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ENDOTHELIAL N-GLYCAN HYPOGLYCOSYLATION ENHANCES CD16+ MON-
OCYTE ADHESION: A ROLE FOR ALPHA-MANNOSIDASES 

 
KELLIE REGAL MCDONALD 

GRADUATE BIOMEDICAL SCIENCES 

ABSTRACT 

Monocyte extravasation through the endothelial layer is a hallmark of atheroscle-

rotic plaque development and is mediated by heavily glycosylated surface adhesion mole-

cules, such as intercellular adhesion molecule-1 (ICAM-1). Human monocytes have been 

classified into three distinct groups – classical (anti-inflammatory; CD14+/CD16-), non-

classical (patrolling; CD14+/CD16++), and intermediate (pro-inflammatory; 

CD14++/CD16+). The CD16+ nonclassical / intermediate monocytes have been impli-

cated in atherosclerosis progression and their levels positively associate with adverse car-

diac events. However, there is a relative lack of understanding as to whether there are dis-

tinct mechanisms that regulate CD16+ vs. CD16- monocyte adhesion to the inflamed en-

dothelium. Our previous data identified a high-mannose (HM) glycoform of ICAM-1 pre-

sent during inflammation, but the function of different endothelial N-glycoforms is not 

yet known. Here, we test the hypothesis that distinct ICAM-1 N-glycoforms mediate re-

cruitment of different monocyte subsets and specifically that endothelial HM-ICAM-1 

promotes adhesion of CD16+ monocytes. We measured monocyte rolling and adhesion 

to i) TNFa-activated HUVEC, in which N-glycosylation was modulated by inhibiting a-

mannosidase activity or by lectin-based blocking or ii) Cos-1 cells expressing HM- or 

complex ICAM-1. Expression of HM-ICAM-1 selectively enhanced CD16+ monocyte 

adhesion under flow with no effect on CD16- monocytes noted. This effect was depend-

ent upon both HM epitopes and ICAM-1; adhesion was abrogated by blocking either. 
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Further, using the proximity ligation assay (PLA) we show that HM-ICAM-1 is present 

in human and mouse atherosclerosis, increasing with disease severity and positively cor-

relating with CD68 macrophage staining. Finally, we addressed the mechanism behind 

the formation of HM-ICAM-1 during inflammation by studying endothelial α-manno-

sidases, a class of enzymes responsible for early N-glycan processing. We show that 

TNFα decreases class I α-mannosidase activity in a time-dependent manner, resulting in 

formation of HM-ICAM-1 on the cell surface. We also show that this decrease in activity 

is independent of NF-kB, suggesting a parallel mechanism of N-glycan regulation dis-

tinct from up-regulation of adhesion molecule protein expression. Together, these data 

highlight a high-mannose ICAM-1 present in human and mouse atherosclerotic lesions as 

a key mediator of CD16+ monocyte recruitment to the endothelium, and identify α-man-

nosidases as a potential therapeutic target in atherosclerosis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Keywords: monocytes, intercellular adhesion molecule 1 (ICAM-1), glycosylation, man-

nosidases, endothelium 
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INTRODUCTION 

 Vascular inflammation is a carefully orchestrated process critical for innate im-

munity, but also underlies several acute and chronic diseases afflicting all major organ 

systems. The focus of this dissertation is endothelial dysfunction, which is key feature in 

chronic inflammatory diseases including atherosclerosis, the disease focused on in this 

dissertation, as well as chronic kidney disease (CKD), diabetes, and autoimmune diseases 

such as lupus (9-12).  

 Endothelial dysfunction can be characterized by a number of biochemical, molec-

ular, and functional changes, one of which is the upregulation of surface adhesion mole-

cules. Adhesion molecules are proteins induced by inflammation that recruit circulating 

leukocytes, such as monocytes and neutrophils, to the endothelium (8-10), and the pri-

mary focus of my research. Leukocytes have well-studied cognate receptors that recog-

nize surface adhesion molecules and can use these to roll, firmly adhere, and migrate 

through the endothelial layer to the intima of the vessel (13). There, depending on the dis-

ease state, leukocytes can have several roles. This dissertation will primarily focus on 

monocytes, since monocytes in the intima differentiate into macrophages and give rise to 

the foci for foam cells that lead to plaque development during atherosclerosis (1, 14). 

