.1

NS

Maximum IMT (mm)*

0.6 ± 0.1

0.7 ± 0.1

<0.05

Data expressed as means ± SD. *The numbers of subjects with carotid IMT measurements were 58 cases
vs. 46 controls. a p value adjusted for age (if applicable).

As shown in Figure 5, genome wide ALPL expression levels, detected using
microarray approach, were significantly higher in obese cases in comparison with lean
controls (p = 0.021). The group × gender interaction was not significant (p = 0.177),
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indicating that obesity associated higher expression of ALPL exits in both males and
females of AA.

Figure 5: ALPL expression level between obese cases and lean controls in AAs (n = 164)

Within the obese group, we observed that ALPL expression level was significantly
associated with SBP (p = 0.006), DBP (p = 0.036) and MAP (p = 0.005), with higher
expression levels associated with higher BP levels (Figure 6). We also observed that the
ALPL expression level was positively associated with both the mean IMT (p = 0.017) and
the maximum IMT (p = 0.005, Figure 6). Additionally, the positive association between
ALPL expression and fasting insulin reached borderline significance (p = 0.076, Figure 6).
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Figure 6: Correlations between ALPL expression level and CVD risk factors within obese population of AAs.
Log-transformation was performed on data of SBP, DBP, MAP, fasting insulin, and maximum carotid IMT
level
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Technique replication using RT-PCR showed a strong positive accordance between
two method confirming the accuracy of measuring ALPL expressions of both methods
(Figure 7).

Figure 7: Correlation of ALPL expression level between the detection of microarray approach and RT-PCR
approach. RT-PCR ALPL expression levels relative to GAPDH in leukocytes

These results confirmed that neutrophil ALPL has a higher expression level in obese
cases compared with lean controls and its expression level is associated with
cardiometabolic risk factors in AAs.
In EAs, we observed a similar pattern of ALPL expression level change in response
to obesity (Table 11). Similar to AAs, EAs had an increase (p = 0.014) of ALPL expression
level in obese cases compared with lean controls (Figure 8). The group × gender
interaction was not significant (p = 0.312), indicating that obesity associated higher
expression of ALPL exits in both males and females of EA.
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Table 11: General characteristics of the 55 EAs

Lean

Obese

p value

N

27

28

-

Age (years)

16.9±1.8

17.2±1.1

NS

BMI ( kg/m2)

19.8±1.9

35.3±6.7

< 0.001

BMI-percentile (%)

36.5±17.9

97.6±1.7

< 0.001

SBP (mm Hg)

103.5±9.2

110.1±12.5

< 0.05

DBP (mm Hg)

58.3±6.7

58.4±5.6

NS

MAP (mm Hg)

74.1±7.4

76.8±7.3

NS

Insulin (µu/mL)

9.7±5.5

22.2±14.4

< 0.001

Glucose (mg/dL)

92.5±7.1

93.8±7.8

NS

TG (mg/dL)

77.4±34.4

110.8±41.3

< 0.001

TC (mg/dL)

149.8±20.8

157.2±26.6

NS

HDLC (mg/dL)

56.7±13.6

46.5±10.3

< 0.01

LDLC (mg/dL)

119.4±29.2

124±31.3

NS

Data expressed as means ± SD. a p value adjusted for age (if applicable).
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Figure 8: ALPL expression level between obese cases and lean controls in EAs (n = 55). Vertical lines on
the bars denote S.E

Within the EAs obese group, we observed that ALPL expression level showed
significantly positive association with fasting insulin (p = 0.033) and TG (p = 0.025)
(Figure 9).
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Figure 9: Correlations between ALPL expression level and CVD risk factors within obese population of
EAs. Log-transformation was performed on data of fasting insulin, fasting TG level

The link between leukocyte ALPL expression and obesity was further explored in
the Finnish Twin Cohort, a cohort with participants that were much older (age range: 32.3
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- 69.7) (Table 12) than the participants of the EpiGO cohort (age range: 14.5 - 20.8). A
positive association between BMI and ALPL expression level was observed (Figure 10).
The BMI × gender interaction was not significant (p = 0.952), indicating that BMI is also
positively associated with expression of ALPL in both males and females of middle-aged
and elderly Caucasians.

Table 12: General characteristics of the 391 Caucasians

Overall

MZ

DZ

N

391

236

155

Female (%)

59.3

61.9

55.5

Age (years)

62.3 ± 3.8

61.7 ± 3.6

63.2 ± 3.9

SBP (mm Hg)

150.2 ± 18.6

150.8 ± 17.9

149.2 ± 19.7

DBP (mm Hg)

87.8 ± 11.0

89.0 ± 11.1

86.0 ± 10.7

Data expressed as means ± SD.
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Figure 10: Correlation between ALPL expression level and BMI in Caucasians

4.2.3 Summary
Therefore, in different race, gender and age groups, we confirmed that neutrophil
ALPL has a higher expression level in response to obese status and its expression level is
associated with cardio metabolic risk factors.
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4.3.Validation of neutrophil ALPL gene expression level in response to obesity

4.3.1. Method
4.3.1.1 Subjects
A total of 25 subjects were included in this section to test NAP cellular protein level
change in response to obesity. The 25 subjects, aged 19 - 55, were from GPI ongoing
studies. All of these participants were free of chronic or acute disease and not on daily
prescription medication for treatment of diseases. Height and weight were measured by
standard methods using a wall-mounted stadiometer and a scale, respectively. BMI was
calculated as weight/height2 (Demerath et al., 2015). All studies involved were approved
by the Institutional Review Board of Augusta University. Written informed consent was
provided by all participants.
4.3.1.2 Flow cytometry analysis
Under certain circumstances, such as acute inflammation, NAP will be transported
from neutrophil secretory vesicles to its cell membrane in a short time, which shows a rapid
activity increase (Hosokawa et al., 2011). As obese status is a low-grade chronic
inflammation that is associated with neutrophilia and neutrophil percentage increases (AlSufyani & Mahassni, 2011; Buyukkaya et al., 2014; Dixon & O'Brien, 2006; Herishanu,
Rogowski, Polliack, & Marilus, 2006; Ilavska et al., 2012; Imayama et al., 2012; Kaur,
Adams-Huet, Smith, & Jialal, 2013), flow cytometry (FCS) approach was conducted to
check neutrophil NAP levels on both the cell membrane and its secretory vesicle in order
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to evaluate NAP activation and its translocation onto the cell membrane (i.e. percentage of
neutrophils that express NAP on cell membrane).

