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ABSTRACT
CD40 MARKER IN MONOCYTE PREDICTS PROGNOSIS OF VASCULAR
INFLAMMATION IN CHRONIC KIDNEY DISEASE AND EPIGENETIC
MODIFICATION
Jiyeon Yang
Doctor of Philosophy
Temple University, 2015
Doctoral Advisory Committee Chair: Hong Wang, MD, PhD
Patients with chronic kidney disease (CKD) develop hyperhomocysteinemia
(HHcy), have increased inflammatory monocytes (MC) and 10-times higher cardiovascular
mortality than the general population. Here, we investigated HHcy-related MC
differentiation in CKD. Twenty seven CKD and CVD, and 14 healthy subjects were
recruited. CD40 was selected as a CKD-induced MC activation marker by mining for
CKD-MC-mRNA screen database. We found that CD14++CD16+ MC, often denoted as
inflammatory subset, soluble CD40 ligand (sCD40L), and TNFα/IL-6 levels were
augmented in CVD and CKD subjects. CD40hiCD14++CD16+ MC, plasma homocysteine
(Hcy) and S-adenosylhomocysteine (SAH) levels were increased in CVD and further
elevated in CKD subjects. In cultured human peripheral blood mononuclear cells, CKD
patient serum, Hcy, CD40L and TNFα/IL-6 induced CD40hiCD14++CD16+ MC
differentiation, which was prevented by Hcy-lowering folic acid and neutralizing
iii

antibodies against TNFα and IL-6. Interestingly, CD14++CD16+ and CD40hiCD14++CD16+
MCs were negatively correlated with plasma S-adenosylmethionine/SAH (SAM/SAH)
ratios, an indicator of methylation status, in CKD and CVD subjects. In white blood cells
(WBC) isolated from CKD and CVD subjects with lower SAM/SAH ratios,
hypomethylation was identified on the CG pair of NFκB consensus element in the core
promoter located at the CpG island of CD40 gene by DNA methylation mapping using
bisulfite converting pyrosequencing. Moreover, Hcy inhibited DNA methyltransferase-1
activity in cultured human blood MC. In conclusion, HHcy induces CD14++CD16+ and
CD40hiCD14++CD16+ MC differentiation, at least in part, via sCD40L induction and CD40
DNA hypomethylation in CKD and CVD subjects.
To study the role of CD40 in the development of kidney pathology and vascular
disease, we then established mouse model of CKD-induced CVD (5/6 nephrectomy CKD
model plus left carotid artery ligation) in CD40-/- mice. Bone marrow (BM)-derived cells
were traced by the transplantation of BM cells from enhanced green fluorescent protein
(EGFP) transgenic CD40+/+ mice after sublethal irradiation of the recipient CD40-/- mice.
We demonstrated here that CKD accelerated carotid artery atherosclerosis, exacerbated
metabolism, increased spleen weight and circulating CD40+ inflammatory MC, and further
increased differentiation of mononuclear phagocytic cells (MPC); CD11b+F4/80- MC,
CD11b+F4/80+ macrophage (Mϕ) and CD11c+CD11b+F4/80+ bone marrow-derived
dendritic cell in the kidney and aorta, which were abolished by CD40-/- mice. We also
found that CKD kidney elevated CD40 expression and induced MC chemotactic signals;
CCL2, CCL12, and CCL5 chemokines, which were abolished in CD40-/- mice.
iv

In

conclusion, our results suggest that CD40 induction in the chronic kidney disease mediates
kidney chemokine production, which in turn contributes to acceleration of myeloid cell
infiltration, MPC differentiation, and carotid artery atherosclerosis.
The studies in this dissertation were supported by grants from the National
Institutes of Health (NIH).
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CHAPTER 1
INTRODUCTION
Chronic kidney disease; Stages of progressive renal disorders
Chronic kidney disease (CKD) is defined as raised proteinuria or impaired kidney
function that is confirmed on two or more occasions at least 3 months apart. Proteinuria is
assessed by the urinary albumin-to-creatinine ratio. CKD is classified into five stages based
on glomerular filtration rate (GFR) levels (2002). GFR indicates the percentage of
glomeruli in kidney that functionally filter the molecules. Serum creatinine level is used to
estimate GFR and is correlated with muscle mass, which is in turn influenced by race, age,
and sex. Since muscle mass decreases with age, older people tend to have lower normal
GFR levels.
The CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation
was developed to adjust for muscle mass:
GFR=141x minute (sCr/κ,1)α x max(sCr/κ,1)-1.209x0.993Age x1.018[if female]x1.159 [if
black]
Where sCr is serum creatinine (mg/dL), κ is 0.7 for females and 0.9 for males, α is
–0.329 for females and –0.411 for males, min indicates the minimum of sCr/κ or 1, and
max indicates the maximum of sCr/κ or 1.
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Normal GFR is in the range between 90 and 120 mL/min/1.73 m2. Concerning
subjects in stage 1~2 CKD, in the range between 60 and 90 mL/min/1.73 m2, there are
usually no symptoms to indicate that the kidneys are damaged. The aim in managing those
subjects in primary care is to monitor them at least once a year to reduce the risk of
progressive renal disease. Levels below 60 mL/min/1.73 m2 for 3 months are a sign of CKD
stage 3. Patients are monitored more frequently by examining blood levels of chemicals
and require treatment of any underlying kidney conditions such as blood glucose control
and blood pressure control, etc. When the kidney function drops to 10-15 % of normal
kidney function in CKD stage 5, also termed end stage renal disease (ESRD), the
hemodialysis procedure is needed for patient survival (Foundation, 2002) (Table 1).
These progressive stages of kidney dysfunction are tightly linked by multiple
phases of inflammatory response via interaction between mononuclear cells and kidney
tissue, and CKD-induced amplification of chemokine/cytokine effect (Anders et al., 2003).
The case of subjects in stage 1~2 CKD, characterized by initial injury or mechanical stress
on renal glomerulus, is composed of renal epithelial cells and vascular endothelial cells,
which initiate release of chemokines and recruit mononuclear cells. The elevation of serum
creatinine and albumin results in initial injury of glomerulus, but kidney function is normal
in this initial stage of inflammation. Kidney damage can be resolved by increasing antiinflammatory mediators and cell apoptosis, suppressing chemokine expression and cell
proliferation.

2

If the kidney damage progresses in CKD stage 3, infiltrating mononuclear cells will
secrete more chemokines and mediators to amplify the inflammation. Proteinuria and
hypoxia cause declined oxygenation and destroy the kidney glomerular structure. There is
glomerular spill-over of chemokines via tubular lumen and vasa efferens, leading to
amplification of inflammation in the tubular interstitium, fibroblast proliferation, and
extracellular matrix accumulation (Anders et al., 2003).
Kidney-related cardiovascular risk factors
Major features of CKD are increased susceptibility to cardiovascular disease
(CVD), infections, and poor vaccine response due to impaired cellular and humoral
immune response (Hauser et al., 2008). Cardiovascular disease (CVD) is prevalent in CKD
patients and account for 50% of deaths in the end stage of CKD (Foley et al., 1998). CKD
patients have 10~30 times higher cardiovascular mortality than the general population
(Foley et al., 1998). According to the World Health Organization (WHO), cardiovascular
diseases (CVDs), including ischemia heart disease and stroke, are the number one cause of
deaths worldwide.
In the 1970s, studies of atherosclerosis related to lipids predominated since lipid is
a risk factor of atherosclerosis. Despite cholesterol as a central risk factor for
atherosclerosis, certain subpopulation is not easily explained by dyslipidemia. Lipid
lowering therapy cannot prevent atherosclerotic thrombosis in some population. Emerging
attention has been drawn to identify and treat modifiable traditional risk factors other than
hyperlipidemia,

including

obesity,

smoking,
3

hypertension

and

hyperglycemia.

Furthermore, in addition to risk factors mentioned above, dysregulation of inflammation
and oxidative stress have been suggested as the mechanisms to contribute to the
pathogenesis of CVD in CKD subjects (Herzog et al., 2011).
Because kidney function is significantly important to remove toxic metabolites
from the circulation, non-traditional risk factors in patients with CKD explain the
substantial increases of CVD. These include accumulated uremic compounds such as
homocysteine (Hcy), S-adenosylhomocysteine (SAH), renin, angiotensin II, cytokines etc.
These are small molecules and their removal is difficult by hemodialysis. Certain
molecules become toxic when they are biologically active after post-translational
modification; homocystylated proteins, carbomylated-LDL, indoxyl sulfate, advanced
glycation end product, etc. Currently, 88 toxins in uremia were identified and considered
to negatively influence biological functions in patients with CVD (Moradi et al., 2013).
Therapeutic targets for treatment of uremic toxicity are in great need.
Hyperhomocysteinemia, a uremic toxin and risk factor for CVD
Several mechanisms have been proposed to explain cardiovascular pathological
changes associated with hyperhomocysteinemia (HHcy). Hcy forms thiolactone to elevate
oxidative stress (Refsum et al., 1985), (Sibrian-Vazquez et al., 2010), interacts with lysine
residue to modify protein functions (Jakubowski, 2007), and alters cellular methionine
metabolic pathway and cellular methylation potential (Cacciapuoti, 2011). Hcy causes
endothelial cell (EC) damage (Jamaluddin et al., 2007b; Tan et al., 2006; Wang et al.,
1997), impaired endothelial function (Cheng et al., 2009; Jiang et al., 2005), dysregulation
4

of cholesterol and triglyceride biosynthesis (Liao et al., 2006; Werstuck et al., 2001),
thrombosis activation, alterations in vessel structure and stimulation of VSMC
proliferation (Tsai et al., 1994; Tsai et al., 1996).
Hcy is a metabolite of methionine and can be converted to S-adenosylhomocysteine
(SAH), a potent inhibitor for methyltransferase (Lee and Wang, 1999). Methionine is a
precursor of S-adenosylmethionine (SAM), a substrate of methyltransferases and principal
methyl donor. SAM becomes SAH after donating its methyl group (Figure 1).
Hcy and its metabolite SAH are uremic toxins that accumulate in the plasma of
patients with CKD as the result of impaired renal function and insufficient renal clearance
(Moradi et al., 2013). HHcy has been established as an independent risk factor for CVD
(Table 2) and a cause of cardiovascular events in CKD (Heinz et al., 2009), (Valli et al.,
2008), and can be used as a biomarker to predict CVD outcome in CKD (Mallamaci et al.,
2002). In the meta-analysis, an increase of 5 µM in plasma Hcy magnifies the risk of
cardiovascular disease (CVD) by 1.6- to 1.8-fold (Boushey et al., 1995).
In patients with deficiency or polymorphism in Hcy metabolism-related genes such
as methylenetetrahydrofolate reductase (MTHFR), cystathionine beta synthase (CBS),
plasma Hcy levels are elevated to 200 µM, called severe HHcy. In general, CKD patients’
plasma Hcy levels are 25~30 µM, which are a much higher level than 15~20 µM of plasma
Hcy level in CVD patients and 5~10 µM of plasma Hcy level in healthy subjects (Figure
17 A). It is acknowledged that liver is a major site of Hcy and SAH production and release
to circulation, while the kidneys are a major site of plasma SAH disposal (Garibotto et al.,
5

2009). Kidney epithelial cells in proximal tubule express organic anion transporter 1
(OAT1), which excretes plasma Hcy to urine (Zalups and Ahmad, 2004). One possibility
of HHcy in CKD is due to reduced kidney function of Hcy and SAH excretion.
It is generally agreed upon that SAM/SAH ratio implicates cellular methylation
status (Jamaluddin et al., 2007c). Uremia-associated HHcy is accompanied by altered
epigenetic regulation (Zawada et al., 2013) and global DNA methylation change (Ingrosso
et al., 2003), (Stenvinkel et al., 2007). Promoter DNA hypomethylation of p66Shc (SHC1),
a stress responsible protein, was identified in blood cells from CKD subjects (Geisel et al.,
2007). Differential DNA methylation patterns were found in genes related to inflammation
and oxidation in disease kidneys (Smyth et al., 2014; Wing et al., 2014). However, the
mechanism underlying HHcy-induced CVD and CKD remains unclear.
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Polyamine cycle
Ornithine

PAO

CO2
Putrescine

N-Acetylspermidine Spermidine
synthase
SSAT
Spermidine
N-Acetylspermine Spermine
synthase

dcSAM

Spermine
SSAT

Figure 1. Hcy/Methylation pathway. Methionine is converted to SAM, which
binds to methyltransferase and transfers methyl group to DNA, protein. Excess Hcy can be
removed by 3 pathways. First is transsulfuration by CBS enzyme. Second is re-methylation
and conversion to SAM. SAM is also an enzyme for the polyamine pathway which is
known to stabilize DNA and RNA, and change cellular function. Third is to convert SAH.
SAH is a competitive inhibitor of SAM binding to methyltransferase, resulting in cellular
hypomethylation. Although there are two possible metabolic pathways, previous study in
our group suggests SAH accumulation and DNA hypomethylation are the key mechanisms
in HHcy. To synthesize polyamines, SAM becomes decarboxylated (dcSAM). The
predominat polyaminesare spermidine and spermine. SAH, s-adenosylhomocysteine; SAM,
s-adenosylmethionine; me, methylation; CBS, cystathionine beta synthase.
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Mouse models of CKD-induced CVD
Several mouse models of CKD have been introduced. The model of unilateral
ureteral obstruction (UUO) as a renal fibrosis has an essential in vivo model. This model is
induced in mice or rats by unilateral ureteral ligation of the left ureter. The animals rapidly
develop, within a few days, severe tubulo-interstitial renal fibrosis with extracellular matrix
expansion and an inflammatory cell infiltrate in the affected kidney. This model is used to
define the renal fibrogenic response for CKD patients (Eddy et al., 2012). Because this
mouse model has a normal kidney on the other side, kidney filtration function is
compensated and level of plasma blood urea nitrogen (BUN), a common blood test to
evaluate kidney function along with the creatinine test, is normal. One of the most wellknown experimentally-induced CKD model is 5/6 nephrectomy. The 5/6 nephrectomy is a
widely used and highly pathophysiologically relevant CKD model. This model destroys
85% of kidney glomerular function and similar to end stage renal disease in patients. CKD
is induced by surgical ablation of left kidney and uninephrectomy of right kidney. Up to
June 2014, there are 1,014 publications using the model in the PubMed. Among 400 papers
and reviews using the model published since 2007, many papers were published in the high
profile nephrology journals including 11 in Journal of American Society of Nephrology.
(IF. 9.5), 16 in the journal Kidney International (IF. 7.9) and 31 in American Journal of
Physiology. In addition, some papers were also published in top journals in the
cardiovascular field including Journal of Clinical Investigation (Hobo et al., 2009),
Circulation (Onoue et al., 2009), Circulation Research. (Du et al., 2011), Journal of
American College Cardiology (Ogino et al., 2010) and Atherosclerosis, thrombosis, and
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vascular biology (Ohashi et al., 2007). This mouse model elevates plasma BUN level
within in one week after kidney surgery. Therefore, this model is relevant to study uremic
toxin induced-vascular damage.
Major CKD-induced CVDs are ischemic heart disease (coronary artery disease,
CAD) and stroke. CAD is the disease of the blood arteries supplying the heart muscle
whereas a cerebrovascular accident, or stroke, occurs when blood flow to a part of the brain
stops. The underlying pathological process of coronary artery disease and stroke is
atherosclerosis.
The major cause of vascular complication in CKD is stenosis due to neointimal
hyperplasia (NH). Neointimal hyperplasia refers to vascular remodeling with thickening of
the intima and thinning of the media, resulting in a narrow lumen in the vessel. Several
studies have shown that uremic condition in CKD accelerates the development of NH
(Kokubo et al., 2009; Langer et al., 2010). Dr. Eric Choi’s group created mouse model to
study CKD-induced vascular remodeling. CKD is induced by surgical ablation of left
kidney, uninephrectomy of right kidney, and vascular remodeling as a CVD model was
induced by carotid artery ligation (Kokubo et al., 2009). In this disease model, CKD
induces severe NH in the carotid artery. However, the underlying mechanism of CKDinduced CVD initiation is not clear.
During the initial step of atherosclerosis, the endothelium is activated and inflamed
due to insults such as uremic toxins. Activated endothelial cells (ECs) express high levels
of adhesion molecules and pro-inflammatory chemokines and cytokines, which attract
9

circulating mononuclear cells. At the same time, the inflamed endothelium allows
mononuclear cells to transmigrate to the sub-endothelium. Meanwhile, in response to the
inflammatory signals initiated in ECs, vascular smooth muscle cells (VSMCs) are induced
to release chemokines, which act together with the inflamed endothelium in orchestrating
the recruitment of monocytes and T cells into the arterial wall. Transmigrated monocytes
differentiate into macrophages (Mϕs), which form foam cells within the intima by taking
up modified lipids; these foam cells form a fatty streak. Mɸs, along with activated T cells
in the sub-endothelium, produce additional pro-inflammatory cytokines. These proinflammatory stimuli aggravate the inflammatory process by driving additional immune
cell recruitment, proliferation of VSMCs, and phenotypic switch from contractile to
synthetic; the inflammatory process becomes one that is chronic. Proliferating VSMCs
synthesize collagen and elastin which form a fibrous cap, and a lipid core is formed by the
accumulation of T cells, foam cells, and lipids in the sub-endothelium.
Reportedly, one of the pathological processes of CKD-induced NH is proliferation
and migration of vascular smooth muscle cells via uremic serum-induced caspase-1
activation (Drs. Yang and Choi laboratories, unpublished data). More importantly, the early
stage of atherosclerosis is considered the rate-limiting step because following
morphological change in vessel starts after recruitment of monocytes and T cells into the
arterial wall.
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Monocytosis in CVD
Inflammatory MCs are the major cellular component in atherosclerotic plaque.
Accumulation of activated immune cells, including inflammatory MCs and Mϕs, and T
lymphocytes in the vessel wall produce inflammatory cytokines and facilitate vascular
inflammation.
Inflammatory monocytes may contribute to vascular inflammation by not only
producing inflammatory cytokines but also immune cell differentiation. The action of T
cells in atherosclerosis is similar to a CD4+ T helper cell 1 (Th1)-mediated hypersensitivity
reaction, which might use ox-LDL as a possible auto-antigenic stimulus (Tedgui and
Bernard, 1994). Classical CD14+ MC is critical for clearance of LDL, whereas CD16+ MCs
including intermediate and nonclassical MCs have higher expression levels of major
histocompatibility complex class II (MHC-II) and higher capacity to uptake ox-LDL than
CD16- MCs (Mosig et al., 2009). Circulating MC could infiltrate into the peripheral tissues
and differentiate into Mϕs, inflammatory dendritic cells (DC), tumor necrosis factor-α
(TNF-α) and inducible nitric oxide synthase (iNOS)-producing DC (TIP DCs)(Huang et
al.) or other MC and Mϕ lineage cells such as osteoclasts(Gordon and Taylor, 2005). In
human atherosclerosis, CD68 expressing Mϕs are enriched within the arterial wall
(Spanbroek et al., 2003). In addition, T cells may be involved in the atherosclerosis
formation, especially in the early phase of plaque formation (Song et al., 2001).
Experimental and clinical studies strongly suggest that MCs and Mϕs not only are present
in atherosclerosis, but also significantly contribute to its initiation and progression.
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Atherosclerosis is often accompanied with monocytosis, an abnormal increase in the
numbers of circulating MCs.
Similarly, MCs are the major infiltrating immune cells in the ischemic brain in
stroke. MC infiltration is one of the earliest cellular responses in stroke. It occurs 4 hours
after stroke and reaches maximum infiltration in 7 days (Gelderblom et al., 2009).
Inflammation accompanying stroke plays an important role in secondary ischemic injury
(Jin et al.). Infiltrated inflammatory cells can produce reactive oxygen species (ROS),
inflammatory cytokines and matrix metalloproteinase, inducing neuron injury directly or
indirectly by inducing blood brain barrier (BBB) disruption, which can lead to edema,
cerebral hemorrhage and a vicious circle of continuous influx of myeloid cells. However,
the inflammatory effects on the stroke process can be detrimental or protective, depending
on the immune cell types, numbers and duration. A recently published paper indirectly
supported the detrimental role of MC in stroke (Kim et al.). Bone marrow transplantation
from ApoE−/−CD36−/− (mostly expressed in MC) donor mice to ApoE−/− recipient mice
decreased infarction volume and neurological deficits after stroke. But the roles of different
MC subsets in the pathogenesis of stroke remain unclear. Ly6C+ MC has been proven to
be responsible for many central nervous system diseases like autoimmune multiple
sclerosis (King et al., 2009) and infectious encephalitis caused by West Nile virus (Getts
et al., 2008). The chemokine receptor CCR2 deficiency, which is the main chemokine
receptor for recruiting Ly6C+ MC, attenuates infarction size and neurological deficit after
stroke in the transient middle cerebral artery occlusion (tMCAO) stroke mouse model,
accompanying significantly reduced MC and neutrophil infiltration (Dimitrijevic et al.,
12

2007). Also, there is a report pointing out that the Ly6C- Mϕs differentiated from
infiltrating Ly6C+ MC is critical for preventing hemorrhagic infarct transformation in both
the tMCAO and the photo thrombosis induced permanent stroke models (Dimitrijevic et
al., 2007). However, Ly6C+ MC depletion by clondronate liposome or by bone marrow
transplantation from CCR2−/− donor mice to wild type recipient mice showed dramatically
increased hemorrhage occurrence rates without changing infarction volume and
neurological function. The reason why the same CCR2 deficiency mice display different
results is unknown, it may be due to different mouse breeding methods since pure knockout
mouse cross-breeding for several generations may lead to gene changes, which may
compensate for the designated gene defect. To determine the roles of different MC subsets
in stroke pathogenesis, more experiments should be conducted in the context of normal or
combined disease settings like hyperlipidemia and HHcy.
Inflammatory monocytosis in CKD
Monocytes (MCs) are highly plastic and heterogeneous. They change their
functional phenotype in response to environmental stimulants such as uremic
toxins.(Armstrong et al., 2013) Current MC researches acknowledge that MC can be
divided into three subsets based on cell surface marker expression; classical CD14++CD16MC, intermediated CD14++CD16+ MC, and non-classical CD14+CD16++ MC (Zawada et
al., 2012).