Further, in CKD, monocyte recruitment can contribute to restenosis of the vessel wall af-

ter the formation of an arteriovenous fistula (AVF), resulting in AVF failure (15-18).  
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 Abrogating monocyte adhesion, therefore, would be a viable method to therapeu-

tically intervene in atherosclerotic plaque development and vessel restenosis. Since we 

know the adhesion molecules on the cell surface and their cognate receptors, therapeuti-

cally targeting this process should be straightforward. In animal models, atherosclerosis 

has been successfully abrogated by inhibition of adhesion molecules, including intercel-

lular adhesion molecule 1 (ICAM-1) and P-selectin (19-22). Translation into humans, 

however, has not yet had therapeutic efficacy, and in some cases has even had increased 

mortality and adverse clinical events (23, 24).  

 Therapeutics targeting monocyte-endothelial interactions used in these trials were 

developed at a time before monocyte and endothelial heterogeneity were appreciated, 

which may explain their lack of success. We know now that monocytes are heterogene-

ous; consisting of 2-3 subsets in humans and mice that have varying roles in disease (25-

27), and also that endothelial beds are heterogeneous, responding differently to inflam-

matory stimuli (28-30). More on that will be discussed later. Despite this understanding, 

it is still not known how the endothelium may recruit specific monocyte subsets during 

inflammation. In this dissertation, I hypothesize that the key mediators of monocyte sub-

set adhesion are endothelial N-glycans, which are regulated by inflammatory stimuli.  

 To this end, I show in chapter 2 that a hypoglycosylated, high-mannose (HM) N-

glycoform of intercellular adhesion molecule-1 (ICAM-1) specifically recruits pro-in-

flammatory monocyte subsets to the inflamed endothelium. In chapter 3, I show that this 

HM-ICAM-1 is present in human and mouse models of endothelial dysfunction, includ-

ing atherosclerotic lesions and failed AVFs in CKD patients. In chapter 4, I present data 
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to demonstrate a role for inflammatory stimuli and reactive species in regulating N-glyco-

sylation in endothelial beds via α-mannosidases, a class of early N-glycan processing en-

zymes. Taken together, these data support the hypothesis that inflammation inhibits N-

glycosylation pathway enzymes, leading to increased surface HM epitopes, and specifi-

cally HM-ICAM-1, in vascular beds which will selectively recruit pro-inflammatory 

monocytes, exacerbating inflammatory disease.  

 Next, I will provide a broad introduction into vascular inflammation, monocyte 

subsets, mechanisms governing monocyte-endothelial interactions, N-glycosylation, and 

our current understanding of the endothelial “zip-code”. 

 

Vascular inflammation 

Atherosclerotic plaque development in the vessel wall occurs in part via a low-

level chronic vascular inflammation, characterized by endothelial dysfunction (9, 10). 

Exposure of the endothelial cell layer to pro-inflammatory factors such as hyperlipidemia 

or hyperglycemia, pro-oxidant and inflammatory stimuli, or turbulent blood flow results 

in endothelial dysfunction. Cardinal amongst the changes in the endothelium during in-

flammation is a more adhesive surface that is key to the recruitment and extravasation of 

monocytes into the sub-endothelial space (31-33). Circulating monocytes are captured 

onto the endothelium via a process of rolling, firm adhesion, and ultimately migration 

through to the intima where they can differentiate into macrophages and form foci for 

foam cells. (4, 8, 32, 34, 35).  
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Specific binding between adhesion molecules expressed on the surface of the en-

dothelium and cognate receptors on monocytes is the established mechanism for mediat-

ing monocyte rolling, adhesion and transmigration. The specific adhesion molecules, 

their roles in the adhesion cascade, and their respective leukocyte cognate receptors have 

been identified, discussed further below. In addition, how their function is controlled is 

also largely understood. On the endothelial side, the most appreciated mechanism in-

volves surface expression levels. Pro-inflammatory stimuli induce signaling cascades, 

typically via NF-κB, that either up-regulate gene, protein, and then surface expression, 

and / or mobilize, pre-formed intracellular stores of adhesion molecules, to the cell sur-

face. This paradigm is supported by many years of research from multiple labs (36-38).  