1) Blood sample preparation for FCS testing
Fresh blood was collected from the median cubital, cephalic, or basilica veins into
EDTA anticoagulant blood collection tubes (BD Vacutainer, 368047). The collected blood
was centrifuged at 1500 × g for 2 minutes at room temperature. Plasma (supernatant) was
collected for use in Western blot (Chapter 5 – 5.2.3 Determination of the existence of NAP
in plasma). Red blood cells were lysed with 7 volumes of the ACK lysing buffer (Thermo
Fisher, A1049201) for 7.5 min. Leukocytes were collected by centrifugation at 1300 × g
for 1.5 minutes discarding the supernatant. After wash twice by the staining buffer (Thermo
Fisher, 00-4222-26), the cell pallet was re-suspended in the staining buffer for future
staining.
2) Staining of NAP on plasma membrane
The leukocytes were stained for 10 min with anti-CD14-FITC (Biolegend, 367115),
anti-CD16-APC (Biolegend, 302011), and anti-TNAP-PE (R%D system, FAB1448P)
(0.04 μg/106 cells) in the staining buffer with Fc block (BD, 564220) as a blocker (0.05
μg/106 cells). The antibodies of CD16 and CD14 were used for gating neutrophils (CD14CD16+) more clearly from monocytes (CD14+) and eosinophils (CD16-). The staining
process was performed on ice. TNAP+ cells, which have NAP detected on plasma
membrane were analyzed by flow cytometry FACSCanto (BD FACSCanto). Data was
analyzed by software FlowJo 7.6v (FlowJo, LLC).
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3) Intracellular staining of NAP on secretory vesicle membranes
Followed previous staining, cells were fixed in 4% formaldehyde fixative solution
(Thermo Fisher, R37814) for 20 minutes at room temperature. After washing out the
formaldehyde fixed cells twice by the staining buffer, cells were permeabilized using
intracellular staining permeabilization buffer (Biolegend, 421002) twice via centrifugation
at 650 × g for 6.5 minutes. In order to stain NAP in the secretory vesicles, cells were then
incubated with anti-TNAP-PE (0.04 μg/106 cells) for 30 min on ice followed by flow
cytometry. The same gating strategy was used as that for the plasma membrane NAP
analysis.
4) Gating strategy
Gating strategy to define NAP expressed neutrophils is shown in Figure 11.
Forward scatter/sideward scatter (FSC/SSC) - dot plot was first set to identify leukocytes
and to select granulocytes (Figure 11A). Granulocytes were plotted in a SSC width/height
- dot plot to select normal SSC-width cells as single granulocytes (Figure 11B).
Neutrophils (CD14-CD16+) were then selected by gating out monocytes (CD14++CD16-,
CD14++CD16+, and CD14+CD16++) and eosinophils (most of the CD14-CD16- cells)
(Martinez-Sanchez et al., 2017). ALP+ (ALP+CD16+) and ALP- (ALP-CD16+) neutrophils
were then identified.
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Figure 11: FCS gating strategy used to define ALP expressed neutrophils. A, granulocytes gated based on
FSC/SSC; B, single cells gated by SSC-width/SSC-height; C, neutrophil gated (CD14-CD16+) by excluding
monocytes (CD14++CD16-, CD14++CD16+, and CD14+CD16++) and eosinophils (CD14-CD16-); D,
neutrophil subsets were selected based on ALP expression

4.3.1.3 Leukocyte alkaline phosphatase testing
Leukocyte alkaline phosphatase (LAP) testing is a clinical standard method that
semi-quantitatively measuring total ALP (both plasma membrane and secretory vesicles)
in neutrophils (Williams, 1990). It was conducted as technique replication testing NAP
cellular protein change in response to obesity. Fresh blood was collected from the median
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cubital, cephalic, or basilica veins into heparin-anticoagulant blood collection tubes
(Fisherscientific, 23-021-017). The collected blood was fully mixed. 30ul blood was add
onto a slide (Fisherscientific, 99-910-01; Fisherscientific, 99-910-02) and made into blood
smears. Dry blood smear was stained using Leukocyte Alkaline Phosphatase Kit (Sigma
Aldrich, 86R) and observed under a light microscopes. 100 neutrophils per smear were
scored according to the intensity of the color of granulocytic granules on a scale from 0 to
4 (Table 13). Negative controls would be the monocytes or the lymphocytes on the same
smear.
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Table 13: LAP testing scoring method

Cell
rating

Amount
coverage

Intensity of staining

0

None

None

1

0 - 50%

Faint to moderate

2

50 - 80%

Moderate to strong

3

80 - 100%

Strong

4

100%

Brilliant

Precipitated dye

4.3.2 Results
Table 14 lists the general characteristics of the 23 subjects from GPI on-going
studies participating in the FCS. Percentage of neutrophils that express ALP on the plasma
membrane or on both the cell membrane and secretory vesicle membrane from one obese
subject and one lean subject respectively were showed in Figure 12 as an example. As
shown in Figure 13, the percentage of neutrophils that express ALP on cell membrane
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were observed positively associated with BMI (Figure 13A). The percentage of
neutrophils that express ALP, i.e. have NAP expression on the cell membrane and/ or the
secretory vesicle membrane, was associated with increased BMI (Figure 13B). The BMI
× gender interaction was not significant for the percentage of neutrophil express ALP on
the cell membrane (P = 0.51) and the whole cell (P = 0.28) (Figure 13), indicating that the
observed association exist in both males and females.