CCR2hiCX3CR1low MC traffics to the sites of inflammation, produces

inflammatory cytokines, and contributes to local and systemic inflammation (Kurihara et
al., 1997). CCR2lowCX3CR1hi MC patrols the vasculature during steady state (Auffray et
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al., 2007). However, even high expression of CX3CR1 in CD16+ MC, intermediate and
non-classical MC were considered as a cellular hallmark of chronic inflammation, which
is associated with the burden of CVD (Yang et al., 2014). Recent research reported that
intermediate CD14++CD16+ MC is positively associated with cardiovascular events in
CKD (Heine et al., 2008; Rogacev et al., 2011).
Circulating MC
The primary role of MC was considered to sense the environment and replenish the
pool of tissue Mϕs and dendritic cells. Recent advances in immunology research have
discovered that MCs are heterogenic and can be divided into three subsets based on specific
surface markers and that each subset displays specific functions. During steady state,
circulating MCs have a half-life of about one to three days, and maintain a steady
composition of MC subsets.
Identified MC subsets exhibit distinct pathophysiological roles. Classical
inflammatory MCs are equipped with a set of Toll-like receptors (TLRs) and scavenger
receptors, recognizing pathogen-associated molecular patterns (PAMPs) and removing
microorganisms, lipids, and dying cells via phagocytosis. They produce effector molecules
such as cytokines, myeloperoxidase and superoxide, and initiate inflammation (Yasaka et
al., 1981).
Inflammatory MCs selectively traffic to the sites of inflammation, produce
inflammatory cytokines and contribute to local and systemic inflammation (Kurihara et al.,
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1997). They are highly infiltrative and can be differentiated into inflammatory Mϕs, which
remove PAMPs and cell debris. In steady state, the anti-inflammatory MCs patrol the
vasculature to monitor PAMPs and become tissue resident Mϕs. During inflammation, they
differentiate into anti-inflammatory Mϕs, which repair damaged tissues (Nahrendorf et al.,
2007).
Murine MC subset classification and their functional determinations have been
consistent and well accepted (Ingersoll et al., 2011). However, classification of human MC
subsets in relevance to their inflammatory or anti-inflammatory functional phenotypes
remains partially undefined. Here, we intend to review the current understanding regarding
MC heterogeneity, and to integrate the knowledge of murine and human MC classification.
It was first reported in the 1970s that MCs increase proliferative activity in bone
marrow (BM) in response to inflammatory stimuli, leading to monocytosis, (Meuret et al.,
1974) a clinical condition reflecting an increased number of circulating MCs.
Emerging clinical analysis revealed a higher prevalence of monocytosis in
cardiovascular diseases (CVD) (Table 3). MC count is increased in acute myocardial
infarction (AMI) patients compared to patients with stable coronary arterial disease (CAD)
(Afiune Neto et al., 2006). Peripheral monocytosis is associated with left ventricular (LV)
dysfunction and LV aneurysm, suggesting a possible role of MCs in the development of
LV remodeling the following reperfusion after AMI (Maekawa et al., 2002). Monocytosis
is also associated with reduced high-density lipoprotein (HDL) levels and impaired renal
function in CAD patients (Ganda et al., 2013). It has been demonstrated that MC count is
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a better independent risk factor of CVD than several conventional risk factors such as Creactive protein (CRP), inflammatory cytokine interleukin-6 (IL-6), fibrinogen,
hypertension, and cigarette smoking (Chapman et al., 2004). The treatment of coronary
arterial disease patients with pravastatin, a cholesterol lowering medication, for 6 months
reduces plaque volume and MC count, implying that monocytosis is a potential target for
coronary atherosclerotic regression (Tani et al., 2009).
Following the defining of monocytosis, reduced phagocytic capacity of MCs was
found in patients with rheumatoid arthritis and cutaneous vasculitis(Hurst and Nuki, 1981).
Patients with lymphopenia have suppressor MCs, which are unable to activate T-cells
(Schechter et al., 1979). These findings suggested the existence of heterogeneous MC
populations. Further studies for different functional properties of such populations
identified that CD16 (Leu-11), a Fc receptor (FcR) as it binds to the Fc region (constant
region) of antibody, is expressed on the surface of MCs and correlated with atherosclerosis
in patients, an inflammatory phenotype in cultured MCs and circulating MCs (Clarkson
and Ory, 1988). The CD16+ MCs has been considered an inflammatory MC subset in
humans (Passlick et al., 1989).
MC differentiation
MCs are differentiated from the committed precursor termed Mϕ and DC precursor
(MDP) mainly resident in bone marrow and differentiate into either dendritic cells or Mϕs.
They

consist

of

two

main

subpopulations:

CX3CR1highCCR2lowLy6C-

and

CX3CR1lowCCR2highLy6C+. However, it is unclear whether Ly6C- MC is differentiated
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from CX3CR1lowCCR2highLy6C+ or directly from bone marrow MDP. After maturation,
Ly6C+ MC leaves bone marrow and enter into the blood stream via CCR2 mediated
migration (Sunderkotter et al., 2004). After leaving the bone marrow, mouse Ly6C+ MC
differentiates into Ly6C- MC in circulation.(Hristov and Weber, 2011) A recent MC fate
mapping study strongly supported that in the steady state, Ly6C+ MC is the obligatory
precursor for generation and lifespan control of Ly6C- MC in the bone marrow, peripheral
blood and spleen. In a competitive setting of mixed CCR2-proficient (CD45.1) and CCR2deficient (CD45.2) (Ly6C+ MC is reported to be selectively reduced) BM chimeras,
CD45.1+ WT Ly6C- MC outcompeted their CD45.2 mutant Ly6C- counterparts (Yona et
al., 2013). In the same study, Ly6C+ MC restored regained Ly6C− half-life and the
population.
Similarly, in human MC differentiation, it is accepted that CD14++ classical MC
leaves bone marrow and differentiates into CD14++CD16+ intermediate MC and
sequentially to CD14+CD16++ non-classical MC in peripheral blood circulation (Zawada
et al., 2012).
CCR2hiLy6C+ inflammatory and CCRlowLy6C- resident MCs are generally thought
to preferentially differentiate into M1 inflammatory and M2 anti-inflammatory Mϕs,
respectively, during early inflammation (Auffray et al., 2007). Ly6C+ MC dominates the
early phase of myocardial infarction and exhibit phagocytic, proteolytic, inflammatory
function and digest damaged tissue. On the other hands, Ly6C- MC, was recruited at later
phase of inflammation, attenuates inflammatory properties and differentiates toward M2
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Mϕs and contribute to angiogenesis, genesis of my fibroblasts, and collagen deposition
(Figure 2). It is possible that MCs and Mϕs are highly plastic and can be crossly
differentiated into different subsets in response to environment changes. Several studies
revealed “unusual” cascades of MCs to Mϕ transition: 1) Infiltrated Ly6C+ MC in inflamed
skeletal muscle or brain tissues acquires phenotypic features of anti-inflammatory MC by
down-regulating Ly6C expression, thereby displaying anti-inflammatory M2 Mϕs
function;(Arnold et al., 2007),(Saederup et al.) 2) Ly6Cmiddle MC emigrates to lymph nodes
via CCR7 and CCR8 and differentiates into dendritic cells; (Zigmond et al., 2012) 3)
During steady state, Ly6C+ MC is recruited to healthy lamina propria and differentiate into
tissue resident CX3CR1high Mϕs;(Rivollier et al., 2012) 4) M2 Mϕs are generated by
alternative activation of tissue-resident Mϕs rather than recruited MCs during infection
with Litomosoides sigmodontis;(Jenkins et al., 2011) and 5) Inflammatory MC recruitment
to allergic skin is essential to alleviate allergic inflammation in order to acquire an antiinflammatory M2 phenotype via basophil-derived IL-4 (Egawa et al., 2013). These
findings demonstrated the multiple capacities of MCs to differentiate into either regulatory
or inflammatory mature Mϕs/dendritic cells.
Mouse MC
MC subsets in mice were first identified by differential expression of chemokine
receptors CCR2. CCR2+ subset shows higher migratory and infiltration capacity than
CCR2- subset and was initially considered as murine inflammatory MC (Palframan et al.,
2001). Later on, mouse MC subsets are characterized by differential expression of an
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inflammatory MC marker Ly6C (Gr1). It is now accepted that mouse MC subsets are
grouped as Ly6C+ (further divided as Ly6Chigh, Ly6Cmiddle) and Ly6C- (also called Ly6Clow)
MC subsets based on expression levels of Ly6C on cell surface (Table 4). The surface
markers and chemokine receptors for Ly6C+ subsets are CD11b+CD115+ and
CCR2highCX3CR1low. Whereas, the surface markers and chemokine receptors for Ly6CMCs are CD11b+CD115+ and CCR2lowCX3CR1high (Si et al., 2010).
As shown in Figure 1, mouse Ly6C+ MCs have a high antimicrobial capability due
to their potent capacity for phagocytosis, secrete ROS, TNFα, nitric oxide, IL-1β, little IL10 upon bacterial infection (Serbina et al., 2008) and large amount of type 1 interferon
(IFN) in response to viral ligands (Barbalat et al., 2009). CCR2-CCL2 signaling in Ly6C+
MCs alters the conformational change of VLA-4 (α4β1 integrin), the ligand for VCAM-1,
leading to high affinity interaction and MC transmigration (Figure 2). In vascular
inflammation, Ly6C+ MC is preferentially recruited into inflamed tissue via interaction of
chemokine receptor CCR2 (Audoy-Remus et al., 2008) and more likely to mature to
inflammatory M1 Mϕs, which are distinguished by secretion of pro-inflammatory
cytokine, TNFα, and IL-6 and contribute to tissue degradation and T cell activation.
In steady state, Ly6C+ MC differentiates into Ly6C- MC in the circulation. This
subset patrols the luminal side of endothelium of small blood vessels and bind to
endothelium by chemokine receptor CX3CR1 via LAF-1/ICAM1-dependent manner. The
patrolling behavior of MCs may be due to low levels expression of adhesion molecules.
Ly6C- MCs secrete anti-inflammatory cytokine, IL-10 upon in vivo bacterial infection. In
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vascular inflammation, Ly6C- MC is recruited to tissue and more likely to differentiate into
M2 Mϕs, which secrete anti-inflammatory cytokine and contribute to tissue repair (Figure
2) (Auffray et al., 2007). Recruited MC/Mɸ may emigrate from vessels and enter lymph
nodes, which are associated with regression of atherosclerotic lesions (Randolph, 2008).
Notably, CD62L (L-selectin) expressed by mononuclear cells, including Ly6C+ MCs, is
important for circulation to lymph nodes through high endothelial venules (HEV)
(Palframan et al., 2001). Chemokine receptor CCR7 and CCR8, responsible for lymph
node traffic, were selectively expressed by Ly6Cmiddle MC (Qu et al., 2004).

Figure 2. Murine MC and Mɸ differentiation, and distinct subset functions
Mouse Ly6C- MCs are recruited into normal tissue by interaction of complementary pair
CX3CR1/CCL3 via a LAF/ICAM1-dependent manner and become tissue resident
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Mɸ/DCs. Ly6C+ MCs have a high antimicrobial capability due to their potent capacity for
phagocytosis, and secrete ROS, TNFα, and IL-1β, whereas Ly6C- MCs secrete antiinflammatory cytokine IL-10 upon in vivo bacteria infection. In vascular inflammation,
Ly6C+ MCs are tethered and invade tissue by interaction complimentary pair of
CCR2/CCL2(MPC-1) via a VLA-1/VCAM1-dependent manner, then mature to
inflammatory M1Mɸ. M1Mɸ are distinguished by secretion of pro-inflammatory
cytokines, TNFα and IL-6 and contribute to tissue degradation and T cell activation. Ly6CMCs are recruited to tissue and differentiate into M2Mɸ, which secrete anti-inflammatory
cytokine and contribute to tissue repair.
Human MC
Because CD14 is abundantly expressed on the surface of human MCs and Mɸs, it
is used to mark human MCs. Compared to CD14+CD16- (also described as
CD14brightCD16-) MCs, the human CD14+CD16+ (also described as CD14dimCD16+) MC
subset has reduced phagocytic capacity, produces less reactive oxygen species (ROS) and
expresses lower levels of CCR2, a chemokine receptor mediating MC chemotaxis during
inflammation and higher levels of CX3CR1, a chemokine receptor mediating resident MC
accumulation (Geissmann et al., 2003). Because the chemokine expression pattern implies
CD16+ MC has an anti-inflammatory function, there was confusion on the characterization
of human MC subsets (Geissmann et al., 2003). However, CD14+CD16+ MCs also express
CCR2 and are associated with Crohn’s disease (Grip et al., 2007) and CVD (Shantsila et
al., 2011). Several earlier clinical studies used CD14+CD16+ as the inflammatory MC
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criteria and established the association of increased levels of CD14+CD16+ MC with human
inflammatory diseases, including rheumatoid arthritis, coronary arterial disease,
atherosclerosis, hemophagocytic syndrome, and Crohn’s disease (Table 5). Moreover,
circulating CD16+ MC levels are positively correlated with levels of atherogenic lipids
(Rothe et al., 1996) and plaque vulnerability (Kashiwagi et al., 2010), whereas they are
negatively correlated with cardiac function such as left ventricular (LV) ejection fraction
after AMI (Tsujioka et al., 2009). Significant increases in CD16+ MC levels have been
described in human chronic pathologies in obesity as well (Rogacev et al., 2010). In the
same study, several groups reported differential expression of CD14dim and CD14high within
CD16+ MC (Rothe et al., 1996),(Tanaka et al., 1999), which was related to distinct
functional properties of the chemokine receptor expression pattern (Ancuta et al., 2003). A
panel of leading experts in MC biology proposed consensus nomenclature for human MC
subsets in 2010, and classified human MCs subsets as classical MC (CD14++CD16-),
intermediate MC (CD14++CD16+), and non-classical MC (CD14+CD16++) (ZieglerHeitbrock et al., 2010). As indicated in Table 2, CD14++CD16+ MC expresses CCR2 and
selectively CCR5, which reacts with Mϕ inflammatory protein-1α (MIP-1α), a chemotactic
chemokine for Mɸs and CCL5 (termed regulated on activation, normal T cell expressed
and secreted, RANTES). CCR5, known as a co-receptor for human immunodeficiency
virus entry into Mϕs, is also associated with CVD (Ancuta et al., 2003),(Jones et al., 2011).
CD14++CD16− MC express highest levels of CCR2 and CD14+CD16++ MC expresses
highest levels of CX3CR1(Ancuta et al., 2003). Although much more evidence supports
that Ly6C+ and CD14+CD16- classical MCs are pro-inflammatory MCs, their high
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expressions of CD62L imply a possible role of lymph node migration and differentiate into
a variety of Mɸs and dendritic cell subtypes that could inhibit immune response (Xu et al.,
2008). Understanding the functions of subsets provides an insight in extrapolating results
from clinical studies of inflammatory monocytosis found in patients’ blood with various
inflammatory diseases. As shown in Figure 3, human CD14++CD16- classical MCs express
high levels CCR2 and CD62L (L-selectin), and low levels of CX3CR1. Their major
function is phagocytosis. They are phagocytic, exhibit high peroxidase activity, and
produce high levels of IL-10 and low levels of TNF-α in response to LPS (Geissmann et
al., 2003),(Cros et al., 2010). Gene expression profiling analysis indicates that human
classical MC preferentially expresses genes involved in angiogenesis, wound healing, and
coagulation (Wong et al., 2011). Human CD14++CD16+ intermediate MC displays
inflammatory function. This subset has low peroxidase activity but higher capacity to
produce and release IL-1β, and TNFα in response to LPS (Cros et al.). Gene signature links
CD14++CD16+ MC to antigen presentation and T cell activation (Figure 3) (Wong et al.,
2011),(Zawada et al., 2011). During inflammation, classical and intermediate MCs are
tethered and invade tissue by interaction of complementary pair of CCR2/CCL2 (termed
MC chemoattractant protein, MCP) or/and CCR5/CCL5 in a Very Late Activation
Antigen-1 (VLA1)/VCAM1 dependent manner. Human CD14+CD16++ non-classical MCs,
patrol the vessel wall and invade by interaction of complementary pair of CX3CR1/CCL3
via the Leu-CAM family integrin lymphocyte functional antigen-1 (LFA-1)/ICAM1dependent manner (Figure 3). This subset releases IL-1β, and TNFα in response to DNA,
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RNA particles released from damaged self cells, implicating the pathological role in
autoimmune disease such as rheumatoid arthritis (Cros et al., 2010).

Figure 3. Human MC and Mɸ differentiation, and distinct subset functions.
Human CD14++CD16- classical MCs leave the bone marrow in a CCR2-dependent manner.
Classical MCs have a high antimicrobial capability due to their potent capacity of
phagocytosis, and secrete ROS and IL-10 upon LPS stimulus, whereas intermediate and
non-classical MCs secrete inflammatory cytokines, TNFα and IL-1β upon inflammatory
stimulation. During inflammation, classical and intermediate MCs are tethered and invade
tissue

by

interaction

of

complementary

pair

CCR2/CCL2(MCP1)

or/and

CCR5/CCL5(RANTES) in a VLA1/VCAM1 dependent manner. MCs then mature to
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M1Mɸ in tissue and present self-antigen via MHC-I/II to TCR leading to TC activation.
Non-classical MCs patrol the vessel wall and invade by interaction of complementary pair
of CX3CR1/CCL3 via LAF/ICAM1-dependent manner.
In human CVD and inflammatory conditions, inflammatory intermediate
CD14++CD16+ MC is increased (Table 6). However, the change of CD14+CD16++ nonclassical MC count is inconsistent; CD14+CD16++ MC count is increased in chronic kidney
disease (CKD), abdominal aortic aneurysms (AAA), sepsis, hepatitis B, human
immunodeficiency virus (HIV) infection and tuberculosis, but decreased in congestive
heart failure, stroke and sepsis. It was suggested that CD14++CD16- and CD14++CD16+
MCs resemble mouse Ly6C+ inflammatory MC subset, whereas CD14+CD16++ MC may
resemble Ly6C- anti-inflammatory MC and has potential role of patrolling vascular
endothelium (Cros et al., 2010). However, some studies emphasize the inflammatory role
of CD14+CD16++ cells because of the production of inflammatory cytokines. Nevertheless,
much attention has been focused on the changes of CD14++CD16+ intermediate MC count
in patients with inflammatory diseases. Since CD14++CD16+ MC count increases are
consistently associated with human inflammatory disease (Table 6), it is a sufficient
biomarker of chronic and acute inflammatory diseases.
Co-stimulatory molecules and diseases
MC, a precursor of Mϕ and DC, is a major effector innate immune cell for vascular
inflammation. Co-stimulation is an essential immune switch system to maintain host
immune homeostesis. It induces the differentiation of innate immune cells into effector or
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memory status, sustains cell proliferation during inflammation and infection, and prevents
anergy or apoptosis to prevent unnecessary lymphocyte activation. Co-stimulatory
molecule expresses on antigen-presenting cells such as MC, Mϕ, and DC.
Thus, we hypothesized that tissues with high baseline expression of these co-stimulatory
molecules were likely susceptible to autoimmune-mediated organ dysfunction under the
condition of low grade inflammation (Gotoh et al., 2004). Currently, 13 pairs of costimulatory molecules were reported and 5 co-stimulatory molecules; CD40, CD80, CD86,
4-1BBL, and OX40L were reported to play crucial roles in atherosclerosis or myocardial
infarction (Ewing et al., 2013; Karube et al., 2008; van Wanrooij et al., 2007). We analyzed
basal expression level of co-stimulatory molecules in physiological condition. Specifically,
we linked CVD-complicated tissues; heart (MI), kidney (chronic kidney disease), pancreas
(diabetes) and vessels (atherosclerosis) with 5 CVD-associated co-stimulatory molecules
using data mining approach (Huang et al., 2013). CD80, CD86, and CD40 were expressed
on blood and CVD-complicated tissues (Figure 4). The TNFRs OX40, 4-1BB, and CD40
as targets for viral infection and cancer immunotherapy (Moran et al., 2013). The provision
of T cell co-stimulation via members of the TNFR super-family, including OX40 (CD134)
and 4-1BB (CD137), provides critical signals that promote T cell survival and
differentiation.
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Figure 4. Tissue distribution of co-stimulatory genes. Five human tissues were
given tissue ID numbers and examined for mRNA expression by mining human EST
databases on the NCBI-UniGene site. Relative expression unit (REU) of the gene is
obtained by normalizing gene transcripts per million (TPM) with that of β-actin. Tissue
median-adjusted mRNA expression levels (REU/mREU) were calculated for all genes.
Confidence intervals of expression of three housekeeping gene mRNAs were established.
Dashed lines, upper limits of the confidence intervals of the housekeeping gene. Left and
right y axes, REU and REU/mREU, respectively. The statistical significance was defined
as when gene expression was larger than the upper limit of the confidence interval.