As mentioned earlier, much of our knowledge of endothelial adhesion molecule 

function, and how they bind with their cognate receptors on the monocyte, were eluci-

dated at a time when both monocyte and vascular endothelial heterogeneity was not as 

appreciated as it is now. Human monocytes exist in at least 3 distinct subtypes, each hav-

ing different surface marker expression, chemokine secretion, and adhesive properties 

that will be discussed at length later (14, 25, 27, 39). Importantly, these monocytes are 

differentially correlated with disease severity across atherosclerosis and other diseases 

such as diabetes and CKD (14, 39, 40). Moreover, the mechanisms governing endothelial 

responses to inflammation vary depending on the vascular bed in which these cells reside 

(28, 29).  These newer insights collectively underscore, in our opinion, a relatively less 

understood aspect of monocyte-endothelial interactions; if there are there mechanisms 

that regulate monocyte subset adhesion differently and in a manner that allows vascular 

bed and / or disease selectivity.  
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This dissertation focuses on the concept of an endothelial “zip code”, i.e., that 

there are molecular and/or biochemical signatures across vascular beds that control the 

homing of monocyte subsets to specific endothelial surfaces (28, 29, 41). Specifically, I 

focus on endothelial adhesion molecule N-glycosylation, which our lab feels remains a 

relatively under-explored facet of the mechanisms regulating adhesion molecule function.  

Our lab and others have shown that N-glycosylation of adhesion molecules vary 

across endothelial beds during inflammation and may be key for leukocyte homing (41, 

42). For example, Renkonen et al (43), used three different antibodies against epitopes of 

sialyl-Lewis X, sulfated sialyl-Lewis X, and sulfated lactosamine structures on L-selectin 

ligands and measured their expression levels across several inflammatory diseases includ-

ing thyroiditis, vasculitis, myocarditis, and colitis (41). When compared to non-inflamed 

tissue, the inflamed endothelium contained higher amounts of sialyl-Lewis X and sulfated 

sialyl-Lewis X structures. Also, the relative expression of each epitope varied by disease 

with vessels that were positive for all three glycan epitopes measured, and this was sug-

gested to be associated with L-selectin-dependent lymphocyte homing. The investigators 

then assigned each disease a three-number code based on the positive staining for each 

epitope tested, deeming it an organ-specific “zip code” (41, 44).  

This study is one of the few studies looking at N-glycans providing an endothelial 

“zip code”, and it is worth noting that their assignment of zip codes are based primarily on 

the level of each epitope stained for, but all epitopes are forms of sialyl-LewisX structures. 

We propose that an endothelial zip code may exist based on different types of N-glycan 

structures in different endothelial beds.  
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I provide evidence in this dissertation, that HM N-glycans, specifically on ICAM-

1, are key mediators of pro-inflammatory monocyte adhesion during inflammation and 

together, these data demonstrate the presence N-glycan endothelial “zip code” made up 

of hypoglycosylated, or less complex, structures that are critical to selective recruitment 

of pro-inflammatory monocytes to specific vascular beds (43).  

 

Atherosclerosis  

  Cardiovascular disease (CVD) is the leading cause of death in the United States, 

with approximately 600,000 deaths attributed to it each year (45, 46). Atherosclerosis is 

the most common underlying cause of mortality attributed to CVD (46), which is the nar-

rowing of the blood vessels due to the accumulation of fatty plaque in the vessel wall. 

Starting out as fatty streaks in the early decades of life, this plaque grows throughout a 

lifetime to where it can block blood flow almost entirely in the vessel, or rupture and 

block a smaller vessel downstream, resulting in a heart attack or stroke (47, 48). Hypo-

cholesteremia, hyperlipidemia, and high blood pressure are all contributors to plaque de-

velopment, and risk factors such as smoking and diabetes further increase the prevalence 

of disease.  