Table 14: General characteristics of the 23 participants

Flow Cytometry
N

23

Age (years)

37.8 ± 9.0

Age range (years)

19.0 – 55.0

BMI ( kg/m2)

24.5 ± 4.7

BMI range (kg/m2)

18.0 - 34.8

Data expressed as means ± SD.
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Figure 12: Examples of the percentage of ALP+ neutrophils on the plasma membrane or on both the plasma
membrane and secretory vesicle membrane in one obese and one lean subjects
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Figure 13: Correlations between BMI and the percentage of neutrophils that have ALP on its cell membrane
(A), and on its whole cell (B) detected by FCS (n = 23)

Figure 14 showed the result of LAP testing that BMI was positively associated
with LAP score. It not only confirmed the relationship between BMI and the percentage of
neutrophils that express NAP, but also reveals NAP expression from single cells. Figure
15 shows the detected neutrophils under different scores for LAP testing. Table 15 lists
the general characteristics of the 10 subjects.
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Figure 14: Correlations between BMI and LAP testing score (n = 10)
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Figure 15: Leukocyte alkaline phosphatase scoring - LAP testing. A: neutrophil scored as 0 with 0%
coverage of NAP; B: neutrophil scored as 1 with 0 - 50% coverage of NAP; C: on the right side is a neutrophil
scored as 2 with 50 - 80% coverage of NAP, and the cell on the left side shows a lymphocyte that have no
dye precipitated; D: both of the two neutrophils scored as 3 with 80 - 100% coverage of NAP
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Table 15: General characteristics of the 10 participants

LAP Testing
N

10

Age (years)

32.7 ± 7.3

Age range (years)

19.0 – 55.0

BMI ( kg/m2)

24.0 ± 5.2

BMI range (kg/m2)

18.6 - 34.8

Data expressed as means ± SD.

4.3.3 Summary
In summary, we observed that obesity was associated with increased percentage of
neutrophils that express NAP especially on neutrophil plasma membrane, indicating the
link of obesity with the NAP activation.
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V.

NAP MAY NOT BE A MAJOR CONTRIBUTOR TO
PLASMA ALKALINE PHOSPHATASE ACTIVITY

5.1 Introduction
Plasma total alkaline phosphatase (ALP) activity is commonly measured in clinic
within the panel of liver function. However, this ALP measurement involves many alkaline
phosphatase isoforms as it shows in Table 16. ALPL encodes tissue-nonspecific alkaline
phosphatase (TNAP), one of many isozymes of ALP with the function of catalyzing
dephospharylation and transphosphorylation reactions (Sharma et al., 2014). TNAP is also
called liver/bone/kidney alkaline phosphatase, named after its subtype’s origin within the
body (e.g. liver, bone, kidney and neutrophil) that partially secrete into the blood due to
their extensive abundance in areas (Hernandez-Mosqueira, Velez-delValle, & KuriHarcuch, 2015; Sussman et al., 1989). In neutrophils, the specifically produced TNAP is
NAP (R.G.I. Aurelian Udristioiu, Manole Cojocaru and Adela Joanta, 2014). All ALP
subtypes have the same activity that differ only between post-translational modifications
(Seibel & Bilezikian, 1999), in particularly glycosylation (Seibel, Robins, & Bilezikian,
2006).
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Table 16: Alkaline phosphatase subtypes

Gene
name

Protein
name

Common name

Chromosome

ALPL

TNAP

Tissue-nonspecific alkaline phosphatase;
(liver/bone/kidney/neutrophil/adipocyte
type alkaline phosphatase)

Chr1

ALPI

IAP

Intestinal alkaline phosphatase

Chr2

ALPP

PLAP

Placental alkaline phosphatase

Chr2

ALPP2

GCAP

Germ cell alkaline phosphatase

Chr2

An interesting scenario is that although higher level of plasma ALP has been
consistently identified as an independent predictor for atherosclerosis and mortality of
CVD in the general population, plasma ALP levels are not associated with liver functions
in the general population without evidence of liver disease (Targher & Byrne, 2015).
Similarly, plasma ALP levels were significantly higher in obese than in lean subjects (Ali
et al., 2006) but not linked with liver functions (Golik, Rubio, Weintraub, & Byrne, 1991).
Although liver-ALP has been thought as the major contributor to plasma ALP levels, one
recent study (Izumi et al., 2005) observed a strong correlation between neutrophil counts
and plasma ALP indicating that the increased ALP may be originated from neutrophils.
Incorporating with our observation that obesity is associated with higher transcription and
translation of ALPL in neutrophils, directly study of plasma NAP might provide an
explanation for the plasma ALP associated CVD risk. However, there is no study directly
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testing circulating NAP. Thus, the goal of this chapter is to directly measure plasma NAP
and further test whether obesity is associated with higher plasma NAP levels.