CD40, a new marker of inflammatory MC in CKD
Using database mining strategy, we analyzed human CKD-MC-mRNA screening
data, which compared gene expression profile between stage 4~5 CKD vs Healthy subjects
(Al-Chaqmaqchi et al., 2013). Heat map shows the differential expression pattern of CKD27

susceptible diseases such as CVD-related disease, immune disease, and infection. Data also
were presented by another heat map showing mononuclear cell activation, adhesion,
metabolism-related genes etc.

Figure 5. Differential gene expression between the healthy and CKD MC. Human MC
were obtained from whole blood from healthy donors or patients and purified by CD14+
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magnetic bead selection. A detail view of 108 genes for 3 clusters related to same disease
category (A) or 168 genes for 8 clusters related to same functional and molecular category
(B) with p<0.05 as well as a 1.5-fold difference between two groups of MCs are shown on
a heat map. Each row represents 1 gene, each column 1 sample. Yellow color represents a
higher relative gene abundance compared with the mean of counterpart, while purple
illustrates a relative gene expression below the mean of counterpart.
We discovered 109 genes with altered mRNA levels in three CKD susceptible
disease categories, in which 14 genes were jointly presented. Thirty one were altered in
three MC activation gene categories. Interestingly, CD40 is the only gene jointly presented
in all three MC activation related categories (Figure. 6 A). We further validated whether
CKD serum induces CD40 gene expression in primary cultured and isolated human
peripheral blood MC (Figure. 6 B).
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Figure 6. CKD induces CD40 in MC. Via database mining strategy using human CKD
MC mRNA screening, CD40 was identified as a MC activation-related gene.
CD40hiCD14+ MC and the MC activation markers were characterized by flow cytometry.
A. Disease and MC activation related genes are altered in human CKD MC. Data
mining analysis was performed using human CKD vs healthy MC mRNA screening
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database to identify MC activation related genes by DAVID tool as described in the section
of Material and Methods. 14 genes with altered expression were identified and jointly
associated with three CKD susceptible diseases as shown in first venn diagram and is listed
in the table. CD40 is induced and jointly associated with three MC activation related
categories shown in the second venn diagram. B. CD40 mRNA level. Primary blood MC
was isolated and cultured with 10% human serum.
CD40 in B cell proliferation and antibody production
CD40, TNF receptor family member 5, on antigen presenting cells interacts with
CD40L on CD4+ T cells, leading to B cell antibody production, survival (Schonbeck and
Libby, 2001). Firstly, CD40 is a surface molecule on B cell that is essential in B cell
differentiation and activation. CD4+ T cell is critically providing help for both antibodymediated and CD8+ cytotoxic T cell mediated response. Co-stimulation is essential for
effective T cell response. Its counterpart ligand, CD40L, is expressed transiently when
CD4+ T cell and other cell types are activated. Signaling through CD40-CD40L interaction
results in proliferation and differentiation responses.
Secondly, X-linked hyper-IgM syndrome is characterized by infection of
respiratory track caused by intracellular pathogens suggesting certain degree of impairment
of cell-mediated immunity with normal lymphocyte counts, markedly decreased serum
IgG, IgA, IgE, and elevated IgM (Levy et al., 1997). Immature B cell secrete IgM on the
cell surface and signaling through the CD40 receptor is essential to initiate isotype class
switching to produce isotype antibody. Several reports demonstrated that the gene
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deficiency of CD40L in the patients with X-linked hyper-IgM syndrome (Notarangelo et
al., 1992). This discovery brought the concept of CD40-CD40L interaction drives the
isotype switch and memory B cell generation through the T cell interaction. In other hands,
CD40 and CD40L overexpression on B cell and T cells in human lupus induces pathogenic
autoantibody production (Desai-Mehta et al., 1996). Therefore, homeostasis of CD400CD40L signaling is important for human healthy. Lucautumumab, anti-CD40 full
antagonist, is conducted for therapy to multiple myeloma patients. It blocks the interaction
of CD40 with CD40L on B cell and prevents B cell survival and proliferation.
Lucatumumab also mediates anti-tumor effect by binding CD40 expressing tumor and
induces cell lysis via antibody-dependent cell mediated cytotoxicity (ADCC) (Bensinger
et al., 2012).
Blockade of CD40-CD40L signaling is

attractive strategy to

induce

immunosuppression in organ transplantation. Organ donor induces cytotoxic B cell and
ADCC against recipient organ because exogenous donor cells express different immune
complex of MHC-II with exogenous protein, which induces immune activation by APC
and promote T cell activation to attack the graft, B cell proliferation, and antibody
production. 4D11, anti-CD40 antagonist mAb, induced immunosuppression and tolerance
in kidney transplantation in monkey by suppressing B cell proliferation and antibody
production (Aoyagi et al., 2009b)
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CD40 in T cell co-stimulation and activation
CD40-CD40L signaling transmits to antigen presenting cells (APC) such as MC,
Mɸ, and DC, and it up-regulates the co-stimulatory CD80 and CD86 (Gotoh et al., 2004),
which engages with CD28 on T-cells to induce T-cell activation (Ross, 1999). In human
atherosclerotic lesions, CD40–CD40L are co-localized with epitopes of ox-LDL,
scavenger receptor A (a mediator of foam cell formation), and CD16 (Hakkinen et al.,
2000). MCs contribute to vascular inflammation not only by producing inflammatory
cytokines, but also via CD40-mediated T cell activation. Signaling through CD40-CD40L
in antigen presenting cells (APC) such as Mɸ and DC bridge inflammation to adaptive
immune T cells to initiate autoimmune responses and promote atheroma within vessel
(Schonbeck et al., 2000). In cancer environment, mononuclear cells infiltrate the stromal
compartment of tumor and orchestrate an immune reaction that is immunosuppressive. Cancer
therapy is to unleash tumor-specific cellular immunity to eliminate tumor. CD40 has been
considered as a key regulatory co-stimulation for T cell-dependent antitumor immunity (French
et al., 1999),(Diehl et al., 1999)

CD40 in MC/Mɸ differentiation and infiltration
CD40 deficiency reduced blood inflammatory MCs in atherosclerosis mice model,
apolipoprotein E-/- mice (Lutgens et al., 2010), suggesting CD40 signaling induce Ly6C+
MC differentiation in the circulation in ApoE-/-. CD40 mAb (CP-870,893, Pfizer) was
developed for anticancer-therapy and conducted for clinical trial to Cancer immunotherapy
to pancreatic cancer patients. Tumor size was significantly reduced. However,
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unexpectedly, biopsy has no tumor, but it has infiltration of Mϕ without lymphocyte. CD40
signaling induced Mϕ infiltration to the tumor and restore immune surveillance. CD40
signaling alone is insufficient to induce T cell-dependent cellular immunity (Beatty et al.,
2011).
CD40 in non-hematopoietic cells
CD40-CD40L ligation is associated with vasculature system regardless of T-cell
activation. Signalings through CD40 and IFNγ receptor synergistically induce the
upregulation of matrix metalloproteinases (MMPs) and proinflammatory cytokines,
thereby causing Mϕs to become foam cells (Phipps, 2000),(Gaweco et al., 1999). CD40
and CD40L are expressed on not only hematopoetic cells but also atherogenic cells;
platelets, endothelium, smooth muscle cells (Wagner et al., 2004) via platelet activation,
adhesion molecules induction, resulting in thrombosis (Phipps, 2000),(Lievens et al.,
2010). The potential cellular mechanisms underlying CD40-CD40L signaling are 1)
increased adhesion molecules on EC, 2) secretion of proinflammatory chemokines by Mɸ,
and 3) formation of platelet- mononuclear cell aggregation via CD40L on platelet and
CD40 on EC. Since major source of soluble CD40L in plasma is platelet (Andre et al.,
2002), plasma soluble CD40L is considered CVD biomarker (Table7). Monoclonal
antibodies against CD40L and CD40 reduced atherosclerosis (Lievens et al.,
2010),(Lutgens et al., 2010). Notably, recent study reported that CD40 signaling is crucial
for neointimal formation and vascular remodeling. Both CD40-/- bone marrow donor to
wild type recipient and wild type bone marrow donor to CD40-/- recipient partially reversed
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CD40-induced neointima hyperplasia, indicating that CD40+ hematopoietic cell and
CD40+ atherogenic tissue equally contributes vascular remodeling (Song et al., 2012).
CD40 is expressed in kidney epithelial cell, EC, (Haller et al., 2013), fibroblast in
glomerular capsule (Laxmanan et al., 2005). Angiotensin II is essential to control systemic
blood pressure and hypertension is prevalent in CKD-induced CVD. Reportedly, elevated
angiotensin II in CKD increased TGF-beta, which in turn increased expression of CD40 in
kidney epithelial cells (Starke et al., 2007).
Key Knowledge Gaps, Rationale, and Hypothesis of Dissertation
We and others reported that HHcy induces systemic and vascular inflammation
(Zhang et al., 2012), and cytokine production (Zeng et al., 2003), potentially accelerates
vascular remodeling (Tan et al., 2006) and atherosclerosis (Hofmann et al., 2001),(Wang
et al., 2003) via inflammatory MC differentiation induction (Zhang et al., 2009). We
demonstrated that HHcy induces inflammatory MC (Ly6Chigh+middle) and MC-derived
inflammatory M1 Mϕs (Mϕ) in cystathionine β-synthase gene deficiency mice with
compound streptozotosin-induced hyperglycemia, negatively correlated with SAM/SAH
ratios and positively correlated with inflammatory MC and M1Mϕ populations. Beyond
the type 2 diabetes model, Hcy and its metabolite SAH are uremic toxins that accumulate
in the plasma of patients with chronic kidney disease (CKD). Hyperhomocysteinemia
(HHcy) has been established as an independent risk factor for CVD and a cause of
cardiovascular events in CKD (Heinz et al., 2009),(Valli et al., 2008), and can be used as

35

a biomarker to predict the prognosis of CVD outcome in CKD (Mallamaci et al., 2002).
However, the mechanism underlying HHcy induced CVD and CKD remains unclear.
MCs are highly plastic and heterogeneous. They change their functional phenotype
in response to environmental stimulants such as uremic toxins (Armstrong et al., 2013).
CD40 is elevated in CKD MC and essential inflammatory inducer to bridge MC and T cellmediated vascular inflammation.
Several

key knowledge

gaps

including

whether

HHcy-induced

DNA

hypomethylation may be responsible for CD40hi inflammatory MC differentiation, and
whether CD40hi inflammatory MC accelerates vascular inflammation in CKD are needed
to be bridged. To fill these knowledge gaps, we hypothesize HHcy-related DNA
hypomethylation mediates CD40hi inflammatory MC differentiation, which leads to
vascular inflammation in CKD.

Central Hypothesis
CKD

CVD
HHcy

CD40↑

CKD: chronic kidney disease
CVD: cardiovascular disease
HHcy : hyperhomocysteinemia
Inf. MC : inflammatory MC

CD40hi Inf. MC↑
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Our hypothesis will be tested with the following specific aims:

Specific aim 1 –HHcy induces CD40hi inflammatory MC differentiation in CKD
Study 1 – Comparison of MC activation markers in CD40hi inflammatory MC vs existing
MC subset
Study 2 – Metabolites and MC subset characterization in CKD serum and WBC
Study 3 – CKD serum and Hcy induced CD40hi inflammatory MC differentiation in
cultured PBMC

Specific aim 2 – HHcy-mediated DNA hypomethylation contributes CD40hi inflammatory
MC differentiation
Study 1 – HHcy promotes TNFα/IFNɤ/IL-6-induced CD40hi inflammatory MC
differentiation
Study 2 – TNFα/IFNɤ responsible-CD40 promoter DNA methylation in CKD WBC
Study 3 – HHcy suppressed DNA methyltransferase1 activity

Specific aim 3 – CD40 accelerates vascular inflammation in mouse model of CKDinduced CVD
Study 1 – CKD accelerates carotid artery atherosclerosis via CD40
Study 2 – CKD accelerate MC infiltration to aorta via CD40-dependent chemotactic signals
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Study 3 – CD40hi hematopoietic cells or/and CD40 signaling in kidney contribute MC/Mɸ
infiltration
Study 4 – CD40 signaling induces mononuclear phagocytic cell differentiation in aorta and
kidney tissue

38

CHAPTER 2
MATERIAL AND METHODS I
Human subjects
We recruited 27 patients with vascular disease from Temple University Vascular
Surgery and Nephrology practice and 13 healthy donors with no history of CKD and CVD
from Thrombosis Center at Temple University. According to clinical practice guidelines
of

CKD

evaluation,

classification,

and

risk

stratification

(11904577), CKD is defined as glomerular filtration rate (GFR) <60 ml/min per 1.73 m2
for ≥3 months, a > 50% reduction of the normal value of 125ml/min per 1.73 m2 (Said and
Hernandez, 2014). GFR was estimated using the CKD-Epidemiology Collaboration
equation which is based on serum creatinine levels, age, sex, and race. Kidney failure is
defined as GFR <15 ml/min per 1.73 m2 or treatment by dialysis (Table 1). The
demographics and clinical information, lipid-lowering therapies and modifiable risk factors
that co-occur with CKD such as diabetes, hypertension, and hyperlipidemia were listed in

Table 8. At the time of peripheral venous blood draw, two whole blood aliquots were
collected, one (4ml) in a serum plus blood collection tube (BD vacutainer) and the other
4ml in a K2 EDTA(K2E) 5.4mg plus blood collection tube (BD vacutainer). (Figure 5)

Plasma
4ml Blood
In EDTA tube

Hcy, SAM/SAH, glucose,
cholesterol, CD40L, cytokines

RBC lysis

CD40+ MC analysis (FACS)

WBC

Hcy, SAM/SAH, Pyrosequencing
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Figure 7. Schematics for human blood analysis Plasma was collected from the
EDTA tube by spinning at 230g for 15 minutes at room temperature within 2 hours after
blood collection and stored at -80°C. The remainder of the fresh blood cell pellet in the
EDTA tube was processed to white blood cell (WBC) or peripheral blood mononuclear
cell (PBMC) analysis.

Plasma chemistry measurement (cholesterol, glucose, Hcy, SAM, SAH)
Plasma levels of total cholesterol were measured by an enzymatic colorimetric
method (Wako Diagnostics). Plasma glucose was analyzed on a HemoCue Glucose 201
analyzer (HemoCue, Brea, CA). Plasma Hcy was measured by liquid chromatographyelectrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). Plasma SAM and
SAH were assessed using stable-isotope dilution LC-ESI-MS/MS (Fang et al., 2014).

Plasma sCD40L measurement
Platelets are the predominant source of sCD40L in plasma. Freeze thawing of the
prepared plasma leads to lysis of residual platelet during the assay steps. On the day of
blood collection, platelets in plasma were removed after additional centrifugation at 10,000
rpm for 10 minutes at room temperature and supernatant was transferred as an aliquot.
Plasma levels of CD40L were measured by enzyme-linked immunosorbent assay as
manufacturer recommended (Human CD40 ligand/TNFSF5 Quantikine ELISA kit, R&D
Systems).

40

Serum cytokine array
Peripheral venous blood was collected in a serum plus blood collection tube (BD
vacutainer). Blood was put in ice for 2 hours and spun at 500g for 15 minutes at 4°C. Serum
aliquots were stored at -80°C. Serum cytokine levels were determined by using a
commercially available array kit according to manufacturer instruction (Human cytokine
array Q1, RayBiotech).

Blood cells metabolite and DNA methylation mapping
3x106 WBC pellets resuspended in 100µl of 0.4M pericholic acid were subjected
for cellular SAM/SAH measurement and 1x106 WBC pellets were subjected for cellular
Hcy measurement as described above. WBC genomic DNA was isolated for DNA
methylation mapping using pyrosequencing as shown in Figure 6. 1x106 WBC were
resuspended in 40μl of 1x proteinase K digestion buffer and digested with proteinase K
(40μg) at 50ºC for 30 minutes. Cell debris was pelleted by centrifugation at 14,000 x g for
10 minutes and 20μl (500ng) of genomic DNA was bisulfite converted using a proprietary
bisulfite salt solution. DNA was diluted to 45μL and 5μL of 3N NaOH was added followed
by 30 minutes of incubation at 42ºC in order to denature the DNA. 100μL of Bisulfite salt
solution was added to the DNA and incubated for 14 hours at 50ºC. Bisulfite treated DNA
was purified using Zymogen DNA columns and was eluted 20μl of T1E0.2 pH 8.0 and 1
μl of it was used for each PCR. For SNP mutation analysis, 5ng of genomic DNA was used
for PCR. The PCR was performed with 0.2μM of each primer and one of the PCR primers
was biotinylated to purify the final PCR product using Sepharose beads. The PCR product
41

was bound to Streptavidin Sepharose HP (Amersham Biosciences, Uppsala, Sweden), and
the Sepharose beads containing the immobilized PCR product were purified, washed, and
denatured using a 0.2 M NaOH solution. All were rewashed using the Pyrosequencing
Vacuum Prep Tool (Pyrosequencing, Qiagen) as recommended by the manufacturer.
Bisulfite-modified DNA was amplified with CD40-specific primers. Then 0.2 μM
pyrosequencing primer was annealed to the purified single-stranded PCR product. 10 μl of
the PCR products were sequenced by Pyrosequencing a PSQ96 HS System (Biotage AB)
following the manufacturer’s instructions (Pyrosequencing, Qiagen). The methylation
status of each locus was analyzed individually as a T/C SNP using QCpG software
(Pyrosequencing, Qiagen) (EpigenDx, Inc. Hopkinton, MA).
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Figure 8. Schematics for Bisulfate conversion pyrosequencing. Unmethylated
cytosines are converted into uracil, while the methylated cytosines remain unchanged. PCR
amplication change uracil to tymidine. Thymidine and Cytosine release different level of
inorganic pyrophosphate for the quantification.

Flow cytometric analysis
Myeloid cells and MC subsets were characterized by flow cytometry analysis
(FACS Calibur or LSR-II), using phycoerythrin (PE) or Brilliant violet 421-labeled antiCD14 (clone 61D3, HCD14) to characterize MC, FITC or Brilliant violet 605-labeled antiCD16 (clone eBIOcd16), APC-labeled anti-CD40 (clone 5C3) monoclonal antibody
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(mAb), PerCPcy5.5-labeled anti-HLA-DR (clone G46-6) for dendritic cells, FITC-labeled
anti-CD86(clone IT2.2)/CD80(clone 2D10), APC-labeled anti-Ccr2/Ccr5/Cx3cr1 (Clone
48607/2D71/2A9-1).

PEcy7-labeled

anti-CD62L/CD49d/CD11b

(Clone

DREG-

56/9F10/1CRF44) for inflammatory markers, and APC-IgG1κ for Isotype control. Isotype
control gate to define CD40+ population in MC was applied to define CD40+ population in
Mɸ and DC. All antibodies for FACS analysis were purchased from eBioscience,
Biolegend, or BD bioscience.

PBMC cultivation and differentiation
50ml of whole blood from each healthy donor was collected into 50 ml tube
containing 7.5ml anti-coagulant buffer (85mM sodium citrate, 71.4mM citric acid, and
111mM glucose). PBMCs were isolated by 1077-histopaque gradient density
centrifugation (Sigma) to remove granulocyte, seeded in 24 or 48-well tissue culture plate
at the density of 1x106 cells/ml in MC culture medium (DMEM supplemented with 10%
fetal bovine serum, 2mM L-glutamine, 0.1mM nonessential amino acids, 1% penicillin and
streptomycin) and rested for 1 hour. Cells were then primed with low doses of human
recombinant IFNϫ (hrIFNϫ, 100U/ml), and treated with hrCD40L, hrTNFα, hrIL-6 (R&D
system), mouse IgG (Jackon immune research), mouse anti-human IL-6 (1936, R&D
system), mouse anti-human TNFα (28401, R&D system), or folic acid (Sigma-Aldrich) for
indicated time as detailed in the model schematic description in the figures. PBMC were
treated with serum from healthy, CVD, and CKD human subjects. Plasma Hcy levels were
between 5~10μM for Healthy, 15~25μM for CVD, and 25~40μM for CVD+CKD subjects.
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Commercial human serum (Valley Biomedical) were used as internal control. DL-Hcy
(100μM) was added in healthy serum treated cells to investigate its additional effects.

Blood MC isolation and cultivation
CD14+ MC was isolated as described,(Freundlich and Avdalovic, 1983) with
modification (Figure 7). In brief, T75 flasks were coated by 10ml of 2% gelatin for 4 hours
at 37°C prior to MC isolation. Gradient density isolated PBMCs, as described above, were
seeded in gelatin-coated T75 flask at density of 30x106 in 10ml DMEM media rested for 1
hour at 37°C. Suspending cells were aspirated. Attached cells were washed with 10ml PBS
twice, detached with DMEM containing 5mM EDTA and 10% FBS for 10 min at 37°C
and suspended by tapping the plate. Cells were washed and stained with anti-CD14
antibody. Approximately 3~5x106 cells were isolated with 95% purity of CD14+ MC from
30x106 PBMCs.

Figure 9. Schematics for human blood MC isolation
RBC, red blood cell; PBMC, peripheral blood mononuclear cell; MC, monocyte
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DNMT protein and activity analysis
Above prepared MCs were replated in 24 well plates at the density of 1x106
MC/ml/well. DNMT protein levels were assayed by Western blot (30µg extract per lane)
using antibodies against DNMT1 (1:2000) (Imgenex) and DNMT3a (1:350) (Imgenex).
For DNMTs activity assessment, MCs were treated with 100μM DL-Hcy for 48 hours or
1µM azacytidine (AZC), a DNMT inhibitor, for 24 hours. Nuclear proteins were extracted
from 5x106 MC and used for enzymatic reaction (20μg per sample) (Figure 8). DNMT1 is
the maintenance methyltransferase, which preferentially methylates hemimethylated
double-stranded DNA, whereas DNMT3 is known as the de novo methyltransferase, which
methylates unmethylated or hemimethylated double-stranded DNA. Nuclear extracts were
incubated with double-stranded unmethylated (for DNMT3) or hemimethylated (for
DNMT1) DNA substrates in the presence of [3H]SAM. DNMT1 and DNMT3a activities
were examined as described (Jamaluddin et al., 2007a). AZC, a specific DNMT inhibitor.
Three standard DNA primers (IDT, Coralville, IA) were used to prepare hemimethylated
DNA substrate for DNMT1 and unmethylated DNA substrate for DNMT3: primer 1
(methylation),

5′CCAAGCGCGCGCCTGGCGCCCGGGCCGG

CTCAAGCGCGCGCCTGGCGCCCGGATC3′; primer 2 (methylation), 5′GATCCGGG
CGCCAGGCGCGCGCTTGAGCCGGCCCGGGCGCCAGGCGCGCGCTTGG3′;
primer 3 (methylation), 5′GATCCGGG(5-MethyldC)GCCAGG(5-MethyldC) GCGCGC
TTGAGCCGGCCCGGGC-GCCAGG(5-MethyldC)G(5-MethyldC)GCGCTTGG3′, each
55-bp long. Primers 1 and 3 were annealed at 75°C for 10 minute at heating block as
described and used as the hemimethylated DNA substrate for DNMT1, while annealed
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primers 1 and 2 were used as the unmethylated DNA substrate for DNMT3. DNMT activity
was assessed by incubating 20 μg nuclear extract with 500 ng double-stranded DNA
substrate and 3 μCi (0.111 MBq) S-adenosyl-L-[methyl-3H] methionine as methyl donor
(Perkin Elmer, Boston, MA) in DNMT buffer (100 μL, 10 mM Hepes buffer [pH 7.9], 3
mM MgCl2,100 mM KCl, 5% glycerol, 2 mM EDTA) in a total volume of 100 μL at 37°C
for 2 hours. The reaction was terminated by adding 300 mL stop buffer (1% SDS, 2 mM
EDTA, 5% butanal, 0.25 mg/mL calf thymus DNA, and 1 mg/mL proteinase K), and the
reaction mix was spotted onto a Whatman GF/C filter (Clifton, NJ), which was air dried,
washed twice with ice-cold 5% TCA containing 5 mM sodium pyrophosphate, and rinsed
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with 70% ethanol. Total radioactivity incorporated into DNA was measured by liquid
scintillation counting. DNMT activity was expressed as cpm/μg nuclear protein.

Figure 10. Schematics for DNA methyltransferases activity assay DNMT1,
most abundant methyltransferase in somatic cells, maintains the pre-existing methylation
pattern to daughter strands after DNA replication. Dnmt-3a and -3b are de novo methyl
transferases required for methylation during embryogenesis that establishes the somatic
methylation pattern.
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CpG island and core promoter mapping
The promoter CpG island was searched as described (Jamaluddin et al., 2007a).
Briefly, the properties of CpG islands in the proximal region of the human CD40 promoter
(-5000/100) were examined using a CpG Island Search engine (http://cpgislands.usc.edu;
University of Southern California). A CpG island is identified as a DNA region of greater
than 200-bp stretch with a CG content of 56.5% or more, and a CpG ratio of 0.6 or higher.
Transcription factor binding sites were mapped as identified previously(Nguyen and
Benveniste, 2000; Nguyen and Benveniste, 2002) and predicted by database TESS (U
Penn).

Data mining microarray analysis
Microarray data were downloaded from the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE43484 and analyzed in
the R statistical environment (http://www.r-project.org) using “Biobase”, “GEOquery”,
and “limma” Bioconductor projects (http://www.bioconductor.org/). A total of 909 probe
sets had significant differential expression (p<0.05, 1.5 fold decrease or increase) in MC
from CKD compared to healthy. Major feature of CKD is increased susceptibility to
cardiovascular disease (CVD), infections, and poor vaccine response due to impaired
cellular and humoral immune response (Hauser et al., 2008). We therefore categorized
genes into three major disease groups: CVD, infection, and autoimmune disease. Data was
interpreted by DAVID tools.
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Statistical analysis
Statistical analyses were performed with Prism 3.03 software (GraphPad Software,
La Jolla, CA). Results are expressed as the mean±SEM. For statistical comparison of
independent samples from subjects, unpaired t test was used for two groups. We applied
paired t test to determine the statistical significance of fold decreases or increases when the
measured concentrations spanned many orders of magnitude. Correlations between the
variables were performed using Spearman correlation analysis. We confirmed no
difference in statistical significance p>0.05 when we compared values of metabolites
between healthy, CVD, and CVD+CKD subjects after adjusted for cardiovascular risk such
as diabetes, hyperlipidemia, hypertension, age, gender.
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MATERIAL AND METHODS II
Mouse model
All animal procedures that were performed conform to the Guide for Animal Care
and Use of Laboratory Animals published by the US National Institutes of Health. All
animal protocols and ethics statements of animal studies were approved by the Temple
University Institutional Animal Care and Use Committee.
Wild type mice and CD40 deficient mice (B6.129P2-Tnfrsf5tm1Kik/J) in a C57BL/B6
genetic background were purchased from Jackson Laboratory (Bar Harbor, Maine).
Animals were fed a standard rodent chow diet (0.43% methionine, TD 2018SX, Harlan
Teklad, Madison, Wis) before dietary intervention. Age-matched male littermates were
selected for study and mice diet was switched to a custom designed high fat (HF) diet at 8
weeks of age as shown in Figure 11. A two-step processes, ablation and contralateral
nephrectomy, were used in the creation of a chronic kidney disease state in mice by 5/6
nephrectomy (5/6 Nx)(Megyesi et al., 1999). Isoflurane (3%, 1~2 L/min oxygen flow
meter) was used for induction and maintenance of anesthesia via intraperitoneal injection.
Eight-week-old male mice were subjected to ablation process. The left kidney was
decapsulated to avoid ureter and adrenal damage via a left flank incision using
electrocautery (Surgistat B Electrosurgical Generator, Valleylab, Covidien, Mansfield,
MA). Continuous internal cycling of chilled saline through the electrode was used to
minimize tissue charring and increased tissue impedance. Nine-week-old male mice were
subjected to a contralateral nephrectomy process. The entire right kidney was removed via
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a right flank incision. Twelve-week-old male mice were subjected to Blood urea nitrogen
(BUN) measurement. Blood was collected from conscious mice by tail bleeding about 30
μl of the emerging blood into an EDTA-containing microhematocrit tube and measured by
colorimetric assay (STANBIO Laboratory (Issaquah, WA).
Carotid artery injury was induced as we described previously.(Tan et al., 2006)
Ten-week-old male mice were subjected to ligation of external carotid artery. The sutures
are placed around the external carotid artery branch immediately distal to the internal
carotid and external carotid bifurcation.

Figure 11. Study design of mouse disease model. CKD in WT and CD40-/- mice
were induced by 5/6 Nx using ablation of left kidney, uninephrectomy of right kidney.
Carotid artery atherosclerosis (CVD) was induced by carotid artery ligation which
sensitizes high fat diet-induced vascular inflammation.
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Blood cell and plasma metabolites measurement
Terminal blood samples were taken from fasted mice. Plasma was collected from
the EDTA tube by spinning at 250 g for 15 minutes at 4°C and stored at -80 °C. The
remainder of the fresh blood cell pellet in the EDTA tube was processed to white blood
cell (WBC) analysis. For flow cytometric analysis, 60 µl of blood cell pellet was incubated
with 4ml of red blood cell lysis hypertonic solution containing 4.2g ammonium chloride in
0.5 M tris-HCl for 15 minutes at room temperature. Plasma total cholesterol, HDLcholesterol, LDL-C, and triglyceride (TG) were analyzed at the National Mouse Metabolic
Phenotyping Center at the University of Massachusetts by Cobas Clinical Chemistry
Anlyzer (Roche). Total plasma Homocysteine, S-adenosylmethionine (SAM), Sadenosylhomocysteine (SAH) was determined by liquid chromatography-electrospray
ionization (ESI) tandem mass spectrometry (LC-ESI-MS/MS) as previously described
(Cheng et al.).

Bone marrow transplantation
BMT was performed as previously described with slight modifications (Zhang et
al., 2012). In brief, male CD40-/- recipient mice at 6 weeks of age received a single semilethal dose of 800 rad irradiation (RS2000X-ray Irradiator). Donor BM cells were
harvested from EGFP Tg mice with C57B/L6 genetic background (003291, Jackson
Laboratory). BM cells from tibia and femur were harvested by inserting needles into the
bone and washing with HBSS (Cellgro; Mediatech Inc.) supplemented with 2 % (w/v) FCS
and filtered through 70μM cell strainer (BD Falcon, San Jose, CA). The un-fractionated
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GFP+ BM cells (5x106 cells) were injected via retro-orbital transfusion into the irradiated
CD40-/- mice immediately after irradiation. Mice were maintained in filter-top cages and
given water containing 1x106 U/liter polymyxin B sulfate (Sigma-Aldrich) for 1 week after
BM transplantation. Mice were fed with normal chow diet for 4 weeks. At 10 weeks of
age, diet was switched to high fat diet and mice were subjected to 5/6 nephrectomy.
Twelve-week-old male mice were subjected to ligation.

Morphometric analysis
The carotid arteries were fixed in 10% formalin overnight and immersed in 30%
sucrose for 24h Tissues were embedded in OCT compound and quick-frozen on dry ice.
Sections (5μm) were obtained from above the suture line to aortic arch (~0.75mm) as
described in Figure 32 A.
For morphometric analysis of neointima formation, sections were stained with
Verhoeff-van Gieson for elastin as recommended by the manufacturer (Polysciences,
Warrington, PA). For immunohistochemistry analysis, sections were pre-incubated with
5% normal goat serum for 30 minutes, incubated with a rabbit anti-CD68 polyclonal
antibody (1:200, Abcam), anti-CD40 polyclonal antibody (1:200, BD pharmingen), antiCD45 polyclonal antibody (1:200, BD pharmingen), anti-CD3 polyclonal antibody (1:200,
BD pharmingen) overnight and a donkey anti-rat IgG-rhodamine red-X (RdX) antibody
(1:500, Jackson Immunoresearch Laboratories, West Grove, PA) for 1 hour at room
temperature. All sections were examined under a microscope (Axioskop 2 Plus, Carl Zeiss,
Thornwood, NY) External elastic lamina, internal elastic lamina, and lumen circumference
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as well as medial and neointimal area were measured using “Image J” software. The
neointimal area was defined as the region between the lumen and internal elastic lamina.
The medial wall (MW) was defined as the region between the internal and external elastic
laminas. Normal lumen (NL) was measured from healthy CA. Percentage stenosis was
calculated using the formula (1-SL/NL) x100%, where stenosis lumen (SL) is the area of
the stenosis lumen and NL is the area of normal lumen as described with
modification.(Bladin et al., 1995) Negative value was considered as no stenosis and
converted to zero. Ratios of intima area to media are (I/M) was calculated as 100× (area of
the NI ÷ area inside the internal elastic lamina).

Aorta single cell isolation
The entire mouse thoracic and abdominal aortas were isolated from the surrounding
fat, minced with scissors, and digested with 125U/mL collagenase type XI, 60U/mL
hyaluronidase type I, 60U/ml DNase1, and 450U/mL collagenase type I in PBS containing
20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (GIBCO Laboratory,
Grand Island, NY) at 37°C for 30 min. Aorta suspension cells were washed with Hank's
balanced salt solution (HBSS) (Cellgro Mediatech, Washington, DC) supplemented with
2% FBS and filtered through a 70μM cell strainer (BD Falcon, San Jose, CA). The passed
fluid containing the suspended aorta cells was then ready for antibody staining. >95%
viability of cells was examined by staining with LIVE/DEAD® Fixable Violet dye
(Invitrogen, USA).
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Kidney single cell isolation
Kidney immune cells were isolated as previously described (Williams et al., 2014).
0.02mg of kidney cortex of its apex were excised and finely chopped with surgical scissor
before enzymatic digestion in 100µl of dissociation media containing of HBSS
supplemented with 3mg/ml collagenase/dispase, 0.2mg/ml DNase type I (Roche Applied
Science), 50μM CaCl2. The samples were mixed on the thermomixer (Eppendorf) at 37C,
300rpm for 20min and then mechanically digested using 100µl pipette tip. The samples
were mixed for two further 5 min periods with mechanical dissociation in between. Kidney
suspension cells were washed with Hank's balanced salt solution (HBSS) (Cellgro
Mediatech, Washington, DC) supplemented with 2% FBS and filtered through a 40μM cell
strainer (BD Falcon, San Jose, CA). Red blood cells were lysed using 1ml of hypertonic
solution containing 4.2g ammonium chloride in 0.5M tris-HCl for 1 minute at room
temperature.

Flow cytometric analysis
Peripheral blood and tissue-origin Immune cells were characterized by flow
cytometry analysis (LSR-II flow cytometer), using PECY7-labeled anti-CD4 (clone
GK1.5), PE-labeled anti-CD8 (clone Ly-2), APC-labeled anti-CD44 (clone IM7), FITClabeled anti-CD62L (clone MEL-14), FITC-labeled anti-Ly6C (clone AL-21), PE-labeled
anti-Ly6G (clone IA8), Brilliant violet 421-labeled anti-CD11b (clone M1/70), APClabeled anti-CD40 (clone 3/23), FITC-labeled anti-CD11c (clone N418), Ultraviolet 395-
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labeled anti-CD4 (clone GK1.5), PECY7-labeled anti-F4/80 (clone BM8) for 30 min at 4
°C. Antibodies were purchased from BD Biosciences and eBioscience.

BMDM and BMDC culture
BMDMs were isolated by previously described protocols (Qu et al., 2009). Femurs
and tibia were removed, briefly sterilized in 70% ethanol, and PBS was used to wash out
the marrow cavity plugs. The bone marrow cells were resuspended in DMEM
supplemented with 100 ng/ml M-CSF, 15% calf serum (HyClone Laboratories), 100 U/ml
penicillin, and 100 μg/ml streptomycin (Invitrogen), plated onto 150-mm dishes, and
cultured in the presence of 5% CO2. After 5–9 days, the resulting BMDMs were detached
with PBS containing 5 mM EDTA and 4 mg/ml lidocaine, replated into 6-well plates, and
used within 10 days. A similar method was used to generate DCs: the bone marrow cells
were cultured in DMEM supplemented with 20 ng/ml GM-CSF, 15% calf serum, 100 U/ml
penicillin, and 100 μg/ml streptomycin. Culture medium was changed after 3 days postisolation, and the cells were used after 7 days post-isolation. Cells were pretreated with 100
U/ml IFNϫ for 16–18 hours to induce MHCII expression. After IFN-γ priming, the culture
medium was replaced with fresh medium supplemented with 1 μg/ml FGK45, a CD40stimulating antibody (Enzo lifescience) and 15% CKD patients’ serum for 6 hour.

Kidney tissue chemokine array
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A mouse chemokine array (R&D Systems, Minneapolis, MN) were used to
determine the cytokine and chemokine expression in mouse plasma and kidney tissue
respectively as recommended by manufacturer. Briefly, the nitrocellulose membranes prespotted with 40 chemokine antibodies were first blocked with 1× blocking buffer for 1
hour. Meanwhile, 300µg of protein lysates were incubated with the detection antibody
cocktail for 1 hour. The blocked membranes were incubated with the premixed
protein/antibody solutions overnight at 4ºC. Then membranes were washed with 1x wash
buffer three times and incubated with HRP conjugated Streptavidin for 30 minute at room
temperature, and followed with another three washes with 1x wash buffer. The membranes
were then incubated with the chemiluminescent reagents and exposed to X-ray films for
10 min. The expression levels of the cytokines and chemokines were determined by the
intensity of the spots measured with ImageJ software.

RNA extraction and Real-Time PCR
Messenger RNA (mRNA) was extracted from cultured cells or tissues using RNA
mini column kit (Quagen) as recommended by manufacturer. Total mRNA was then
reverse transcribed into complementary DNA (cDNA) using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Real-time PCR (RTPCR) was performed using SYBR-green PCR system (SABiosciences, Frederick, MD) on
the StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). Genespecific primer pair used for quantitative PCR analysis spans at least an intron. Primers and
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probes were purchased from applied biosystems, and mRNA expression was normalized
to the levels of the ACTB (b-actin).

Westernblot analysis
Kidney tissue was freezed in niquid ligrogen and chopped into small pieces in PBS
with proteinase inhibitor on Ice, and then homogenized by sonication. 1% Triton was added
and stored -80C. 40ug of total protein was loaded and transferred to nitrocellular
membrane. Membrane was blocked by 5% BSA and primary and secondary antibody was
diluted in 5% BSA. CD40 antibody (SC-20) was purchased from Santa Cruz.

Plasma Lipid, cytokine, chemokine analysis
Whole blood was collected from anesthetized animals via the inferior vena cava in
mini-centrifuge tubes coated with EDTA. Plasma was separated by centrifugation. Plasma
levels of LDL, HDL, total cholesterol, non-esterified fatty acids, and triglycerides were
measured at the National Mouse Metabolic Phenotyping Center in university of
Massachusetts Medical School.

Statistical analysis
Data are expressed as mean of replicate measurements or mean normalized values
of multiple experiments ± Standard error of the mean (SEM). For comparisons between
two groups, two-tailed Student t test (α =0.05) was used for evaluation of statistical
significance. Comparison across multiple groups, one-way ANOVA was used.
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CHAPTER 3
RESULTS I
Identification of CD40+CD14++CD16+ MC as a novel inflammatory MC
in CKD-induced CVD
CKD induces CD40hiCD14+ MC that expresses inflammatory markers
Via microarray database mining, CD40 is identified as a potential marker of MC
activation in CKD. To validate whether CD40 is related with the inflammatory feature of
MC, we examined the expression of inflammatory markers in CD40hiCD14+ MC by costaining with antibodies against T cell activation surface markers (CD86/CD80/HLA-DR),
adhesion receptors (CD62L/CD49d/CD11b) (Xu et al., 2008), and chemokine receptors
(Ccr2/Ccr5/Cx3cr1)(Yang et al., 2014). CD40hiCD14+ MC expressed higher levels of
inflammatory markers CD86/HLA-DR/CD11b/CD49d/Ccr2/Ccr5/Cx3cr1, as compared
with CD40lowCD14+ MC (Figure. 12A), similar as in CD14++CD16+ MC, often denoted as
'inflammatory' MC subset.
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Figure 12. CKD induces CD40hiCD14+ MC expressing inflammatory markers.
A-B. MC activation marker analysis in CD40hiCD14+ MC and existing MC subsets.
Human WBCs were isolated and stained with anti-CD14, -CD16, and -CD40 mAbs, and
co-stained with surface markers for T cell activation (CD80, CD86, & HLA-DR), adhesion
receptors (CD62L, CD49d, & CD11b), and chemokine receptors (Ccr2, Ccr5, & Cx3cr1).
MCs are defined as CD14+ cells from MCC (low granularity and medium size).
Representative dot plots depict MC subsets and the histograms depict CD40hi cells. MC
activation markers were quantified in these MC subsets and analyzed by flow cytometry.
Schematic description in the frame summarizes the existing classification and working
model. Values represent mean ± SEM (n=4); *p<0.05 vs CD40lowCD14+ MC; # p<0.05 vs
CD14++CD16- MC; ǂ p<0.05 vs. CD14++CD16+ MC. CKD, chronic kidney disease; CVD,
cardiovascular disease; MC, monocyte; WBC, white blood cells; MCC, monocyte cloud;

Ab, antibody; TC act, T cell activation; Che R, Chemokine receptor; Adh R, Adhesion
receptor.
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Mϕ, CD40hi Mϕ, CD40hi MC are elevated in CKD+CVD
We characterized circulating myeloid cell populations in human subjects.
Peripheral blood mononuclear cells (PBMC) were isolated using density gradient
centrifugation to separate myeloid cells from granulocyte. Myeloid cells (~20% of PBMC)
were gated based on relative high granularity (SSC) and large size (FSC). Mϕ cloud (~4%
of PBMC) has the highest granularity and largest cells which contain ~95% CD14+ Mϕ,
3.8% of PBMC. MC cloud (MCC, ~16% of PBMC) has lower granularity and contains
~87% CD14+ MC, 12.3% of PBMC. DCs are defined by HLA-DR+CD16-CD14- in
myeloid cells. We found that Mϕ populations were increased from 3.5%±0.35 of PBMC in
healthy subjects to 5.8%±0.72 in CKD+CVD subjects (1.65 fold induction), while MC and
DC was not changed. We also characterized CD40hi myeloid cells and found that CD40hi
Mϕ and CD40hi MC were increased from 1.5%±0.4 and 0.9%±0.5 in healthy subjects to
3.5%±0.49 and 1.9%±0.58 of PBMC in CKD+CVD subjects (1.65 and 2.1 fold inductions)
while CD40hi DC count was not changed (Figure. 12 A).
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Figure 13. Mϕ, CD40hi Mϕ, CD40hi MC are elevated in CKD subjects.
Peripheral blood was collected from healthy, CVD, CKD+CVD subjects for MC subset
and blood chemical analyses. PBMCs were isolated by density gradient centrifugation to
remove granulocyte and stained with antibodies against CD14, CD16, CD40, HLA-DR for
flow cytometric analysis. A. Myeloid cell characterization. Mɸ are defined as CD14+
cells from Mɸ cloud (high granularity (SSC) and large size (FSC)). MC are defined as
CD14+ cells from MCC (low granularity and medium size). DCs are defined in myeloid
cells as HLA-DR+CD16-CD14- population. Isotype controls were used to justify positive
staining. Each dot represents one subject. Values represent mean ± SEM; *p<0.05 vs
healthy; #p<0.05 vs CVD. CVD, cardiovascular disease; CKD, chronic kidney disease; SSC,
side scatter; FSC, forward scatter; PBMC, peripheral blood mononuclear cells; mAb,
monoclonal antibody; MC, monocyte; MCC, monocyte cloud; Mɸ, macrophage; Deb,
debris; Lym, lymphocytes.