5.2 Methods
5.2.1

Subjects

In this section, plasma samples of 294 subjects were obtained from the EpiGO study
(see Chapter 2 – 2.2.1 Subjects), among which 40 subjects (20 obese vs. 20 lean, aged 14
- 20) were involved in plasma NAP and ALP concentration tests, and 274 subjects (140
obese vs. 134 lean, aged 14 - 20, 48.5% of females) were involved in plasma total ALP
activity test. Besides, plasma sample and WBC of 4 subjects (1 obese and 3 lean, aged 28
- 34) from GPI ongoing studies (see Chapter 4 – 4.3.1.1 Subjects) were also used to
determine the existence of NAP in plasma.
5.2.2

Plasma NAP and total ALP concentration determination

As ALP isozymes are of the same activity that partially secrete into the blood due
to their extensive enrichment in areas (Hernandez-Mosqueira et al., 2015; Sussman et al.,
1989), the measurement of plasma NAP activity would not be able to distinguish NAP
from other ALP subtypes. Thus, we measured the concentration of plasma NAP as well as
plasma total ALP with commercially available ELISA kits (LifeSpan BioSciences, LSF26641) and (LifeSpan BioSciences, LS-F25266), respectively, in 20 obese subjects and
20 lean subjects from EpiGO study.
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5.2.3

Determination of the existence of NAP in plasma

Western blotting was conducted to determine the existence of NAP in plasma. The
comparison was conducted between WBC and plasma. Anti-TNAP antibody was
performed instead of anti-NAP antibody, which is commercially not available. TNAP
overexpression lysate (OriGene, LY400165) was used as positive control. Human
embryonic kidney (HEK) 293 cells (in TNAP overexpression lysate OriGene LY400165)
were used as negative control. Moreover, TNAP isoforms differs in posttranslational
modifications, in particularly, differ in site and type of glycosylation (Buchet, Millan, &
Magne, 2013). Thus, protein deglycosylation kit (Sigma Aldrich, EDEGLY) was used to
facilitate the detection of NAP’s existence in the plasma.
WBC from 1 subject, and plasma from 3 subjects (1 obese subject and 2 lean
subjects) of GPI ongoing study were collected (see Chapter 4 – 4.3.1.2 Flow cytometry
analysis). Proteins lysates from WBC, clarified by centrifugation (13000rpm, 5 minutes at
4°C), were prepared with SDS buffer. Total protein concentrations of the WBC lysate and
the mix of the 3 plasma samples were measured using BCA protein assay kit (Thermo
Scientific, 23225). Heat-denatured proteins (20 µg) were separated on SDS-PAGE (7.5%
polyacrylamide gel, Bio Rad, 4568094) and transferred to nitrocellulose membranes (Bio
Rad, 1620150). After 1 hour incubation in blocking buffer (5% nonfat milk powder in Tris
Buffered Saline and Tween 20 (TBST)), the proteins were probed with primary antibody,
TNAP antibody (ABCAM, ab108337) overnight at 4°C. Then, the membrane was washed
3 × 5 minutes with TBST, and incubated in anti-rabbit IRDye 680 (LI-COR Biosciences)
as secondary antibody. After washing 3 × 5 minutes with TBST, proteins were visualized
and quantified using the Odyssey system (LI-COR Biosciences).
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5.2.4

Plasma total ALP activity evaluation

If NAP is the main contributor of the increased ALP level in response to obesity,
even if there is no proper approach to measure the plasma NAP, plasma total ALP activity
should be correlated with neutrophil ALPL expression level. Therefore, plasma total ALP
activity of 274 subjects from the EpiGo study was measured using a colorimetric assay ALP Assay Kit (ABCAM, ab83369). Sodium Citrate anti-conjugated plasma was used
instead of EDTA anti-conjugated plasma as EDTA is an inhibitor of ALP (Mohri &
Rezapoor, 2009).
5.2.5

Statistical analysis

Statistical analyses were conducted using Stata SE Version 12 (StataCorp) and R
language. For plasma NAP and ALP concentration tests, mean values were compared by
student’s two-tailed t-test, with p values less than 0.05 considered as significant. For
plasma ALP activity test, linear regression was used to test whether the plasma ALP
activity was different between obese and lean subjects with age, gender, and batch included
as covariates. Data were expressed by mean and standard error. Partial correlation was
conducted in testing whether ALPL gene expression level were associated with plasma total
ALP activity with the adjustment of gender and age. A p value < 0.05 was defined as
significant.

5.3 Results
Plasma NAP and total ALP concentration were detected in 20 obese cases and 20
lean controls (Table 17). The plasma total ALP level was higher in obese compared with
lean subjects (Figure 16A. p = 0.049), and the plasma NAP level was also higher in obese
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subjects, but did not reach statistical significance (Figure 16B. p = 0.288). However, as
shown in Figure 16C and 16D, both the plasma total ALP concentration (with average of
0.26 ± 0.05 ng/ml) and the plasma NAP concentration (with average of 2.26 ± 0.13 ng/ml)
were close to or even outside the lower detection limits of the ELISA kits. The detection
range for total ALP is 0.5 - 10 ng/ml and the detection range for NAP is 1.56 - 100 ng/ml.
This raise the concern on the quality of the data obtained as well as the doubt about the
existence of NAP in peripheral blood.

Table 17: General characteristics of the 40 subjects

Lean

Obese

p value

N

20

20

-

Age (years)

17.5 ± 1.5

17.5 ± 1.5

NS

BMI (kg/m2)

17.4 ± 1.7

43.9 ± 4.8

< 0.001

BMI-percentile (%)

8.2 ± 10.1

99.5 ± 0.2

< 0.001

SBP (mm Hg)

111.1 ± 12.4

120.9 ± 18.5

NS

DBP (mm Hg)

63.1 ± 5.7

63.9 ± 7.5

NS

MAP (mm Hg)

80.0 ± 7.9

84.5 ± 8.8

NS

Insulin (µu/mL)

7.9 ± 3.2

29.6 ± 16.8

< 0.001

Glucose (mg/dL)

91.4 ± 7.0

90.6 ± 9.0

NS

TG (mg/dL)

68.6 ± 28.4

91.8 ± 35.8

< 0.05

TC (mg/dL)