CD14++CD16+ MC are increased in CKD and CVD subjects
Because CD14++CD16+ inflammatory MC subset is considered as a predictor of
cardiovascular event in CKD subjects(23512108)(, we characterized circulating MC
subsets. MCC is 5~10% of WBC, which contains ~85% CD14+ MC (Figure. 14 B). We
found that CD16- classical MC subset was decreased from 87%±1.5 of MC in healthy to
79%±2.5 and 79%±2.3 in CVD and CKD+CVD subjects. CD16+ inflammatory MC was
increased from 8.4%±0.7 of MC in healthy to 14%±1.5 and 13%±1.1 in CVD and
CKD+CVD subjects.
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A. Baseline characteristics of participants
Healthy
(n=14)

CVD
(n=13)

Age (years)
Women (no.[%])

CVD+CKD
(n=14)
51.6 ± 3 61 ± 3.8* 63.5 ± 2.7#
5 (35.7) 7 (54) *
5 (36) ǂ

Diabetes (no.[%])

3 (21.5)

3 (23)

Characteristics

9 (64.2) #,ǂ

Hypertension (no.[%]) 5 (35.7) 11 (84.6)* 11 (78.6) #
Hyperlipidemia (no.[%])3 (21.5) 9 (69)* 9 (64.3) #
3 (21.5) 9 (69) * 9 (64.3) #
Statin (no.[%])
CKD stage
0
0~2
3~5

eGFR (ml/min per 1.73 m2)
Stage 0 (Healthy): 125
Stage 3 (CKD) : 60
Stage 5 (ESRD) : 15
ESRD: end stage of renal disease
eGFR (estimated glomerula filtration rate)

Figure 14. CD14++CD16+MC are increased in CKD and CVD subjects.
Peripheral blood was collected from healthy, CVD, CKD+CVD subjects for MC subset
and blood chemical analyses. WBCs were isolated after red blood cell lysis from human
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blood cells, and stained with antibodies against CD14, CD16, CD40, HLA-DR for flow
cytometric analysis. A. Characteristics of subjects. Diabetes was determined based on
currently receiving hypoglycemic therapy or fasting glucose level ≥ 126 mg/dL.
Hypertension was determined as systolic blood pressure ≥ 140 mmHg and diastolic blood
pressure ≥ 90 mmHg. Hyperlipidemia was determined by total cholesterol level ≥ 240
mg/dl. CKD stage was estimated using the CKD-Epidemiology Collaboration equation. B.

MC subsets. Representative dot plots depict three existing MC subsets; CD14++CD16- (R1)
classical, CD14++CD16+ (R2) intermediate, and CD14+CD16++ (R3) nonclassical MC.
Each dot represents one subject. Values represent mean ± SEM; *p<0.05 vs healthy;
#

p<0.05 vs CVD. CVD, cardiovascular disease; CKD, chronic kidney disease; SSC, side

scatter; FSC, forward scatter; mAb, monoclonal antibody; WBC, white blood cells; MC,
monocyte; MCC, monocyte cloud; Mɸ, macrophage; Gr, granulocytes; Deb, debris; Lym,
lymphocytes.

CD40hiCD14++CD16+ MC are increased in CVD and further increased in CVD+CKD
We further examined CD40 expression in these three MC subsets and found that
CD40 expression is higher in CD14++CD16+ MC. CD40hi cells were 15.2%±2.5 of
CD14++CD16-, 37%±3.9 of CD14++CD16+, and 28%±3 of CD14+CD16++ MC (Figure. 15

A). CD40hiCD14++ and CD40hiCD14++CD16+ MC were gradually increased with CVD and
CKD stages (Figure. 15 C). However, CD14++CD16+ MC was increased in CVD (Figure.

15 B).
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Figure 15. CD40hiCD14+, and CD40hiCD14++CD16+ MC are increased in CKD and
CVD subjects. Peripheral blood was collected from healthy, CVD, CKD+CVD subjects
for MC subset and blood chemical analyses. WBCs were isolated after red blood cell lysis
from human blood cells, and stained with antibodies against CD14, CD16, CD40, HLADR for flow cytometric analysis. A. CD40hi subsets. Representative histograms depict
CD40hi cells in three MC subsets. Percentage of CD40hi cell in three MC subsets were
quantified. B-C. MC subset change in CKD stages. CD14++CD16+ MC (B),
CD40hiCD14++ and CD40hiCD14++CD16+ MC (C) were quantified in CKD stages.
Schematic description in the frame summarizes the working model. Each dot represents
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one subject. Values represent mean ± SEM; *p<0.05 vs healthy; #p<0.05 vs CVD. CVD,
cardiovascular disease; CKD, chronic kidney disease; SSC, side scatter; FSC, forward
scatter; mAb, monoclonal antibody; WBC, white blood cells; MC, monocyte; MCC,
monocyte cloud; Mɸ, macrophage; Gr, granulocytes; Deb, debris; Lym, lymphocytes.

Identification of Hcy associated with CD40+ MC
Hcy levels are increased in plasma and WBC in CKD+CVD, and positively
correlated with eGFR
We characterized relevant traditional risk factors of CVD and CKD and found that
plasma homocysteine (Hcy) levels were increased from 9.1μM in healthy to 12.7μM and
20.3μM in CVD and CVD+CKD subjects (Figure. 16 A). Plasma glucose levels were
increased from 116mg/dL in healthy to 151mg/dL in CKD+CVD subjects. Plasma total
cholesterol levels were not changed (Figure. 16 B-C), possibly related with cholesterol-
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lowering therapy in these patients. Cellular Hcy (WBC) levels were increased from
3.7nM/g in healthy to 8nM/g in CVD+CKD subjects and passively correlated with plasma
Hcy levels (Figure. 16 D).
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Figure 16. Hcy levels are increased in plasma and WBC in CKD+CVD
subjects, and positively correlated with eGFR. Peripheral blood was collected from
healthy, CVD, CVD+CKD subjects for creatinine test by hospital biochemical laboratory
analysis, and Hcy/methylation metabolite analysis by LC-ESI-MS/MS. A-C. pHcy,

glucose, and cholesterol levels. D. Hcy levels in WBC and correlation of pHcy with
cHcy. E. Correlation of Hcy with eGFR. Each dot represents one subject. Values
represent mean ± SEM; *p<0.05 vs Healthy;

#

p<0.05 vs CVD. CVD, cardiovascular

disease; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; pHcy,
plasma Homocystine; cHcy, cellular Homocysteine; MC, monocyte; WBC, white blood
cell; HHcy, hyperhomocysteinemia; FC, Folate cycle; LC-ESI-MS/MS, liquid
chromatography-electrospray ionization-tandem mass spectrometry.

Hcy levels are positively correlated with CD14++CD16+ and
CD40hiCD14++CD16+ MC, and hypomethylation status
We divided human subjects into normal (plasma Hcy level <15μmol/L) and HHcy
(≥15μmol/L) (Prontera et al., 2007). CD14++CD16+ and CD40hiCD14++CD16+ MC were
increased from 10.1%±0.8 and 13%±1.2 of MC in normal Hcy to 13.5%±1.3 and 26%±2
of MC in HHcy; a positive correlation with plasma Hcy levels (Figure. 17 A-B). We
consider Hcy metabolic cycle as methylation cycle (Figure. 17 schematic). We examined
methylation metabolite SAH and S-adenosyl-methionine (SAM) and found that plasma
SAH levels were increased from 16.8nM±1.67 in healthy to 25nM±2.6 and 128nM±34 in
CVD and CKD+CVD subjects (1.48 and 5.12 fold induction). Plasma SAM levels were
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increased from 86.6nM±5.5 in the healthy to 95nM±6.2 and 148.7nM±18.4 in the CVD,
and CKD+CVD subjects (1.7 and 1.56 fold induction). Plasma SAM/SAH ratios, indicator
of methylation status, were decreased from 5.8 in the healthy to 3.9 and 2 in CVD and
CKD+CVD subjects (1.48 and 2 fold reduction) (Figure. 17 D). Plasma and cellular Hcy
levels were positively correlated with plasma and cellular SAH and SAM levels (Figure.

17 E-F).
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Figure 17. Hcy levels are correlated with CD14++CD16+ and CD40hiCD14++CD16+
MC. Peripheral blood was collected from healthy, CVD, CVD+CKD subjects for MC
subsets by flow cytometric analysis, as described in Figure 2C&F, and Hcy/methylation
metabolite

analysis

by

LC-ESI-MS/MS.

A-C.

CD14++CD16+

MC

or

CD40hiCD14++CD16+ MC in HHcy condition and its correlation with pHcy levels and
eGFR. Peripheral blood from subjects were divided into normal pHcy <15µM (normal
Hcy, n=25) and >15µM (HHcy, n=16). MC subsets for CD14++CD16+ and
CD40hiCD14++CD16+ MC were quantified and analyzed for correlation with plasma Hcy.
H. Correlation of eGFR with MC subset. D. Plasma methylation metabolites. E-F.
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Correlation of pHcy and cHcy with methylation metabolites. Hcy and methylation
metabolites are described in the framed methylation cycle. Schematic description in the
frame summarizes the working model. Each dot represents one subject. Values represent
mean ± SEM; *p<0.05 vs Healthy; # p<0.05 vs CVD. CVD, cardiovascular disease; CKD,
chronic kidney disease; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine;

pHcy, plasma Homocystine; cHcy, cellular Homocysteine; MC, monocyte; WBC, white
blood cell; HHcy, hyperhomocysteinemia; FC, Folate cycle; LC-ESI-MS/MS, liquid
chromatography-electrospray ionization-tandem mass spectrometry.

CKD serum and Hcy induce CD14++CD16+ and CD40hiCD14++CD16+ MC
differentiation in PBMC
We examined the effect of CKD patients’ serum on MC differentiation in cultured
human PBMC. CD14++CD16+ MC was increased by 1.4 folds in CVD patients’ serum and
by 1.36 folds in Hcy (100 μΜ) treated cells (Figure. 18 B). CD40 expression on MC was
increased by 1.2 folds and 1.4 folds in CVD and CKD+CVD serum and by 1.35 folds in
Hcy treated group (Figure. 18 C). CD40 expression on CD14++CD16+ MC was increased
by 1.38 folds in CKD+CVD serum treated group (Figure. 18 D).
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Figure 18. CKD serum and Hcy induce inflammatory MC differentiation in PBMC.
Peripheral blood from healthy donors was collected. Serum was collected from healthy,
CVD, CVD+CKD subjects for MC differentiation study in cultured PBMC. MC are
defined as CD14+ cells from MCC (low granularity (SSC) and medium size (FSC)).
CD14++CD16+, CD40hiCD14+ and CD40hiCD14++CD16+ MC subsets were characterized.

A. MC differentiation & characterization. PBMCs were cultured and treated with 10%
human serum (n=10) and DL-Hcy (100μM) and subjected for MC subset characterization
by flow cytometric analysis. Representative dot plots depict CD16 MC subsets and the
histograms depict CD40hi MC. B. CD14++CD16+ MC differentiation. CD14++CD16+ MC
quantification is expressed as the ratio of that in PBMCs treated with 10% patient serum
vs 10% commercial human serum, an internal CT. C-D. CD40hiCD14+ and

CD40hiCD14++CD16+ MC differentiation. CD40hi MC is quantified using CD40 MFI in
CD14+ MC. CD40hiCD14++CD16+ MC is quantified using CD40 MFI in CD14++CD16+
MC. Representative results of four experiments with duplicates are shown in this figure.
Each dot represents one subject. Values represent mean ± SEM; *p<0.05 vs Healthy and
CT. CVD, cardiovascular disease; CKD, chronic kidney disease; PBMC, peripheral blood
mononuclear cell; MCC, monocyte cloud; MFI, median fluorescence intensity; CT,
control; Hcy, homocysteine; inf. MC, inflammatory monocyte.
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HHcy mice induces CD40 and peripheral MC and TC activation
Previously we reported that inflammatory MC is elevated in HHcy mice (Zhang et
al., 2009). Here, we validated whether CD40 level in MC is also elevated and CD40
elevation is associated with inflammatory MC differentiation and T cell activation. We
found that total MC count, inflammatory MC (Ly6Cmid+hi) subsets, and CD40 levels in MC

MC

80

p=0.03

30
20
10
0

Cbs +/+

Cbs -/-

Inflammatory MC
p=0.02

60
40
20
0

Cbs+/+

80

Cbs-/-

20
CD40 + MC in MC (%)

40

Ly6C+ MC in MC (%)

B

Ly6G -CD11b + MC in MNC (%)

were also elevated (Figure 19 A-B).

CD40+ MC
p=0.002

15
10
5
0

Cbs+/+

Cbs-/-

150

Plasma Hcy (µM)

C

112

100
50
5.2
0

Cbs+/+

Cbs-/-

Figure 19. HHcy mice increases MC, inflammatory MC, CD40hi MC in blood. TghCBSCbs+/+ control and Tg-hCBSCbs-/- HHcy mice were killed at 14 weeks. Peripheral
blood were isolated, stained with anti-CD11b, -Ly6G, -Ly6C, -CD40 mouse antibodies,
and analyzed by flow cytometry. A.

Representative MNC and MC dot plots were

quantified. Each dot represents one subject. Values represent mean ± SEM. MNC,
mononuclear cell; MC, monocyte.

81

In addition, total CD4+ T cell and active CD4+ T cell were elevated while CD8+ T
cell were not change and naive CD8+ T cell were decreased (Figure 20 A-B).

Figure 20. HHcy mice increases CD4+ T cell, active CD4+ T cell. Tg-hCBSCbs+/+
control and Tg-hCBSCbs-/- HHcy mice were killed at 14 weeks. Spleen cells were isolated,
stained with anti-CD4,-CD8, -CD62L, -CD44 mouse antibodies, and analyzed by flow
cytometry. A. Representative CD8 and CD4 TC dot plots were further co-stained with
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active marker CD44 and naïve marker CD62L. Each dot represents one subject. Values
represent mean ± SEM.
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Identification of cytokines associated with CD40hi MC
Plasma sCD40L is increased in CKD and CVD
We examined plasma levels of soluble CD40L (sCD40L) in healthy, CVD, and
CKD+CVD subjects and found that plasma sCD40L levels were elevated from
171pg/ml±17 in healthy to 293pg/ml±30 in CVD and 247pg/ml±27 in CKD+CVD
subjects. In addition, plasma sCD40L levels were positively correlated with plasma Hcy
levels and circulating CD14++CD16+ MC (Figure 21 A).
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Figure 21. Plasma sCD40L is increased in CKD and CVD. sCD40L levels were
assessed in human plasma. A. sCD40L in human plasma & correlation with pHcy,
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CD14++CD16+ MC, CD40hiCD14++16+ MC. sCD40L levels were measured in plasma
after platelet removal by ELISA. Plasma Hcy levels and MC subsets for CD14++CD16+
MC and CD40hiCD14++CD16+ MC were examined as described in Figure 17A and Figure

15 B&C respectively. Each dot represents one subject. Values represent mean ± SEM;
*p<0.05 vs Healthy and CT. CVD, cardiovascular disease; CKD, chronic kidney disease;
sCD40L, soluble CD40 ligand; MCC, monocyte cloud; CT, control; pHcy, plasma
homocysteine; inf. MC, inflammatory monocyte.

Time dependent MC differentiation by CD40L
We thus considered that sCD40L in CVD patient’s serum may induce inflammatory
MC differentiation and investigated the influence of CD40L on early stage of MC to Mϕ
differentiation in IFNɤ (72h) primed PBMC. MCC cells were lower granularity and
decreased with time from 22% of PBMC at 24h to 7.7% at 48h and 2.7% at 72h’s culture.
Mϕ cloud cells had the highest granularity and biggest cell size, which were increased with
time from 2.5% of PBMC at 24h to 4.8% at 48h and 9.8% at 72h’s culture. CD14+ and
CD14++CD16+ MC in MCC remained unchanged from 70-77% and 39-54% in these three
time points. CD40L increased CD14+ MC by 1.28, 1.8, and 1.5 folds at 24, 48, and 72h’s
culture, and elevated CD14++CD16+ MC by 1.9 folds at 72h (Figure 22 A).

85

Figure 22. CD40L induces CD40hiCD14++CD16+ MC differentiation in PBMC. PBMC
was isolated from healthy donor for MC differentiation study. MC subsets are defined as
described in Figure 15 B. A. Time-dependent MC differentiation. PBMC was primed
with IFNϫ (100U/ml) for MC differentiation and treated with human recombinant CD40L
(0.4μg/ml) for indicated times. CD14+ MC and CD14++CD16+ MC populations are
expressed as the fold change to that in CT (n=5). Values represent mean ± SEM; *p<0.05
vs CT. PBMC, peripheral blood mononuclear cell; MCC, monocyte cloud; MFI, median
fluorescence intensity.
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CD40L induces CD14++CD16+ and CD40hiCD14++CD16+ MC differentiation
It is known that CD40-CD40L signaling induces CD40 and CD86 on MC (Gotoh
et

al.,

2004).

We

found

that

CD40L

induced

CD86+

and

CD40hi

CD14+/CD14++CD16+/CD40hiCD14++CD16+ MC differentiation by ~1.6 folds (Figure 23

A).

CD40L

neutralizing

antibody

partially

reversed

CKD

serum

CD40hiCD14++CD16+ MC differentiation (Figure 23 B).
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induced

Figure 23. CD40L induces CD40hiCD14++CD16+ MC differentiation in PBMC.
sCD40L levels were assessed in human plasma. PBMC was isolated from healthy donor
as described in figure 2 for MC differentiation study. MC subsets are defined as described
in figure 4A. A. sCD40L in human plasma & correlation with pHcy, CD14++CD16+

MC, CD40hiCD14++16+ MC. sCD40L levels were measured in plasma after platelet
removal by ELISA. Plasma Hcy levels and MC subsets for CD14++CD16+ MC and
CD40hiCD14++CD16+ MC were examined as described in Figure 3A and Figure 2C&F
respectively. B. Time-dependent MC differentiation. PBMC was primed with IFNϫ
(100U/ml) for MC differentiation and treated with human recombinant CD40L (0.4μg/ml)
for indicated times. CD14+ MC and CD14++CD16+ MC populations are expressed as the
fold change to that in CT (n=5). C-D. CD40L-induced MC differentiation. PBMC was
treated with CD40L (0.4 μg/ml), in the presence of IFNɤ (100U)(C) or anti-CD40L
(1μg/ml), polyclonal mouse IgG antibody (1μg/ml) and 10% pooled CKD serum as a
source of CD40L (D). CD86 is used as a marker of CD40-CD40L signaling. CD14++CD16+
and CD40hiCD14++CD16+ MC were quantified as the fold increase to average value of
these in CT (n=4). Schematic description in the frame summarizes the working model.
Each dot represents one subject. Values represent mean ± SEM; *p<0.05 vs Healthy and
CT. CVD, cardiovascular disease; CKD, chronic kidney disease; PBMC, peripheral blood
mononuclear cell; sCD40L, soluble CD40 ligand; MCC, monocyte cloud; MFI, median
fluorescence intensity; CT, control; pHcy, plasma homocysteine; inf. MC, inflammatory
monocyte.
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MC and T cell origin inflammatory cytokines were induced in CKD subjects
We screened 20 cytokines in the serum of human subjects by ELISA and found that
4 MC origin cytokines (IL-12p70/GM-CSF/IL-6/TNFα) were induced in CKD and CVD
subjects. TNFα levels were elevated from 132pg/ml±12 in healthy to 190.6pg/ml±17 in
CVD and 232.6pg/ml±26 in CKD+CVD subjects. IL-6 levels were elevated from
13.2pg/ml±1.9 to 20.2pg/ml±3 in CVD and 33.58pg/ml±1.7 in CKD+CVD subjects. In
general, the absolute levels of CD4+ T cell dominant cytokines (IL-4/IFNɤ/IL-5/IL-12p70)
were low but elevated in CVD and CKD. IFNɤ levels were elevated from 4.6pg/ml±0.4 in
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healthy to 4.9pg/ml±0.4 and 7.5pg/ml±0.4 in CVD and CKD+CVD subjects (Figure 24

A).
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Figure 24. MC and T cell origin inflammatory cytokines TNFα, IL-6, and IFNɤ are
induced in CKD+CVD subjects. Peripheral blood was collected from healthy, CVD,
CVD+CKD subjects. PBMC was isolated from healthy donor and cultured as described in
Figure 13, & 19 for MC differentiation study. MC subsets were characterized as described
in Figure 14A. A. Serum cytokine levels. Serum from 5 human subjects were pooled as
one assay samples and analyzed for cytokine in quadruplicates using Quantibody multiplex
ELISA cytokine array (n=2~3). Values represent mean ± SEM; *p<0.05 vs Healthy,
#p<0.05 vs CVD; *p<0.05 vs CT, #p<0.05 vs; CytK, cytokine; α-inf, anti-inflammatory.

MC and T cell origin inflammatory cytokines synergistically induced
CD40hiCD14++CD16+ MC differentiation with Hcy
Because Hcy and inflammatory cytokines are concomitantly elevated in CKD and
CVD, we examined the synergistic effect of Hcy and inflammatory cytokines on MC
differentiation

in

PBMC.

IL-6

induced

CD14++CD16+

MC

by

1.4

folds.

CD40hiCD14++CD16+ MC was induced by 1.46 folds in Hcy (100µM)-treated group, and
by 1.5, 1.4, and 1.6 folds in TNFα (10ng/ml), IL-6 (100ng/ml), and IFNɤ (100U/ml)-treated
group. The combination of Hcy with TNFα/IL-6/IFNɤ resulted in further elevation of
CD40hiCD14++CD16+ MC by 2, 1.9, and 2.3 folds (Figure 25 A). Neutralizing antibodies
against TNFα and IL-6 completely reversed Hcy-induced CD40hiCD14++CD16+ MC
differentiation (Figure 25 B). The IFNɤ antibody had no effect on Hcy-induced MC
differentiation, which may be due to relative low levels of IFNɤ present in CKD serum.
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Figure

25.

MC

and

T

cell

origin

inflammatory

cytokines

synergize

CD40hiCD14++CD16+ MC differentiation with Hcy. Peripheral blood was collected from
healthy, CVD, CVD+CKD subjects. PBMC was isolated from healthy donor and cultured
as described in Figure 13 for MC differentiation study. MC subsets were characterized as
described in Figure 14 B. A-B. Cytokine and Hcy-induced MC differentiation. PBMC
was treated with DL-Hcy (100 μM) and inflammatory cytokines; IFNɤ (100U/ml), TNFα
(10ng/ml), IL-6 (100ng/ml) (n=6) (A). PBMC was treated with anti-IL-6, -TNFα,
polyclonal mIgG antibody, and DL-Hcy (100μM) in the presence of pooled 10% CKD
serum as a source of inflammatory cytokines (B) (n=4). Quantification of CD14++CD16+
and CD40hiCD14++CD16+ MC are expressed as the fold change to average value of these
in CT. Schematic description in the frame summarizes the working hypothesis. Values
represent mean ± SEM; *p<0.05 vs Healthy, #p<0.05 vs CVD; *p<0.05 vs CT, #p<0.05 vs
Hcy. MC, monocyte; PBMC, peripheral blood mononuclear cell; Hcy, homocysteine;

mIgG, mouse IgG; MFI, median fluorescence intensity; Ab, antibody; CytK, cytokine; αinf, anti-inflammatory.
Methylation analysis of CD40 gene
Via Deep sequencing database-mining analysis, we identified the CpG island (892/-291) is located upstream of CD40 gene. Previously identified core promoter which is
IFNɤ-induiced CD40 transcription (Nguyen and Benveniste, 2000; Nguyen and
Benveniste, 2002). Methylation rich clusters are located in upstream of core-promoter and
non-promoter CpG island.
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Figure 26. CG mapping of CD40 gene. Top panel indicates CG coverage and presented
as percentage of that methylated cytocine is read during the sequencing process. Bottom
panel indicates methylated CpG in cultured human umbilical vein cell in unstimulated
condition and presented as 0~1 as 1 equal to 100%. Orange box indicates promoter CpG
island. Blue boxes indicate non-promoter CpG island.
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Underlying Mechanism of Hcy- induced CD40hi MC differentiation
DNA Hypomethylation status correlates inflammatory MC differentiation
Plasma Hcy levels were negatively correlated with plasma SAM/SAH ratio, while
cellular Hcy levels were associated but not significantly correlated with WBC SAM/SAH.
Plasma and cellular SAM/SAH ratios were negatively correlated with CD14++CD16+ and
CD40hiCD14++CD16+ MC in CKD and CVD subjects (Figure 27 A). Because decreased
SAM/SAH ratio indicates hypomethylation status, we examined CD40 promoter
methylation in selected subjects with high plasma SAM/SAH (7.2±1.3, empty circles) and
low SAM/SAH (2.2±0.7, black circles) (Figure 27 A&B). We identified a CpG island (892/-291) on CD40 promoter region (Figure 27 C), which has a IFNɤ/TNFα-responsible
core promoter (-561/-396) (Nguyen and Benveniste, 2000; Nguyen and Benveniste, 2002),
containing 5 cis-transactive consensus elements (NFκB, PU.1, and Stat1) and 9 potential
methylation sites (CpG) (Figure 27 D). We mapped DNA methylation in CD40 core
promoter region by bisulfite converting and pyrosequencing. DNA methylation on site 1
CpG dinucleotide, NFκB binding site, was reduced from 11.8% in high SAM/SAH subjects
to 7.4% in low SAM/SAH subjects (Figure 27 E).
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Figure 27. DNA Hypomethylation status correlates inflammatory MC differentiation.
Peripheral blood was collected from healthy, CVD, CKD+CVD subjects for metabolite
analysis as described in figure 3, for MC subset characterization as described in figure 2,
and for DNA methylation mapping. MC subsets are characterized as described in figure
4A. A. Correlation of methylation status, Hcy vs SAM/SAH and SAM/SAH vs eGFR,

MC subsets. Subjects with high or low SAM/SAH were selected for DNA methylation
mapping (shown in A) and indicated by empty and black circles to distinguish from other
subjects (gray circle). B. Metabolite & MC features of subjects selected for DNA

methylation mapping. Metabolites and CD40hiCD14++CD16+MC from high or low
SAM/SAH subjects (4 individuals in each group) are listed in the table. C. CD40 promoter

analysis. One CpG island is identified in CD40 promoter by computational analysis.
Previously identified core promoter is located in the CpG island and contains 5
transcription factor binding sites. D. Nine CpG pairs in core promoter. Cis-transactive
consensus elements (underline) for corresponding transcription factors and 9 CpG pairs are
located in CD40 core promoter region (-561/-396). E. DNA methylation mapping. WBCs
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8

9

from high or low SAM/SAH subjects (empty and black dots in A&B, 4 individuals in each
group) were used for DNA methylation mapping by pyrosequencing. Genomic DNA was
extracted and modified by bisulfite to convert all unmethylated cytosines to uracils.
Percentage of methylated cytosine of #1~9 CG pairs as indicated in D was quantified. Each
dot represents one subject. Values represent mean ± SEM; *p<0.05 vs CT and high
SAM/SAH, #p<0.05 vs. Hcy. eGFR, estimated glomerular filtration rate; PBMC,
peripheral blood mononuclear cell; MC, monocyte; WBC, white blood

cell; Hcy,

homocysteine; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine;.

CD40 promoter DNA hypomethylation and DNMT1 suppression contributes to
Hcy-induced inflammatory MC differentiation
Further we found that protein levels and activity of DNA methyltransferase
(DNMT) 1, but not 3a, were reduced to 70% in MC treated with Hcy (Figure 28 A-B).
AZC was used as a specific DNMT inhibitor control. Finally, Hcy-induced
CD40hiCD14++CD16+ MC differentiation were prevented by Folic acid, which provides
methylation power to convert Hcy back to methionine (Figure 28 C).
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Figure 28. CD40 promoter DNA hypomethylation and DNMT1 suppression
contribute to Hcy-induced inflammatory MC differentiation. PBMCs were isolated
from healthy donor and cultured as described in Figure 13 & 19 for MC differentiation
study. MC subsets are characterized as described in Figure 14A. A-B. DNMT protein

levels and activity. MC was enriched from PBMC as described in the section of material
and methods and treated with DL-Hcy. DNMT1 and 3a protein levels and activity were
examined as described in Material and Methods (n=4). Azc, DNMT1 inhibitor, was used
as negative control. C. Hcy-induced CD40hiCD14++CD16+ MC. PBMCs were isolated,
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primed as described in figure 5B, and treated with FA prior to DL-Hcy (n=6). Azc, DNMT1
inhibitor, were treated to induce DNA hypomethylation. Schematic description in the frame
summarizes the working model. Values represent mean ± SEM; *p<0.05 vs CT, #p<0.05
vs. Hcy. PBMC, peripheral blood mononuclear cell; MC, monocyte; WBC, white blood
cell; Hcy, homocysteine; FA, folic acid; mTHF, 5-methyltetrahydrofolate; SAH, sadenosylhomocysteine; SAM, s-adenosylmethionine; DNMT, DNA methyltransferase;
Azc, 5-azacytidine; WB, western blot; Met, Methionine; me, methylation; CT, control.
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Figure 29. A. Mechanisms of HHcy-induced CD40hiCD14++CD16+ MC differentiation
in CKD and CVD. A. Schematic description summarizes the working model. In the
condition of CKD and CVD, plasma Hcy levels are increased, leading to SAH
accumulation, SAM/SAH reduction and DNMT1 activity inhibition, resulting into CD40
DNA hypomethylation, CD40 induction, and inflammatory MC differentiation
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(CD14++CD16+, CD40hiCD14++CD16+). In addition, CKD and CVD elevates sCD40L and
IFNɤ/TNFα/IL-6 in the plasma which induces inflammatory MC differentiation. Hcy,
sCD40L, and IFNɤ/TNFα/IL-6-induced CD40hiCD14++CD16+ MC can be reversed by
antibodies against TNFα, IL-6, CD40L, and folic acid. B. Schematic showing the
hypothetical mechanism of DNA hypomethylation mediated CD40 induction in MC under
the condition of HHcy in CKD and CVD. Hcy becomes to SAH, a competitive inhibitor
of SAM binding to DNA methyltransferase, leading to DNA hypomethylation on NFκB
binding consensus sequence on CD40 promoter. CD40, TNFα, IFNϫ signaling induce
transactivation of NFκB and DNA hypomethylation may synergistically enhances NFκBmediated CD40 transactivation. CVD, cardiovascular disease; CKD, chronic kidney
disease; Hcy, homocystine; HHcy, hyperhomocysteinemia; Azc, 5’-azacytidine; DNMT1,
DNA methyltransferase1; SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine;
me, methylation; FA, folic acid; CD40L, CD40 ligand; MC, monocyte; Met, methionine.
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RESULTS II
CKD exacerbates metabolism, and increases spleen weight that were abolished
in CD40-/- mice
The plasma BUN levels were 35mg/dL and 45mg/dL in WT and CD40-/- mice and
increased to 45mg/dL and 91mg/dL at 3weeks after 5/6Nx (Figure 30 A). Urine secretion
and water intake were increased and body mass were decreased at 7weeks after 5/6Nx.
CKD increased spleen weight, which are abolished in CD40-/- mice, indicating that CD40
signaling is involved in immune cell trafficking from circulation to peripheral tissue such
as spleen, kidney, and aorta during pathogenesis of CKD.
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Figure 30. CKD exacerbates metabolism, and increases spleen weight that is
abolished in CD40-/- mice. A. CKD and CVD mouse model. CKD in WT and CD40-/mice were induced by 5/6 Nx using ablation of left kidney, uninephrectomy of right kidney.
Carotid artery atherosclerosis (CVD) was induced by carotid artery ligation which
sensitizes high fat. B. Plasma BUN levels. Onset of kidney disease was confirmed by
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plasma BUN levels at 3 weeks after 5/6 NE. C. Metabolic parameters. Weights of spleen,
kidney, and body relative to tibia length were measured when mice were killed. Mice were
monitored for food intake and water intake, urine secretion during 24 h accommodation in
the metabolic cages (Harvard Apparatus, Holliston, MA). Values represent mean ± SEM
(n=12); *p<0.05 vs no CKD in same genotype group.

#

P>0.05 vs WT in same CKD

condition. CKD, chronic kidney disease; CVD, cardiovascular disease; Nx, nephrecomy;

CAL, carotid artery ligation; BUN, blood urea nitrogen; CKD, chronic kidney disease; HF,
high fat.

Hcy levels in 5/6 nephrectomy CKD model
To examine if 5/6 nephrectomy CKD model is appropriate disease system to study
HHcy effect and to test if kidney is a major site for SAH disposal as shown in human study
(Garibotto et al., 2009), we measured Hcy, SAM, SAH levels in blood and kidney tissue
from WT vs. CKD mice.
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Figure 31. Hcy and its metabolite level in plasma and kidney tissue were not changed
by CKD mouse model. CKD in WT and CD40-/- mice were induced by 5/6 Nx using
ablation of left kidney, uninephrectomy of right kidney. Carotid artery atherosclerosis
(CVD) was induced by carotid artery ligation. Hcy/methylation metabolite analysis by LCESI-MS/MS. A. Plasma level of Hcy and its metabolites, SAM and SAH. B. Kidney

level of Hcy and its metabolites, SAM and SAH.
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Carotid artery atherosclerosis analysis
CKD increases vessel stenosis which is abolished in CD40-/- mice
To sensitize the carotid atherogenic effect under the CKD condition, we ligated
common carotid artery and fed them a high-fat diet. Vascular remodeling was evaluated on
cross sections throughout the carotid artery stained with VVG elastin staining. CKD
increased average stenosis from 38% to 56% in WT and CD40-/- mice reversed CKDinduced stenosis.
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Figure 32. CKD increase vessel stenosis which is abolished in CD40-/- mice.
CKD in WT, CD40-/- mice were induced by 5/6 Nx using ablation of left kidney,
uninephrectomy of right kidney. Carotid artery atherosclerosis (CVD) was induced by
carotid artery ligation which sensitizes high fat diet-induced vascular inflammation.
Carotid arteries were isolated from mice and cryostat sections (5µm) were collected and
stained with VVG (Elastin, dark purple). Images were acquired by Axioskop 2 plus. A.
Schematic model of neointima structure and analysis. Five section levels throughout the
Carotid ateryi were sectioned with indicated distance from suture line. B-C. Values
represent mean ± SEM (n=12); *p<0.05 vs no CKD in same genotype group. # P>0.001 vs
WT in same CKD condition. CKD, chronic kidney disease; CVD, cardiovascular disease;

Nx, nephrectomy; CAL, carotid artery ligation; CKD, chronic kidney disease; VVG,
nephrectomy; M, media; I, intima; L, lumen.
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Figure 33. CD40-/- reversed CKD-induced spleen monocytosis. Spleen was
collected, stained with anti-CD11b, -Ly6C, -Ly6G, -CD40 mAbs, and analyzed by flow
cytometry. A. Spleen weight. B. Representative dot plots depict blood immune cells and
subsequent gates for MC subsets. C. Quantitative analyses of MC subset were presented
as percentage of WBC or MNC. Each dot represents one mouse. Values represent mean ±
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SEM (n=3); *p<0.05 vs no CKD in same genotype group. # P>0.001 vs WT in same CKD
condition. CKD, chronic kidney disease.

CKD increases mononuclear phagocytic cells in aorta that are abolished in
CD40-/- mice
To test the effect of CKD on Myeloid subset differentiation in aorta, we
characterized MC, Mɸ, DC, TC subsets by flow cytometry using antibodies against CD11b,
F4/80, CD11c, and CD4. Similar to kidney immune cell characterization, CKD increased
CD11b+F4/80+ Mɸ and CD11c+CD11b+F4/80+ DC. We also found that CKD increased
new DC subsets, CD4+CD11c+ DC. They were completely reversed in CD40-/- CKD. CKD
increased CD11b+F4/80+ Mɸ and CD11c+CD11b+F4/80+ BMDC by 2.8 fold and 3 fold,
which were abolished in CD40-/- CKD (Fig. 34 B). However, CD4+ T cells counts in kidney
were below the detection limit.
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Figure 34. CKD increases CD40+ MPC, CD4+ DC, BMDC in aorta that are
abolished in CD40-/- mice and CD40 induces MC differentiation to BMDC in aorta.
CKD in WT, CD40-/- mice were induced by 5/6 Nx using ablation of left kidney,
uninephrectomy of right kidney. Carotid artery atherosclerosis (CVD) was induced by
carotid artery ligation which sensitizes high fat diet-induced vascular inflammation. The
entire aorta was subjected for single cell suspension, stained with anti-CD4, -CD11c, CD11b, -F4/80, -CD40 mAbs, and analyzed by flow cytometry. Representative dot plots
depict aorta immune cells and subsequent gates for TC subset and myeloid cells. B-D.
Quantitative analyses of MPC (B) CD11c+CD4+ DC (C) and CD4+ TC (D) were presented
as cell number per aorta. Each dot represents one mouse. Values represent mean ± SEM
(n=3); *p<0.05 vs no CKD in same genotype group.

#

P>0.001 vs WT in same CKD

condition. CKD, chronic kidney disease; BMDC, bone marrow-derived dendritic cell; HF,
high fat. VVG, nephrectomy; MPC, mononuclear phagocytic cells.
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Kidney injury analysis
CKD kidney induces immune cell deposit which is accompanied by renal
interstitial fibrosis
We examined kidney pathogenesis in 5/6 Nx CKD model by histology analysis by
trichrome and H&E staining. If the inflammatory process is restricted to the cortex injury,
the MC infiltration and fibrosis will be restricted to the cortex. Interestingly, we found not
only glomerulosclerosis but also severe interstitial fibrosis (Figure 35 A), and immune
deposit in both glomerular and tubule interstitium (Figure 35 B). Kidney ablation in cortex
area which is enriched of glomerulus triggered proinflammatory mediator CD40
expression (Figure 35 C).
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Figure 35. CKD kidney induces immune cell deposit which is accompanied by renal
interstitial fibrosis. CKD in WT, CD40-/- mice were induced by 5/6 Nx using ablation of
left kidney, uninephrectomy of right kidney. Kidneys were isolated from mice and
processed in paraffine embedding. Images were acquired by Axioskop 2 plus. A-B.

Photomicrographs of mouse kidney cross-sections. Identical area of kidney tissue was
shown in CT and CKD. A. Kidney fibrosis. Cross-sections of kidneys were stained with
Trichrome (Collagen, blue, X5). B. Kidney immune cell deposit. Cross-sections of
kidneys were stained with H&E (nuclei in immune cells, black, X40). C. CD40 protein

levels in kidney tissue. CD40 protein levels were examined as described in Material and
Methods (n=4). Values represent mean ± SEM (n=12); *p<0.05 vs no CKD in same
genotype group. CKD, chronic kidney disease.

CKD induces MC differentiation to mononuclear phagocytic cells in kidney cortex
after kidney injury that are abolished in CD40-/- mice
To establish end stage of kidney with 85 % impaired kidney function, we removed
right kidney and ablated left kidney cortex. This model mimics pathogenic condition of
patients with end stage of kidney disease. We stained kidney collagen fiber (blue) at
6weeks after kidney injury by trichrome staining. Kidney structure and immune cell deposit
were visualized by H&E staining (Black, nuclei stain). We found that CKD increased
collagen fiber, immune cell accumulation, and CD40 protein levels. To test the effect of
CKD on Myeloid subset differentiation in kidney, we characterized MC, Mɸ, DC subsets
by flow cytometry using antibodies against CD11b, F4/80, and CD11c. Mononuclear
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phagocytic cell (MPC) consists of F4/80 and CD11c+ . Triple positive cell is termed bone
marrow derived dendritic cells (BMDC) major effector cells for vascular inflammation
(Nguyen et al., 2007). CKD increased CD11b+F4/80+ Mɸ and CD11c+CD11b+F4/80+
BMDC by 2.2 fold and 2.7 fold, which were abolished in CD40-/- CKD (Figure 36 B).
However, CD4+ T cells in kidney cortex were not found. We investigated whether T cells
were infiltrated in medulla, we isolated immune cells from whole kidney. We found that
CD4+ T cell but not CD8+ T cells were presented in kidney medulla region (Figure 36 D).
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Figure 36. CKD induces MC differentiation to MPC in kidney cortex after kidney
injury that are abolished in CD40-/- mice. CKD in WT, CD40-/- mice were induced by
5/6 Nx using ablation of left kidney, uninephrectomy of right kidney. Carotid artery
atherosclerosis (CVD) was induced by carotid artery ligation which sensitizes high fat dietinduced vascular inflammation. The cortex on apex of kidney (20 mg) was subjected for
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single cell suspension, stained with anti-CD4, -CD11c, -CD11b, -F4/80, -CD40 mAbs, and
analyzed by flow cytometry. Representative dot plots depict kidney immune cells and
subsequent gates for MPC and TC. A-C. Quantitative analyses of MPC (B) and CD4+ TC
(C) were presented as cell number per mg of kidney. D. Whole kidney was subjected for
single cell suspension, stained with anti-CD4 and anti-CD8 mAbs. Each dot represents one
mouse. Values represent mean ± SEM (n=3); *p<0.05 vs no CKD in same genotype group.
#

P>0.001 vs WT in same CKD condition. CKD, chronic kidney disease; BMDC, bone

marrow-derived dendritic cell; CKD, chronic kidney disease; HF, high fat; MPC,
mononuclear phagocytic cells.