141.6 ± 24.7

163.9 ± 33.1

< 0.05

HDLC (mg/dL)

53.5 ± 10.0

48.2 ± 9.2

NS

LDLC (mg/dL)

110.4 ± 31.2

128.3 ± 46.9

NS

Data expressed as means ± SD. a p value adjusted for age (if applicable).
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B
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C
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Figure 16: Plasma total ALP and NAP level between obese and lean groups using ELISA method (n = 40).
A, plasma total ALP concentration (ng/ml); B, plasma NAP concentration (ng/ml); C, standard curve for
plasma total ALP ELISA. The log-transformed protein concentration and the actual protein concentration
scales are shown in the left and the right axis respectively; D, standard curve for plasma NAP ELISA. The
log-transformed protein concentration and the actual protein concentration scales are shown in the left and
the right axis respectively. Standards are displayed by red dots. Samples are displayed by blue dots

Thus, the next step, NAP’s existence in the plasma was tested. The qualitative test
using immunoblotting showed an ambiguous result that NAP may not exist in plasma.
(Figure 17). After deglycosylation, ALP from the WBC and the plasma were showed of
similar bands (column 4 and 6, Figure 17), there is no exact form of NAP from neutrophils
membrane that exists in plasma (column 3 and 5, Figure 17). However, as plasma NAP
format is unknown, we can not exclude the possibility of NAP’s existence in plasma.

Figure 17: Immunoblotting of TNAP in WBC and plasma with or without deglycosylation. Pos, positive
control, which is ALPL overexpression lysate. Degly-Pos, deglycosylated positive control. WBC, WBC
protein lysates. Degly-WBC, deglycosylated WBC protein lysates. Degly-plasma, deglycosylated plasma.
Neg, negative control, which is HEK293 cell lysates. Degly-Neg, deglycosylated negative control.

Although, ALP activity was higher in obese females than lean females (p < 0.001,
Figure 18), no correlation was observed between plasma total ALP activity and neutrophil
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ALPL gene expression in overall samples, and neither males nor females (Figure 19).
Table 18 shows the general characteristics of 274 subjects involved.

A

B

Figure 18: Plasma ALP activity in all subjects (A, n = 274) and in females (B, n = 133). Bars represent the
total activity. Vertical lines on the bars denote S.E.
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Figure 19: Correlations between ALPL expression level and plasma ALP activity. Residuals was performed
on data of ALP activity
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Table 18: General characteristics of the 274 subjects

Males

Females

Lean

Obese

Lean

Obese

N

71

70

63

70

Age (years)

17.2 ± 1.6

17.4 ± 1.6

17.9 ± 1.7

17.6 ± 1.7

BMI ( kg/m2)

19.6 ± 1.6

35.9 ± 6.6

18.9 ± 1.6

39.4 ± 7.1

BMI-percentile (%)

28.0 ± 17.2

98.2 ± 1.7

22.7 ± 16.4

98.1 ± 1.5

SBP (mm Hg)

110.8 ± 9.3

117.6 ± 14.3

102.9 ± 7.3

117.4 ± 17.4

DBP (mm Hg)

61.8 ± 8.0

61.6 ± 7.2

62.6 ± 5.8

62.4 ± 8.7

MAP (mm Hg)

79.2 ± 7.9

81.7 ± 8.8

76.5 ± 7.2

82.2 ± 10.8

Insulin (µu/mL)

8.0 ± 3.4

20.3 ± 11.3

11.5 ± 5.9

26.0 ± 15.0

Glucose (mg/dL)

91.8 ± 7.6

93.3 ± 7.8

85.0 ± 7.6

88.5 ± 8.3

TG (mg/dL)

65.9 ± 29.5

87.4 ± 46.0

65.3 ± 27.9

79.0 ± 39.3

TC (mg/dL)

147 ± 23.0

158.3 ± 31.2

156.6 ± 25.6

157.4 ± 32.8

HDLC (mg/dL)

55.0 ± 12.2

45.3 ± 10.8

57.3 ± 12.1

48.6 ± 12.2

LDLC (mg/dL)

91.9 ± 32.2

115.9 ± 36.6

98.1 ± 29.2

100.9 ± 34.5

Data expressed as means ± SD.

5.4 Summary
These results indicate that there might be other mechanisms involved that can
explain the predictive effect of total ALP activities for CVD morbidity and mortality.
However, before we know the plasma NAP format, we cannot exclude the possibility that
plasma NAP increase might be the reason for total plasma ALP activity increase.
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VI.

DISCUSSION

In this study, we first demonstrated the association between obesity status and
neutrophil activation, and found this activation is distinct to obesity, compared with CF
and exercise challenge, and to neutrophils, compared with monocytes in response to
obesity. Then, we conducted a series of hypothesis free omic studies to identify the
epigenomic, transcriptomic and proteomic changes in neutrophils, from which a potential
gene, ALPL, was found to be more activated in obese subjects. We further replicated the
obesity related expression changes of ALPL in neutrophils in both EA, AA and Caucasians
as well as in both males and females, and observed the up-regulated ALPL expression level
associated with CVD risk factors. Moreover, ALPL cellular protein level was also found to
be positively associated with obesity status. However, whether the higher level of plasma
ALP observed in literatures is originated from neutrophils is still unknown.

6.1 Transcriptome changes reveal neutrophil activation is distinct to obesity
status and neutrophils
RNA-seq provides information that could help us better understand the
transcriptional events in different disease status. However, there are limited studies about
RNA-seq on neutrophils as neutrophils are particularly challenging cells to work with. It
contains 10–20 times less mRNA per cell than monocytes, thus requiring increased cell
numbers for an equivalent quantity of mRNA. The endonucleases within the human
neutrophils present further challenges to prepare high-quality nucleic acid for sequencing
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analysis. We have developed a protocol not only suitable for large-scale population studies
but also can provide enough high quality cells for the downstream omics analysis (Chapter
3). For the RNA-sequencing analysis presented in Chapter 2, the quality of the sequencing
data was shown in Table 19. This quality is much higher than a recently published paper
(Jiang et al., 2015) on RNA sequencing in human neutrophils which has raw read number
ranging from 15 to 24 million and % of mapped reads ranges from 66.7 to 83.1%. Our
neutrophil storage protocol can provide high quality neutrophils for transcriptome analysis.
Furthermore, in the quantitative proteomic data (Chapter 3), we identified 610 proteins
with a range of 507 - 652 in each sample. This is very similar to the study (Kotz et al., 2010)
published in Nature Medicine which used the same proteomic approach and identified 600
consistently detectable proteins (detectable in more than half of the samples) These data
show strong evidence that our neutrophil storage and extraction protocol can provide high
quality neutrophil for transcriptome and the proteome analysis.

Table 19: RNA-seq data from 24 samples

# of raw reads

% total mapped

% uniquely mapped

Mean

35,991,524

95.8

86.7

Min.

31,215,290

95.2

82.9

Max.

42,244,222

96.3

89.1

Traditionally, neutrophil is considered a simple killing cell against bacterial with
the function of phagocytosis and degranulation. However, recent studies have found that
neutrophils are cells with transcriptionally active complexities that participate in multiple
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disease (Mishalian, Granot, & Fridlender, 2017; Uribe-Querol & Rosales, 2015), produce
cytokines (Tecchio & Cassatella, 2016), activate neighboring cells (Greenlee-Wacker,
2016), and regulate other immune cells for long-term immune response (Chen et al., 2014).
The multiple functions of neutrophils are induced by transcriptional activation that changes
the expression of surface molecules and then their activities (Rosales, 2018). Our RNAseq results for neutrophils in response to obesity showed significant transcriptome changes
Pathway enrichment analysis further revealed that the differentially regulated biological
functions included development of lymphocyte, antigen presenting cells and myeloid cells,
activation and proliferation of lymphocytes, maturation of dendritic cells and phagocytes.
These changes supported the concept that neutrophils are key regulators for both innate
and adaptive immunity in response to obesity.
Traditionally, neutrophil activation has been considered as non-specific. This
concept is also being changed by recent findings. For example, in terms of oxidative burst
between subjects of acute infections and CF, neutrophils from CF patients shows more
oxidants release (Witko-Sarsat et al., 1996). Furthermore, the same stimuli could result in
different activation reactions in different diseases. For example, when TNFα and IL8,
which play significant roles in neutrophil priming, are used as activating stimuli,
neutrophils from CF patients showed a greater release of neutrophil elastase than
neutrophils from healthy subjects and bronchiectatic patients (Taggart et al., 2000). Even
the same stimuli with different intensity could lead to different activations. For example,
acute severe exercise shows enhanced neutrophil chemotaxis, while chronic moderate
exercise has its neutrophil phagocytosis and citrate synthase activity increased (Syu, Chen,
& Jen, 2012). In this study, we compared neutrophil transcriptome undergoing different
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neutrophil activation situations, i.e. obesity, exercise challenge, and CF, and found that
neutrophil transcriptomes show obvious variations that correspond to different neutrophil
activation conditions. For example, functional enrichment analyses by IPA showed that
obesity linked neutrophil transcriptome change (Table 3) have the top one up-regulated
functional group enriched in cellular development (z score = 2.48). Although, this
functional group also showed an up-regulated trend in exercise challenge, it was not
significant (z score = 0.67). Additionally, this functional group showed a non-significant
down-regulation in CF (z score = -0.29). Similar results were observed in majority of the
other functional groups as well as in IPA predicted signaling pathways (Table 4) and
upstream regulators (Table 5). These illustrate that the neutrophil gene expression changes
in response to obesity exhibit substantial differences except for few similarities in
comparison with exercise challenge and CF. In addition, when we took those minor
similarities into further consideration, we observed the involved genes were different
(Figure 4).
Traditionally, the primary cell type responsible for inflammation in obesity has
been considered as the macrophage in adipose tissues, therefore, previous research has
been focusing on peripheral monocytes. We further explored whether obesity related
changes are unique in neutrophils in comparisons with monocytes and observed
substantially difference. This is in consistent with the studies in juvenile idiopathic arthritis
which showed that neutrophil transcriptomes were activated in translational elongation and
intracellular signaling cascade (Jiang et al., 2015), while monocyte transcriptomes were
activated in immunoglobulin A (IgA) production, Fcγ receptor-mediated pathway and
cytokine-cytokine receptor interaction (Gaur, Myles, Misra, & Aggarwal, 2017). Our data
86