CKD increases MC/TC chemokines in kidney that are abolished in CD40-/- mice
To investigate whether inflamed kidney induces contributes systemic
inflammation in the circulation by inducing inflammatory MC and T cell adhesion and
infiltration, we examined the chemokine expression levels. We found that CKD kidney
induces expression of MC attracting chemokine such as CX3CL1, CCL12, CCL5,
Chemerin, and CCL2, and TC attracting chemokines such as IL-16, CCL22, CXCL9, and
CCL28 which were abolished in CD40-/- CKD kidney, indicating that these chemokine
induction is CD40-dependent. We also found CKD kidney induces expression of MC
attracting chemokine such as complement factor D, CCL6, and CCL9/10, and

TC

attracting chemokines such as CCL21, CCL8, and CXCL16 which were not abolished in
CD40-/- CKD kidney, indicating that these chemokine induction is CD40-independent.
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Figure 37. MC/TC chemokines are induced in CKD kidney. CKD in WT, CD40-/- mice
were induced by 5/6 Nx using ablation of left kidney, uninephrectomy of right kidney.
Carotid atherosclerosis (CVD) was induced by carotid artery ligation which sensitizes high
fat diet-induced vascular inflammation. Total proteins were extracted from kidney and
subjected for tissue chemokine array analysis. Representative dot blots from four groups
depict relative density of each protein expression with duplicate as shown in circle. Red
circles indicate MC attracting chemokines and blue circles indicate TC attracting
chemokines upregulated in CKD kidney. Black squares indicate inflammatory marker
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proteins. Average of duplicate dots were qualified by image J densitometry and presented
as bar graph. CKD, chronic kidney disease; MC, monocyte; TC, T cells.

CKD increases lipid metabolites but not cytokine/chemokines in plasma
We examined whether metabolites or inflammatory cytokines were elevated by kidney
injury which is correlated with vascular inflammation. Fasting blood glucose levels were
decreased in CKD and further decreased in CD40-/- mice. Plasma total cholesterol levels
were increased in CKD in both WT and CD40-/- mice, which were contributed by elevation
of plasma TG and HDL. Because we observed inflammatory cytokine IFNϫ, TNFα, IL-6
were central cytokine elevated in human CKD subjects, we examined if these cytokines
were elevated in 5/6 Nx mouse model. In addition, we found kidney tissue expresses MCattracting chemokines; CX3CL1. CCL5, CCL2, CCL12. We examined if spill-over of
kidney-derived chemokines to plasma may affect circulating MC infiltration to aorta. We
found that inflammatory cytokines and MC-attracting chemokines were not elevated when
kidney was injured, while levels of them were overall lower in CD40-/- mice.
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Figure 38. CKD increases lipid metabolites but not cytokine/chemokines in plasma.
Plasma were collected and stored at-80 when mice were killed. Lipid profiles were
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measured by ELISA-based colormetric analysis. Plasma cytokine levels were measured
by multiplex cytobead analysis. (n=8)

CD40+ BM-origin MC/Mɸ were increased in kidney and both BM-origin and residential
MC/Mɸ were increased in aorta in CD40-/- mice.
We asked question whether CD40 signaling in immune cell or kidney tissue is major
contributor of kidney pathogenesis and atherogenesis. To eliminate CD40 effect in
kidney tissue, we transplanted bone marrow from GFP expressing CD40+/+ to CD40-/mice. Mice were rested for 6 weeks to recover. In the chimerism, CD40 signal is present
only in immune cells, but not any other kidney tissue. Blood cells were reconstituted with
about >90% of GFP+ donor cell (Figure 39 A&B). Chimeric CD40+/+BMCD40-/- mice
drink more later because they excrete urine more often when kidney was injured (Figure

39 C), similar to Wild type mice, indicating that CD40+/+ bone marrow-origin MC may
induces kidney fibrosis. In kidney tissue, number and percentage of GFP+ cell was
higher when kidney was injured. However, in aorta tissue, percentage of GFP+ cell was
not increased but number of GFP+ cell was increased in CKD (Figure 39 D&E).
We considered GFP- cells are resident cell they are present before kidney injury and
GFP+ cells are infiltrating cell induced by kidney damage. In kidney tissue, GFP+ MC/Mɸ
were elevated, while GFP- MC/Mɸ were not changed. Interestingly, in aorta, both GFP+
MC/Mɸ and GFP- MC/Mɸ were increased.
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Figure 39. CD40+ BM-origin MC/Mɸ were increased in kidney and both BM-origin
and residential MC/Mɸ were increased in aorta in CD40-/- mice. CD40-/-EGFPBM
mice were induced by 5/6 NE using ablation of left kidney, uninephrectomy of right
kidney. Carotid atherosclerosis (CVD) was induced by carotid artery ligation which
sensitizes high fat diet-induced vascular inflammation. The entire aorta was subjected for
single cell suspension and the cortex on apex of kidney (20mg) were subjected for single
cell suspension, stained with anti-CD11c, -CD11b, -F4/80, -CD40 mAbs, and analyzed
by flow cytometry. B-D. Quantitative analyses of MC and Mɸ were presented as cell
number per aorta. Each dot represents one mouse.
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CHAPTER 4
DISCUSSION I
Hyperhomocysteinemia-related DNA hypomethylation mediates
CD40hiCD14++CD16+ MC differentiation in CKD
Human CD40hi MC as an inflammatory MC counterpart of mouse inflammatory
Ly6C+ MC
Here, we investigated causative role and the underlying mechanism of Hcy on
inflammatory MC differentiation in CKD-associated CVD subjects and in cultured PBMC.
We discovered the metabolic connection between Hcy and methylation metabolites and
their relation with inflammatory MC differentiation. Our data indicate that HHcy induces
SAH accumulation and inhibits DNA methylation on CD40 promoter which leads to
CD40+ MC differentiation in CKD and CVD.
CD40 is termed as TNF receptor family member 5 and expressed in antigen
presenting cells, including MC, Mϕ, and dendritic cells. CD40-CD40L signaling activates
T cells by enhancing co-stimulatory CD80/CD86, myeloid cell maturation (Ross, 1999).
We found that CD40+ MC expressed high levels of inflammatory markers (Figure 1),
similar as that in CD16+ MC, a previously recognized inflammatory MC subset. However,
our data do not support CD16 as an inflammatory MC marker because the non-classical
CD16++ MC exhibited anti-inflammatory features with reduced inflammatory markers
(CD86/CD11b/CD49d/Ccr5/Ccr2). Compared with murine Ccr2highLy6C+ inflammatory
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MC, both human CD16+ and CD16++ MC are Ccr2low. Since that the characterization of
human inflammatory MC subset has been controversial and that CD16+ (inflammatory)
and CD16++ (patrolling) MC display confused function, consistent marker for
inflammatory MC in humans and mice is in great need. More importantly, CD40+ MC is
Ccr2high, similar as that in mouse inflammatory Ly6C+ MC. Our data suggest that CD40 is
a more valuable marker for inflammatory MC than CD16. We propose human CD40+ MC
as an inflammatory MC counterpart of mouse inflammatory Ly6C+ MC.

sCD40L and inflammatory cytokines in combination with Hcy synergize
inflammatory MC differentiation in CKD
We observed that Mϕ, CD40hi Mϕ, and CD14++CD16+ and CD40hiCD14++CD16+
MCs are increased in CVD and CKD and that CD40hiCD14++CD16+ MCs were further
increased with the elevation of CKD stages (Figure 15 B-C). These results suggest that
CD40hi MC is a distinguished marker, which can be used as diagnosis and prognosis marker
for CVD and CKD, and can predict and represent CKD severity. It is reported that CD40
deficiency reduces blood inflammatory MC and reduces atherosclerosis in apoE-/- mice
(Lutgens et al., 2010). Plasma sCD40L is considered to be an essential inflammatory
biomarker for CVD (Liebetrau et al., 2015) and mostly generated by activated platelets and
elevated in stage 5 CKD patients with CVD.(Hocher et al., 2007),(Lim et al., 2008)
Consistent with our data in Figure 21 A, sCD40L levels are increased in HHcy patients
and positively correlated with Hcy (Prontera et al., 2007). Our study demonstrates, for the
first time, that CD40L is associated with inflammatory MC differentiation in CVD and
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CKD in humans and CD40L signaling can induce MC differentiation in the experimental
model. In addition to sCD40L, previous reports indicate that IFNɤ is a strong inducer of
CD40 and that TNFα interplays with IFNɤ signaling in Mϕ.(Nguyen and Benveniste, 2000;
Nguyen and Benveniste, 2002) We have demonstrated that CKD and CVD induce
inflammatory cytokines including TNFα/IL-6/IFNɤ (Figure 24 A). Considering that TNFα
antibody reverses CKD and CKD+Hcy effects, but IL-6 antibody only blocks CKD+Hcy
induced inflammatory MC differentiation (Figure 25 A), we propose a model that HHcy
and TNFα directly induce inflammatory MC differentiation and that IL-6 promotes HHcyinduced MC differentiation in CKD. Importantly, we confirm the causative effect of CKD
and Hcy on inflammatory MC differentiation in cultured PBMC (Figure 18). These data
suggest that sCD40L and inflammatory cytokines in combination with Hcy synergize
inflammatory MC differentiation in CKD.

Hypomethylation induces inflammatory MC and Mϕ differentiation
Most CpG dinulceotides (80~90%) in the human genome are methylated.
Methylated CpG includes imprinting, X-inactivation. However, unmethylated CpGs are
not randomly distributed, but are usually clustered together in CpG islands, which are in
the promoter region of many genes. This region facilitates binding of transcription factors.
Important genes that are expressed in most cells such as housekeeping genes are mainly
unmethylated in the promoters.
Although more methylation changes are found in non-promoter region, DNA
methylation on especially promoter region has been extensively studied owing to the fact
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that promoter is the important DNA element on gene regulation. The hypermethylation is
associated with transcriptional repression and is an important mechanism of inactivation
of tumor suppressor genes. In contrast, the hypomethylation is associated with
transcriptional activation and is an important mechanism of stimulation of inflammatory
mediator genes in autoimmune diseases. Not only cancer disease, but also aging,
inflammatory disease also reported to altered DNA methylation in the area of epigeneticsspecifically in cytosine modifications. Among the many causes of methylation including
mutation of cytosine, unbalance of enzyme level that regulate methylation such as TET1,
DNMTs, or metabolites that alter enzyme function such as SAM,
There were seminal studies showing that Hcy inhibits methyltransferase activity
through intracellular accumulation of SAH since 1970s. We propose Hcy-induced SAH
accumulation and hypomethylation as a primary biochemical mechanism for CVD.(Lee
and Wang, 1999) The hypomethylation status is likely to be the consequence of SAH
elevation (Figure 17 D). In some Hcy-lowering trials, unchanged plasma SAH level and
SAM/SAH ratio have been suggested to be the explanation for the absence of benefits in
CVD prevention (Becker et al., 2003; Green et al., 2010). It is reported that the Ki for SAH,
inhibitor constant for its concentration inhibiting 50% of maximal reaction rate, is smaller
than the Km for SAM, Michaelis constant for substrate concentration for 50% of maximal
reaction rate, for most of the methyltransferase (MT) (Steve Clarke, 2001). Therefore, SAH
has a higher affinity for MT. Lower SAH concentration is needed to compete with SAM
to bind to MT. SAH is the stronger detector for hypomethylation status. In this study, we
demonstrated that HHcy and reduced SAM/SAH occurs in CKD and CVD. SAM/SAH
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ratios are negatively correlated with CD40hiCD14++CD16+ MC elevation (Figure 28 A).
We believe that HHcy and SAH are metabolic sensors which determine hypomethylation
status and are responsible for inflammatory MC differentiation and the progress CVD and
CKD. These data support our previous findings that hypomethylation induces
inflammatory MC and Mϕ differentiation,(Fang et al., 2014) and is consistent with
previous report showing that HHcy and abnormal methylation equilibrium are independent
predictor for CVD risk in CKD,(Ingrosso and Perna, 2009) and that Hcy metabolism alters
cellular methylation metabolites and methylation potential.(Lee and Wang, 1999) We have
further tested DNA hypomethylation mechanism in Hcy related CD40hiCD14++CD16+ MC
differentiation and discovered that CpG methylation on NFκB binding site is reduced in
patients with low SAM/SAH ratio (Figure 27 D-E). Finally, we confirm that DNMT1
suppression mediates Hcy-induced DNA hypomethylation and CD40hiCD14++CD16+ MC
differentiation in PBMC as folic acid reverses MC differentiation, which is mimicked by
DNA hypomethylation reagent Azc (Figure 28 A-B). NFκB transcription factors bind to
proinflammatory and immune-related genes, which are essential for MC differentiation.(Li
et al., 2010) Altered DNA methylation on NFκB binding site influences intestinal
metaplasia, epithelial dedifferentiation, and carcinogenesis (Rau et al., 2012). Taken
together, our data demonstrate that HHcy induces CD40hiCD14++CD16+ MC
differentiation via SAH generation and consequent DNMT1 suppression.

CD40 as a novel therapeutic target for CKD-related CVD
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In conclusion, we have identified CD40hiCD14++CD16+ MC, which is induced in
CVD and CKD potentially due to elevated plasma Hcy levels. As an underlying
mechanism, HHcy induces CD40hiCD14++CD16+ MC differentiation via sCD40L
induction and CD40 promoter DNA hypomethylation via SAH induction and DNMT1
suppression. CD40-CD40L interaction leads to enhanced T cell co-stimulation (Ross,
1999), myeloid cell maturation, and B cell proliferation (Schonbeck and Libby, 2001).
Blocking its interaction has been the therapeutic target for transplant rejection, cancers,
lymphoma, and atherosclerosis (Law and Grewal, 2009). However, clinical trial using antiCD40L antibody has failed because of thromboembolic complication (Kawai et al., 2000).
Clinical trials targeting on CD40 using monoclonal antibodies Lucatumumab (antagonist)
and 4D11 (partial agonist) are ongoing for B-cell lymphoma to inhibit B cell proliferation
(Bensinger et al., 2012) and for immunosuppressant after organ transplantation to inhibit
antigen presenting MC maturation (Aoyagi et al., 2009a). Our study presents a novel role
of CD40-CD40L signaling in MC differentiation. Hence, future studies should lead to the
identification of novel therapeutic target for inflammatory disease, especially for CKDrelated CVD.
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DISCUSSION II
CD40 accelerates carotid artery atherosclerosis and inflammation in chronic
kidney disease
Animal model to study CKD-induced CVD
Mouse model is an important system to study mechanism of disease. However,
many of animal disease models often fail to recapitulate human condition. For example,
the commonly used atherosclerosis model, ApoE-/- mouse model does not exhibit plaque
rupture and thrombosis, two common complications of human atherosclerosis (Getz and
Reardon, 2012). The commonly used CKD model, 5/6 nephrectomy, mimics the kidney
function in the end stage of renal failure. Human CKD is considered a metabolic disease,
containing 88 toxic metabolites with complication of hypertension, diabetes, smoking, and
hyperlipidemia. These toxic metabolites include Hcy, creatinine, BUN, and cytokines. We
found plasma BUN levels were elevated from 44 mg/dL in CT to 85 mg/dL in CKD at
3weeks after 5/6 nephrectomy and consistently high at 8weeks after 5/6 nephrectomy
(Figure 30 B). However, we did not found plasma or kidney tissue Hcy and SAH elevation
in CKD mice (Figure 31 A-B), which is inconsistent with human CKD condition (Figures

16 & 17).
Notably, this model 5/6 nephrectomy clearly demonstrates pathological changes of
the kidneys. In patients with atherosclerotic renal disease, a combination of vascular
sclerosis, interstitial fibrosis, inflammatory cell infiltration, atubular glomeruli, and focal
or global glomerulosclerosis is seen in kidney biopsies (Shanley, 1996), which was
132

similarly observed in 5/6 nephrectomy mouse model. In the kidney in 5/6 nephrectomy
model, slight degenerative glomerular abnormalities and interstitial fibrosis with infiltrated
mononuclear cells and extracellular matrix components accumulation, and irreversible
structural damage were observed (Figure 34 A). This 5/6 nephrectomy plus carotid artery
ligation model accelerates vascular remodeling, mononuclear phagocytic cell
accumulation in vasculature (Figure 36), and smooth muscle cell proliferation (Data not

shown), compared to carotid artery ligation alone.
Chemokines mediate mononuclear cell trafficking and inflammation during the
progression of renal disease
In our 5/6 nephrectomy surgical procedure, the kidney was only slightly
decapsulated. In the normal condition, the kidney capsule is surrounded by thin fibrous
layer. We damaged kidney fibrous cap, leaving all renal parenchyma, a functional kidney
region including glomeruli and tubule in cortex and medulla, intact. We were surprised by
severe extracellular matrix accumulation and infiltrated mononuclear cells in kidney
tubular interstitium in medulla region (Figure 34 A-B). This data suggest that fibrous layer
injury was amplified in the renal parenchyma.
Chemokine function is not restricted to the process of mononuclear cell
transmigration and differentiation in the focal inflamed lesion, but is also found in the
amplification of systemic inflammation together with adhesion molecules and cytokines.
Chemokines are categorized largely by inflammatory and homeostatic group. The major
function of inflammatory chemokines is to upregulate proinflammatory stimuli and
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orchestrate innate and adaptive immune responses such as differentiation of mononuclear
cells (Luther and Cyster, 2001), while anti-inflammatory chemokines’ function is to
modulate lymphocyte and dendritic cell trafficking during immune surveillance (Moser
and Loetscher, 2001).
CD40 is expressed in fibroblast and epithelial cells as well as hematopoietic cells.
Because we observed kidney fibrosis and immune cell deposit as a major pathogenesis in
kidney (Figure 34 A-B), CD40 signaling in fibroblast, epithelial cell, and mononuclear
phagocytic cells are possibly sources of chemokine production. Mutual stimulation
between fibroblasts and infiltrating mononuclear cells contribute to progressive tubular
damage and renal fibrosis.
Therefore, we hypothesized that kidney injury induces CD40 induction of fibrosis
and epithelial cell secretion of chemokines to attract MC infiltration to kidney and
differentiation of mononuclear phagocytic cells.
We found that CKD kidney expressed MC-attracting chemokines, CCL2, CCL5,
CX3CL1, CCL12, and chemerin, which were abolished in CD40-/- mice CKD kidney
(Figure 36). CCL2, termed MCP1, is a ligand for CCR2. CCL5, termed RANTES, is a
ligand for CCR1,3,5. CCR5 and CCR2 expressing monocytic myeloid cells are responsible
for infiltration into transplanted kidney (Nelson and Krensky, 2001) and atherosclerotic
vessel (Schlecker et al., 2012). Adeno-CCL2 virus ex-vivo transfer to autologous vein
grafts inhibited monocytic cell infiltration and suppressed neointima formation in dog
(Tatewaki et al., 2007). CX3CL1, termed Fractalkine, is a ligand for CX3CR1. CX3CR1134

expressing monocytic myeloid cells are patrolling during the steady state. It is reported that,

in vivo, CX3CR1 plays a role in mediating renal mononuclear cell infiltration and
inflammatory injury. Neutralizing antibody against CX3CR1 improves renal function
(Feng et al., 1999). CCL12, termed as MCP5, is a ligand for CXCR4. The role of CCL12
in the recruitment of fibrocytes in lung fibrosis has been reported (Moore et al., 2006).
CCL22, termed as MDC, is a ligand for CCR4. All of these cytokines were reported as
inflammatory group (Anders et al., 2003).