provided useful evidence that neutrophil activation is unique in obesity, in comparation
with CF and exercise challenge, which suggests the importance of the discovery of
neutrophil activation markers for future in vivo and in vitro studies to pinpoint the specific
obesity related neutrophil phenotype.
6.2 Multi-omic studies offer overview of biological mechanisms
Most biological processes are dynamic. Multitude of interactions among the
genome, epigenome, transcriptome, proteome, metabolome, and ionome are involved in
biological processes and their regulation (Bensimon, Heck, & Aebersold, 2012; Gutteridge
et al., 2010; Kurakin, 2009). Thus, it is important to understand a biological process
comprehensively by dissecting those biological layers as a whole but not separate elements.
Multi-layer omics studies have the potential to provide comprehensive, structured and
interactive views of biological systems. On the contrary, bias may exist in single-layer
omics study. For example, from the transcriptome, the encoded protein might be a secreted
protein that does not physically locate in the cells. From the proteomics, the proteins prepacked during neutrophil generation in the bone marrow might not show transcriptome
difference in peripheral neutrophils. Therefore, in order to prioritize genes that are likely
to be differentially expressed and selected for further validation, in the discovery phase,
we integrate transcriptome, proteome, and epigenome by crosschecking their top signals.
6.3 ALPL has its gene expression level associated with CVD risks
By integrating our multi-omic studies, ALPL was identified activated in neutrophils
in obese subjects. We further replicated the expression change of ALPL in obese status,
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and observed the up-regulated ALPL expression level associated with CVD risk factors in
AAs and EAs, young and older populations, as well as males and females.
6.4 Neutrophils that express NAP may serve as a novel neutrophil subset
Neutrophils NAP levels have been reported raised in diseases including bacterial
infection (R.G.I. Aurelian Udristioiu, Manole Cojocaru and Adela Joanta, 2014; Karlsson,
Khalfan, Dahlgren, Stigbrand, & Follin, 1995), Down’s syndrome and various preleukaemic conditions (R.G.I. Aurelian Udristioiu, Manole Cojocaru and Adela Joanta,
2014). NAP-over-expressed neutrophils display enhanced chemotaxis. The boost
chemotaxis may raise the migration ability of neutrophils reaching inflammatory sites and
contributes to other innate immune responses (Li et al., 2016). Not all the neutrophils
represent NAP. The FCS result is represented by percentage of neutrophils that express
NAP, makes our evaluation unaffected by the increase of total neutrophil number in obesity.
Our results not only showed an increased cellular NAP protein level in obese status
(Figure 13), but also reflected there could be more functional NAP exist on neutrophil cell
membrane. Studies had illustrated that TNAP has to tether to cell membranes to fulfill its
functions (Weninger, Stinson, Plenk, Bock, & Pollak, 1989; Whyte et al., 1984; Whyte,
Valdes, Ryan, & McAlister, 1982). Certain inflammations drive NAP transported from the
secretory vesicles rapidly onto the cell membrane (Borregaard et al., 1987). Obese status
may have similar NAP translocation induced. We divided the % of neutrophil that express
NAP from the % of neutrophils that express NAP on its cell membrane, and get the % of
membrane NAP+ cells amount the total NAP expression cells (% surface NAP+ cells). We
observed a significantly positive correlation between this % of surface NAP+ cells and BMI
(p = 0.0213, Figure 20), which indicates that with the increase of BMI, among all cells
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that express NAP, more membrane NAP+ cells exist. This may result from the stimulation
of pro-inflammatory or anti-inflammatory factors in response to obesity associated lowgrade inflammation.

Figure 20: Correlations between BMI and the percentage of neutrophils that express NAP on the cell surface
in total NAP+ neutrophils (n = 22)

Neutrophil is a cell type that shows heterogeneity. The various neutrophil functions
could be induced by the surface molecules expressions and their activity changes (Rosales,
2018). Microenvironments under different disease conditions induces neutrophil
acquirement of specialized functions. Interestingly, these surface molecule expression and
activation changes are usually detected in only a subset of neutrophils (Beyrau, Bodkin, &
Nourshargh, 2012). However, compared with neutrophils in sites, peripheral neutrophils
are considered as lack of stability of the observed phenotypes, making the population of
neutrophils phenotypes in blood under controversy. Future studies are needed to confirm
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whether NAP expression neutrophil could serve as a particular neutrophil subset in
response to inflammation in general as well as in obesity.
6.5 Plasma NAP shows low values in commercial NAP concentration measuring
kit
In order to particularly target on plasma NAP, in chapter 4, we measured plasma
NAP concentration using ELISA Kit. Plasma total ALP concentration was also measured
in order to check the consistency of plasma NAP and plasma ALP level change, as well as
the contribution of NAP to the total ALP. However, both of the ELISA Kits showed
detections at a lower range of the standard curve. It indicates, first, NAP may not be a
major contributor to obesity related plasma total ALP increases. Secondly, the NAP ELISA
Kit may not be reliable. Among ALP isozymes, placenta-ALP is the only ALP subtype that
has its structure understood (Millan, 2006). Placenta-ALP, germ cell-ALP and intestineALP have their structure 90 - 98% identical, though TNAP is about 50% homologous to
the other three (Millán, 2006). TNAP subtypes (including liver-ALP, bone-ALP, kidneyALP and NAP) differ only by posttranslational modifications – glycosalation (Seibel et al.,
2006). While, neither the length, type nor carbohydrate chains position of the TNAP
subtypes was clearly understood. Thus, based on the current knowledge, it may be unlikely
to have a specific NAP antibody used for NAP concentration test that could distinguish it
from other TNAP subtypes. And thirdly, the low detections may indicate NAP’s absent in
plasma. In order to clarify this concern, we performed Western blot analysis as our next
step to detect the existence of plasma NAP.
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6.6 Immunoblotting shows ambiguous results of plasma NAP existence
ALP is a large family of glycoproteins (Peters, Heemskerk, Masereeuw, & Pickkers,
2014; Tsai et al., 2000) that widely exists in multiple tissues and cell types with a stable
pH range of 7.4 - 9.8 (Krishnaswamy & Kenkare, 1970) and optimal pH at 9.0 (Mobley,
Chengappa, Kadel, & Stuart, 1984). Although ALP has a large number of isozymes,
basically, each of their catalytic sites that are necessary for enzymatic activity contain three
metal ions - two Zn and one Mg. These enzymes have the same function as catalyzing
hydrolysis of phosphoric acid monoesters and catalyzing transphosphorylation under a
high concentration of phosphate accepters (Millan, 2006). ALPs usually exist as tetramers
on cell membranes (Van Hoof & De Broe, 1994) (NAP’s form is unknown). All ALPs are
attached to the cytoplasmic membrane via glycosyl phosphatidyl inositol (GPI) anchor
(Giocondi, Seantier, Dosset, Milhiet, & Le Grimellec, 2008; Van Hoof & De Broe, 1994).
They secrete into the blood during the excessive abundance in areas, or the rupture of their
origin cells (Sebastian-Serrano et al., 2015). When ALP release into the circulation, they
were found to be homodimers (Hawrylak & Stinson, 1988). It is generally agreed that, in
blood, liver-ALP and bone-ALP represent 95% with a similar contribution (Buchet et al.,
2013; Magnusson, Degerblad, Saaf, Larsson, & Thoren, 1997). However, the traditional
way of estimating blood ALP isoenzymes is questioning that makes blood ALP
composition and separation remained unclear. Traditionally, bone-ALP was measured
using a commercial bone-specific ALP enzyme immunoassay; intestine-ALP was
measured by treating levamisole to inhibit TNAP (Harris, 1982); and liver-ALP was then
calculated by subtracting bone-ALP and intestine-ALP from the total ALP activity
measured by colorimetric assay (Ali et al., 2006).
91

Therefore, as there’s not much

information available for reference, our study of testing plasma NAP’s existence faces
challenge.
As shown in Figure 17, even there’s no exact band showing NAP’s existence
(column 3 vs. column 5), there is still a chance for it: 1) NAP may has a low content in
plasma that could be visually available when increasing the plasma loading amount; 2)
when NAP transfer into the blood from neutrophil membrane, or affected by other plasma
component (such like lipids and prosteins), some glycosylations may occur that gives NAP
new change of its carbohydrate chains. These changes may lead to a different band position
of plasma NAP from WBC membrane NAP; 3) plasma is a complex sample with many
components. The visualized band for plasma may shift that not reflect the actual size of the
protein. Moreover, after deglycosylation, the bands of WBC NAP (column 4), plasma
TNAP (column 6) and ALPL overexpression lysate (column 2) were supposed to be on the
same level. However, our result showed column 4 and 6 were about the same level, while,
column 2 was different from those two. This may because of that the deglycosylation Kit
is targeting on N and O-linked glycans, which was the 2 major linkages of a total of at least
41 reported glycosylation types (Spiro, 2002). Generally, the immunoblotting result
showed no NAP exists in the plasma. However, to authentically confirm NAP’s existence,
antibody that targets on NAP’s specific glycosyl should be used. Yet, there is few specific
antibodies for glycosylation, not to mention NAP’s glycosyl form which is unknown.
6.7 No correlation was found between plasma total ALP activity and neutrophil
ALPL expression
Although NAP concentration cannot be measured, and its existence in blood is
uncertain, there is still a possibility that NAP is the main contributor of plasma ALP. If it
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is the case, there should be a correlation between plasma total ALP activity and neutrophil
ALPL expression (Figure 21).

Figure 21: Flow chart. Black arrow represents the pathway has been validated. Grey arrow represents the
pathway that has not be validated. Blue arrow indicates the inferred relationship. NEU, neutrophil

In our study, we did not observed correlation between ALP activity and neutrophil
ALPL expression in a sample size of 274, further indicating that neutrophil NAP might not
be a major contributor to plasma ALP activity
6.8 Strength
The strength of the current study includes: (1) the two-step approach, which
included a hypothesis-free omics step on purified neutrophils with 3 platforms as well as a
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replication step to validate the findings from the discovery phase and further establish the
link between NAP and CVD risk factors; and (2) the focus on young-aged population at a
pre-disease stage, allowing detection of obesity-specific neutrophil activation markers in
the absence of co-morbidities and medication-related interactions. (3) By including EA and
AA as well as males and females, we were able to replicate obesity induced NAP activation
in both ethnic and gender groups. (4) This project for the first time elucidates the role of
NAP in obese and its related CVD risks.
6.9 Limitation
Nevertheless, several limitations of this study need to be recognized. First, animal
studies in mice showed adipose tissue eosinophils play a role in insulin sensitivity
improvement and IL-4 related anti-inflammatory responses stimulation. While, there is still
a lack of knowledge in eosinophils’ role for human obesity and whether they will affect
neutrophil evaluation in the peripheral blood. Our protocol for neutrophil purification did
not include a step to delete basophils and eosinophils that consist of about 3–5% of the
granulocytes. De et al. (De et al., 2005) showed that neutrophils isolated by this method
have a purification of ≥ 96%. In a recent study (Thomas, Moots, Edwards, & Wright, 2015),
this method was compared with StemCell untouched neutrophil isolation kit (negative
selection of “highly pure” neutrophils) and observed that the negative selection did
improve the purification (≥ 98%), but the overall yield of neutrophils was decreased by
50%. They also observed that low numbers (< 5%) of contaminating basophils and
eosinophils in neutrophil preparations contribute very little to the overall transcriptome
profile of human neutrophils. Since neutrophil has limited amount of RNAs (i.e. 10 – 20
times less than monocytes), the yield of neutrophils is also an important factor to
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considerate in population studies. Secondly, it would also be interesting to examine
the ALPL expression in different glucose tolerance groups. Thirdly, studies have found
that neutrophils from obese subjects are more responsive to chemotactic migration
(Bibiloni et al., 2016), however, whether inhibition of NAP can reverse neutrophil
migration activities has not been examined. Further research in this direction is warranted.

6.10 Conclusion
In conclusion, this study provided evidence that NAP could serve as a novel marker
of neutrophil activation in response to obesity and its associated CVD risks. Future studies
of NAP may reveal more obesity induced inflammation pathways and contribute to the
development of novel intervention strategies reducing the burden associated with obesity
linked CVD risks.
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