Taken together, CKD kidney induced

expression of inflammatory chemokines rather than homeostatic chemokines via CD40
signaling, which mediated MC differentiation to phagocytic mononuclear cells.
We also found accumulation of mononuclear phagocytic cells such as Mɸ and DC
in CKD, while MC was not changed. CKD kidney also secreted TC attracting chemokines;
IL-16, CCL22, CXCL9, CCL28, CCL21, CCL8, and CXCL16. Interestingly, we did not
detect CD4+ T cell population when we isolated immune cells from kidney cortex (Figure

35 A-B). Because we previously detected CD4+ T cell population when we isolated
immune cells from whole kidney tissue (Figure 35 C), it remains possible that T cells are
preferentially located in the medulla of kidney, whereas MC/Mɸ are found all over the
kidney region. It is previously reported that T cells are rarely found within the glomerulus
whereas T cells are commonly present in interstitial infiltrates (Segerer et al., 1999). The
phenomenon is explained by multiple hypotheses; 1) the different expression of adhesion
molecules and chemokines are presented in cortex and medulla cells; 2) the higher shear
stress in the glomerular microcirculation preferentially attracts myeloid cells to
lymphocyte; 3) during glomerulonephritis, Mɸs are proliferative intraglomerularly.
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Kidney-derived toxic metabolites are inducer of CVD
Infiltration and local differentiation of mononuclear cells further enhance the local
production of cytokines and chemokines. Spill-over of proinflammatory mediator initially
from glomerulus in cortex stimulates tubular endothelial and epithelial cells to secrete
inflammatory cytokines and chemokines (Abbate et al., 1998), (Segerer et al., 2000). All
of these mechanisms may explain how primary glomerular injury expands the lesion from
glomerulus to tubulointerstitium.
In 5/6 nephrectomy model, damaged kidney elevated CD40 protein levels (Figure

34 C). The elevated CD40 expression was found in human rejected kidney tubule after
kidney transplantation. Interestingly, CD40 signaling in kidney epithelial cell promoted
both inflammatory and anti-inflammatory processes by secreting inflammatory
chemokines/cytokines and anti-apoptotic genes for cytoprotection (Sreenivas Laxmanan,
JASN, 2005). Similarly, CD40 signaling in kidney fibroblast facilitates fibroblast
proliferation and secretes extracellular matrix to repair the damaged tissue and
inflammatory cytokines/chemokines (Man et al., 2003). These explain why kidney
function, defined as plasma BUN levels, was not restored, while vascular remodeling and
inflammation was abolished in CD40-/- mice (Figure 30 B & 32 & 33). CD40 signaling
mediates tissue repair in kidney fibroblast and may facilitate wound healing process in
kidney, while CD40-mediated inflammatory signaling may accelerate kidney tissue
inflammation. Therefore, filtration function of kidney was compensated in both WT and
CD40-/- CKD mice models.
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In human MC analysis, we found CD40 levels in circulating myeloid cells were
elevated. Interestingly, the other report indicated that reduced soluble CD40 is associated
with loss of kidney function. Presumably the role of soluble CD40 is to bind circulating
sCD40L and prevent its interaction with tissue-bound CD40 (Contin et al., 2003). This data
indicate that CD40hiCD14++CD16+ MC is a prognosis marker of CKD and CD40 signaling
in kidney contributes to systemic inflammation and other complication including
atherosclerosis.
Therefore, we thought chemokines and cytokines secreted from kidney are major
stimulators for vascular endothelial and smooth muscle cells to secrete vascular specific
chemokines and cytokines. We found that, at least in mouse 5/6Nx model, kidney-derived
chemokine and cytokines were not correlated with levels of plasma chemokine and
cytokines.
In summary, our data suggest that, during primary injury in fibrous layer,
fibroblasts directly become a major site of chemokine production. This in turn supports
mononuclear cell infiltration and activation. Infiltration and local proliferation of MC to
mononuclear phagocytic cells such as Mɸs and DCs in cortex further enhance the local
production of cytokine and chemokines. Infiltrating mononuclear cells stimulate fibroblast
proliferation and matrix synthesis, leading to widening of the interstitial space in kidney.
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MC differentiation to mononuclear phagocytic cells in tissue
Although total CD4+ T cell number in aorta was not elevated, CD11c+CD4+ cell
number was elevated by CKD. DC is essential for adaptive immune response, humoral
CD4+ T cell activation in vascular inflammation. The TC markers CD4 and CD8 are
expressed on mouse DCs and are useful for segregating subtypes (Shortman and Liu, 2002).
Peripheral conventional CD11chi DC can be divided in CD8+, CD4+, and CD8-CD4(double negative populations with unique expression profiles and functions (Vremec et al.,
1992). It was previously reported that CD11c+CD8+ TC was defined as regulatory TC
during bacterial infection (Chen et al., 2013). CD4+CD11c cells enhance the priming of
CD4+ TC (Mildner et al., 2013). In our data, we found CD11c+ in both kidney and aorta
and CD11c+CD4+ cells in only aorta. However, none of them was changed in peripheral
blood. Kidney inflammation and tissue repair system are majorly contributed by myeloid
cell and maturation in kidney tissue. Interestingly, aorta inflammation is contributed by
both myeloid cell and T cell, implicating chronic inflammation. We conclude that myeloid
cell differentiation and mononuclear phagocytic cells -mediated tissue inflammation is
commonly found in both kidney and aorta, while T cell immune response might be
specifically contribute to vascular inflammation.
Taken together, we conclude that CKD elevates vascular remodeling and MC
infiltration and differentiation into phagocytic cells. We believe that impaired kidney
induces CD40 signaling, expresses inflammatory cytokines and chemokines, and
eventually influence immune cell infiltration to vasculature.
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Summary and Future Directions I
Hyperhomocysteinemia-related DNA hypomethylation mediates
CD40hiCD14++CD16+ MC differentiation in CKD and CVD
To date, many studies have demonstrated the key roles of inflammatory and antiinflammatory MCs in response to inflammation or steady state in mouse models.
Inflammatory MC subset is a valuable biomarker for human inflammatory diseases,
including cardiovascular diseases. Understanding the mechanism of MC differentiation
will likely provide a potential therapeutic target for inflammatory monocytosis.
Since that the characterization of human inflammatory MC subset has been
controversial and that CD14++CD16+ intermediate (reported as inflammatory function) and
CD14+CD16++ non-classical MC (reported as patrolling function) display confused
function, consistent marker for inflammatory MC in humans and mice is in great need.
More importantly, CD40+ MC is Ccr2high, similar as that in mouse inflammatory Ly6C+
MC. Our data suggest that CD40 is a more valuable marker for inflammatory MC than
CD16. Beyond this surface marker analysis, to propose that CD40hi MC is the human
counterpart of mouse inflammatory Ly6C+ MC, genetic and functional analysis will be
necessary.
Our data demonstrate that HHcy induces CD40hiCD14++16+ MC differentiation via
DNA hypomethylation on CD40 promoter. CD40 promoter is located in CpG island shore
and methylation on cytosine is highly suppressed. We found minimal methylation target
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CpG, NFκB binding site. CD40 gene contains 2 non-promoter CpG islands (Figure 27,

deep sequencing data-mining). Recent advance in epigenetics indicated that most
methylation changes are found in enhancer region rather than promoter region. Therefore,
non-promoter CpG islands and enhancer are the potential target of hypomethylation.
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Summary and Future Directions II
CD40 accelerates carotid artery atherosclerosis and inflammation in chronic
kidney disease
CD40 is expressed in non-hematopoietic cells such as Kidney epithelial cells,
fibroblast, and endothelial cell. To study the effect of CD40hi MC on vascular inflammation
and remodeling, we will transplant bone marrow from GFP transgenic WT mice to CD40/-

CKD mice. GPF-expressing bone marrow will allow us to trace circulating MC homing

to aorta. This chimeric mice (BMGFPCD40-/-) does not express CD40 in kidney, but only
express CD40 in hematopoietic cells. This model will give us to appreciate whether both
or either CD40+ hematopoietic cells and/or CD40 expression kidney tissue contribute
vascular inflammation and remodeling.
Previous study showed that CD40 agonist mAb therapy reduced tumor size. The
underlyning mechanism is that CD40 signaling on Mϕ enhances the infiltration to tumor
in absence of lymphocyte. CD40 signaling induces a transient depletion of Mϕ from
peripheral blood with subsequent accumulation in the spleen (Beatty et al., 2011). This
hypothesis is consistent to our hypothesis that CD40 signaling enhances Mϕ infiltration to
aorta in CKD condition. We believe that CD40 signaling in kidney fibroblast or/and
epithelial cell increases chemokine/cytokine expression, which in turn activates endothelial
activation, leading to Mϕ infiltration.
CD40 signaling promotes both inflammatory and anti-inflammatory processes. For
inflammatory function, CD40 signaling induces inflammatory chemokines/cytokines
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expression in kidney epithelial cell and fibroblast. For anti-inflammatory function, CD40
signaling induces anti-apoptotic genes for cytoprotection in kidney epithelial cell and
facilitates fibroblast proliferation and secretion of extracellular matrix to repair the
damaged tissue (Sreenivas Laxmanan, JASN, 2005), (Man et al., 2003). Triple-positive
cells (F4/80+CD11B+CD11C+) are associated with the M1-polarization state, while doublepositive cells (F4/80+CD11B+CD11C-) indicate M2 Mϕs (Nguyen et al., 2007). CD40
signaling in Mɸ/DC also possibly promotes both inflammatory and anti-inflammatory
processes. CD40 signaling induces both canonical and non-canonical NFκB pathway via
different kinase activation and downstream transcription such as tissue repair molecules,
anti-inflammatory regulator, and proinflammatory molecules.
In our model of carotid artery ligation, observation of CVD development is narrow
window because ligation induces vascular remodeling severely within 1~2 month. Mice
will not develop plaque formation in WT background. In order to study the effect of plaque
formation in atherosclerosis and chronic kidney disease condition, CD40-/- ApoE-/- double
knockout mice in CKD mice will be ideal model.
In this study, we found plasma Hcy is elevated in CKD patient. To clarify that
elevated Hcy is a consequence or cause of CKD pathology, use of HHcy mice such as CBS/-

mice and high methionine diet-induced mice will merit the clarification.
Our current work has shed lights onto the role of CD40 on MC biology and has

provided insights into the effects of CD40 on systemic inflammation, kidney inflammation,
and aorta inflammation. Our study shows that CD40 is important in bridging kidney disease
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and vascular disease in human and mice thus therapy that target these two problems may
bring beneficial effects and improve vascular function in CKD.
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CKD stage criteria
GFR (%) or

Stage

Kidney dysfunction

Treatment

(mL/min per 1.73 m2)
1

>90

Normal
but,
urea, Control Blood Pressure
creatinine, albumin

2

60-89

Mild

Control Blood Pressure

3

45-30

Moderately

Need therapy

4

15-29

Severly

Prepare for dialysis

5

<15

Very severe, end stage

Dialysis, Transplantation

Table 1. GFR was estimated using the CKD-Epidemiology Collaboration equation which
is based on serum creatinine levels, age, sex, and race. GFR, glomerular filtration rate.

144

Criteria of Human HHcy
Normal
Plasma levels
Hcy (µM)

5~15

Hyperhomocysteinemia (HHcy)
Mild

Moderate

Severe

15~30

31~100

> 100

Table 2. Hyperhomocysteinemia is termed as elevated plasma Hcy level. Severity of HHcy
is divided based on plasma Hcy levels as indicated.
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Monocytosis in human disease

Monocyte counts comparison

PMID #

Disease

Group comparison

CVD

HDL, 2 nmol/L vs. <1 nmol/L 3.65 × 108 vs. 4.5× 108 cells/dL

AMI

CT vs. AMI

4.97 × 108 vs. 7.93 × 108 cells/dL 23455782

AMI

5 h AMI vs. 1–2 day AMI

4.56 × 108 vs. 7.11 × 108 cells/dL 11788214

None vs. Pump failure

6.05 × 108 vs. 9.41 ×108 cells/dL

None vs. LV aneurysm

6.82 × 108 vs. 8.61 × 108 cells/dL

CKD

CKD without CVD vs.

6.97 × 108 vs. 5.71 × 108 cells/dL 18160960

AMI

LVF recovery vs.

6.42 × 108 vs. 10.13 × 108 cells/dL 17652884

CAD

Healthy vs. CAD

5.17 × 108 vs. 5.42 × 108

18629357

16612453

Table 3. Monocytosis in human disease. Circulating total MC counts were examined in
human disease as indicated. Comparisons were made between described groups in CVD,
and MC counts. We used PMID # to cite individual manuscripts reporting these studies.

AMI, acute myocardial infarction; CAD, coronary arterial disease; CKD, chronic kidney
disease; CK, creatine kinase; CRP, C-reactive protein; CVD, cardiovascular disease; LVF,
left ventricular failure. PMID, PubMed Identification.
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Markers and functions of MC subsets in human and mouse
Subsets

Surface
Markers

% in Chemokine receptors
MNC

Functions

Human
Classical

CD14++CD16-

80-95

CCR2highCX3CR1low
CCR2midCX3CR1highCC
R5+

Phagocytosis
Proinflammatory

Intermediate

CD14++CD16+

2-11

Nonclassical

CD14+CD16++

2-8

CCR2lowCX3CR1high

Patrolling

Ly6Chigh

CD11b+ Ly6Chigh

40-45

CCR2highCX3CR1low

CD11b+
Ly6Cmiddle
CD11b+ Ly6Clow

5-32

CCR2highCX3CR1low

Phagocytosis &
Proinflammatory

Ly6Cmiddle

26-50

CCR2lowCX3CR1high

Mouse

Ly6Clow

Patrolling;
tissue repair

Table 4. Human MCs are divided into three subsets based on the cell surface expression
of CD14 and CD16. CD14++CD16− MCs, also called the classical MC, are the most
prevalent MC subset in human blood and express high level of CCR2. The CD14++CD16+
MCs are intermediate MC which contribute significantly to atherosclerosis. The CD14+
CD16++ MCs are referred to as non-classical monocytes which perform a in vivo patrolling
function. Mouse MCs are divided into two subsets based on their cell surface expression
of Ly6C. The Ly6Chigh and Ly6Cmiddle subsets perform pro-inflammatory functions and
express high level of CCR2, which is considered the counterpart of human classical MCs.
The Ly6Clow subsets express low level of CCR2, majorly patrol along the vascular
endothelium and are involved in tissue repair, functionally similar to human non-classical
MCs. CD, cluster of differentiation; CCR2, chemokine (C-C motif) receptor 2; CX3CR1,
CX3C chemokine receptor 1; Ly6C, lymphocyte antigen 6 complex.

Frequency of two MC subsets in human diseases
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Diseas
Rheumatoid
CAD

CD14++CD16- CD14+CD16+ Functional
Changes PMID #
associated
with
No change
2.2% ↑
HLA-DR and CCR5↑ 12384915
Counts of tender/swollen
2.2% ↑
Serum TNFα ↑
15269840

CAD

8%

↑

8%

↑

Hemophagocytic
syndrome
Crohn’s disease

31%

↑

5.7% ↑

17260384

Tumor/haematological
malignancy

13.3% ↑

10209505

Atherosclerosis

8% ↓

Plaque vulnerability↑

20684824
19461894

Serum TNFα & IL-6↑

17619880

Table 5. Circulating classical (CD14++CD16-, also described as CD14brightCD16-,
phagocytic) and non-classical (CD14+ CD16+, also described as CD14brightCD16+,
inflammatory) MC counts were examined in human disease as indicated. The percentage
change of MC subsets and some functional measurements are recorded. We used PMID #
to cite individual manuscripts reporting these studies. MC, monocyte; AMI, acute
myocardial infarction; CAD, coronary arterial disease; CKD, chronic kidney disease; HLA-

DR, human leukocyte antigen DR (MHC-II, major histocompatibility complex class II);
TNFα, tumor necrosis factor α; IL-6, interleukin 6; ↑, increase.
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Frequency of three MC subsets in different diseases
CD14++CD16- CD14++CD16+ CD14+CD16++ Functional change PMID #
(classical,
(Intermediate, (Nonclassical, associated
with
Congestive
6.4%↑
CD143 (ACE) ↑, 20364047
HF
Creatine↑,
GFR↓,
CKD
42 → 70
55 → 130
20943670
cells/μl
RA
5%↑
Th17 cells expansion 22006178
Disease

AAA

2.24%↑

1.9%↑

23348634

Stroke

3%↑

3%↓

19293821

HIV-2

7%↑

Myeloid DC depletion 23460749

Sepsis

No change

11.5%↑

6%↑

Sepsis

9.5%↓

12%↑

3.4%↓

Hepatitis B 6.2%↓

3.3%↑

2.5%↑

HIV

3%↑

3%↑

2.5%↓

Denque
12 ~ 18%↓
fever
Tuberculosis 10%↓

3 ~ 7%↑
9%↑

13%↑

Table 6. The percentage change of MC subsets

Phagocytosis↓,
12028567
CD86↑, HLA-DR↓,
HLA-DR↓, TNFα & 19604380
IL-1β ↓,IL-10↑
HLA-DR↑,TNF α ↑, 21390263
IL-6↑, IL1β ↑, Th17
CD163(scavenger
21625498
receptor)↑
HLA-DR ↓, ICAM ↑, 20113369
serum TNFα↑, IL-18
TNFα ↑, apoptosis↑, 21621464
Il-10↓
and some functional measurements are

recorded. ACE, angiotensin converting factor; GFR, glomerular filtration rate; CD86, costimulatory molecule, HLA-DR, human leukocyte antigen DR (MHC-II, major
histocompatibility complex class II); RA, rheumatoid arthritis; AAA, abdominal aortic
aneurysms; HF, heart failure; CKD, hronic kidney disease; GFR, glomerular filtration rate;

HIV, human immunodeficiency virus; ↑, increase; ↓, decrease; →, change to.
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CD40L-CD40 system in CVD and CKD subjects
Disease

molecules

Correlated function or risk factors

PMID

myocardial
infarction/stroke
stroke/heart attack

sCD40L in Positive correlation with smokers, 21696538
serum
cholesterol, CRP, IL-6, Fibrinogen,
sCD40L in No independent risk factor of 16503253
serum
sCD40L in stroke/MI
Platelet activation
18160960
ACS & acute chest serum
pain
T1DM/CVD
mCD40L
Higher sCD40L does not predict all 20701458
cause mortality or fatal/non-fatal CVD
T1DM
sCD40L
Positive correlation with sCRP
15380455
Hypertension
Atrial Fibrilation
CVD
Peripheral
disease
Diabetes
HHcy

sCD40L in CD40 & CD40L coexpression on 15820495
serum
platelets
mCD40L
18641098
CD40L ↑

Endothelial Angiogenesis, vessel-like formation, 12637493
CD40
cell survival, proliferation, migration
arterial CD40
in Ischemia
23093299
PBMC
sCD40L
16423632
sCD40L

Positive correlation with VCAM-1

CKD

sCD40LKidney function
is
negatively 23399713
sCD40
correlated with sCD40 and positively
Table 7. Clinical studies reported soluble CD40L-CD40 system as a biomarker of CVD
and CKD. Elevated CD40, mCD40L, or sCD40L were examined in human disease as
indicated. Some associated functional measurements or risk factors are recorded. We used
PMID # to cite individual manuscripts reporting these studies. mCD40L, membrane bound
CD40L; sCD40L, souble CD40L; TIDM, type 1 diabetes; ACS, acute coronary syndrom;

CVD, cardiovascular disease; CKD, chronic kidney disease; sCRP, PBMC, peripheral
blood mononuclear cells; souble C-reactive protein; ↓, decrease.
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The clinical features of the participants
A. Healthy subject
age/gender
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

67/Male
46/Male
50/female
32/male
31 /male
60/male
51/female
50/female
59/male
50/female
55 /male
55/male
51/male
65/female

DM
no
yes
no
no
yes
yes
no
no
no
no
no
no
no
no

HTN
yes
no
yes
no
no
no
yes
yes
no
no
yes
no
no
no

HL
no
no
no
no
no
yes
no
no
no
Yes
no
no
no
no

no
no
no
no
no
yes
no
no
yes
Yes
no
no
no
no

B. CVD subject

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Vascular disease

age/gender

Stroke, carotid artery
Varicose vein
Aortic aneurysm
Aortic aneurysm
AAA
CHF
Varicose veins
Cerebral aneurysm
PVD
AAA
Amaurosis
Artery aneurysm
AAA, stroke

68/female
38/female
55/female
56/male
63/male
48/male
66/female
79/female
67 /male
71/male
71/female
55/female
58/female
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CKD
stage
0
0
0
0
0
0
1
1
2
2
2
2
2

Creatinine
(mg/dL) DM

HTN

HL

no
no
no
no
no
yes
no
yes
no
no
no
No
yes

yes
no
yes
no
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
no
yes
no
yes
no
yes
yes
yes
yes
yes
no
yes

0.5
0.87
0.93
0.85
0.54
0.69
1.04
1.15
0.92
0.85
0.98

yes
no
no
no
yes
no
yes
yes
yes
yes
yes
no
yes

C. CVD+CKD subject
Vascular disease
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

CKD
age/gender stage

AAA
63/Male
PAA
70/male
AAA
75/male
Carotid artery Aneurysm 70/female
Carotid stenosis,CHF
71/male
AAA
77/male
CVA
64/female
PVD
50/male
PVD
56 /male
Artery aneurysm
40/male
PVD
60/female
CHF
63/female
CAD
60/male
PVD
66/male

3
3
3
3
3
3
5
5
5
5
5
5
3
5

Creatinine
(mg/dL) DM
1.57
1.76
1.37
1.2
1.94
1.5
4.88
5.91
4.9
5.92
6.4
6.64
2.18
5.14

no
yes
no
no
yes
no
yes
yes
yes
yes
yes
no
yes
no

HTN

Statin
HL Therapy

yes
yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
no
no

yes
yes
yes
no
no
no
yes
yes
yes
no
yes
yes
yes
no

yes
no
yes
yes
yes
no
yes
yes
yes
no
yes
no
yes
no

Table 8. Human subjects were recruited from Temple University Vascular Surgery and
Nephrology practice and divided into three groups. Demographics and clinical
characteristics were recorded. Peripheral blood was collected for MC analysis and
biochemistry test. Diabetes was determined based on currently receiving hypoglycemic
therapy or fasting glucose level ≥ 126 mg/dL. Hypertension was determined as systolic
blood pressure ≥ 140 mmHg and diastolic blood pressure ≥ 90 mmHg. Hyperlipidemia was
determined as total cholesterol level ≥ 240 mg/dl. CKD stage was estimated using the
CKD-Epidemiology Collaboration equation. CVD without CKD evidence indicates stage
0. A. Healthy, B. CVD, C. CKD+CVD subjects. CVD, cardiovascular disease; CKD,
chronic kidney disease; DM, diabetic mellitus; HTN, hypertension; HL, hylerpilidemia;

PAA, popilteal artery aneurysm; CAA, carotid artery aneurysm; CVA, cerebrovascular
accident; AAA, abdominal arotic aneurysm, CAD, coronary artery disease; CHF,
congestive heart failure; PVD, peripheral vascular disease.
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