At the molecular level, excess lipids are stored in the intima of the blood vessel 

wall, promoting a local inflammatory response (33, 48, 49). Resident macrophages in the 

intima are loaded with the excess lipids, and a failure in lipid recycling in these lipid-

laden macrophages, as well as a lack of apoptotic clearance of these cells, results in the 

formation foam cells that are hallmark of plaque production (50, 51). In addition, the en-

dothelial cell responds via mechanosensors to inflammatory stimuli, such as turbulent 
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blood flow (9, 10), causing the endothelium to release cytokines such as TNFa and IL-

1b that will further activate the endothelium (33, 47, 49). The resulting endothelial dys-

function occurs early and ongoing throughout atherosclerosis due to the sustained inflam-

matory signaling. Next I will discuss what we know about endothelial dysfunction and 

propose what we may be overlooking. 

 

Endothelial dysfunction: a hallmark of atherosclerosis 

During vascular inflammation, the endothelium responds with several phenotypic 

changes that define endothelial dysfunction: 1) the decrease of nitric oxide (NO) availa-

bility, 2) the increase of surface adhesion molecules, and 3) the increase of monocyte ex-

travasation through the endothelial layer (9, 10). These changes contribute to the vascular 

inflammation seen in the diseases briefly discussed in the introduction. Here, I will elabo-

rate on the role of endothelial dysfunction in atherosclerosis. 

Under non-inflamed conditions, the endothelium acts as a tight barrier to the ves-

sel wall, keeping cells from migrating in or out (9, 10). When exposed to inflammation, 

the barrier changes to allow cells in and out as need be. Acute inflammation can result in 

“leaky” vessels; allowing cells and fluids to pass through freely, while chronic inflamma-

tion is a more controlled process; selectively recruiting and releasing cells through the 

vessel wall.  

Monocytes cross the endothelial layer and differentiate into macrophages during 

inflammation that in turn fuel plaque development. The more adhesion molecules on the 
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cell surface, the more monocytes will adhere and contribute to lesion formation. As men-

tioned, monocyte adhesion to the endothelium, therefore, has been well-described, yet it 

has not yet been therapeutically targeted.  

The endothelium is heterogeneous, as mentioned earlier. Monocytes, as will be 

discussed in the next section, are also heterogeneous. The mechanism that recruits mono-

cyte subsets to specific vascular beds remains unknown, and that is the focus of this pro-

ject. I propose that one major aspect of endothelial dysfunction that we have overlooked 

is the N-glycosylation of the endothelium. While we know N-glycans exist on the cell 

surface, little is understood of their regulation, changes, and function in inflammation. 

This project proposes the model that endothelial heterogeneity during disease is due to 

these N-glycans, specifically under-processed, hypoglycosylated N-glycans, that can re-

cruit specific monocyte subsets.  

 

Monocytes: not all created equal 

Monocytes are myeloid-derived immune cells integral to the innate immune sys-

tem and make up 5-10% of total circulating leukocytes in the average adult. Once mature 

and released from the bone marrow, they circulate for several days before undergoing cell 

death or infiltrating injured tissues, where they differentiate into macrophages and den-

dritic cells to resolve inflammation (52, 53).  

Since their discovery, human monocytes have been categorized into three differ-

ent categories based on surface expression of the lipopolysaccharide receptor CD14 and 

the Fcγ receptor III CD16. 90% of the typical circulating human monocyte population is 
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made up of classical monocytes (CD14++/CD16-) while the remaining 10% consists of 

non-classical (CD14+/CD16++) and intermediate (CD14++/CD16+) monocytes (25, 54).  

Of the three subsets, classical monocytes are considered the most anti-inflamma-

tory due to producing the highest levels of anti-inflammatory cytokines, such as IL-10 

(14). Classical monocytes also differ the most in transcriptional and surface marker pro-

filing compared to the non-classical and intermediate monocytes (55). They have little to 

no detectable levels of the chemokine receptor CX3CR1, which is expressed on the other 

monocyte subsets and thought to play a role in monocyte recruitment to damaged endo-

thelial beds (55, 56). Further, classical monocytes have high expression of genes encod-

ing phagocytic, antimicrobial, and wound healing activities, highlighting their importance 

in tissue repair (57-59). 

Non-classical monocytes express genes associated with cytoskeletal rearrange-

ment, allowing for their patrolling behavior along the endothelium to survey tissues (55, 

60). Further, while classical and intermediate monocytes can secrete various levels of cy-

tokines and reactive oxygen species (ROS), the non-classical monocytes have little secre-

tory activity, only triggered by viruses or nucleic acids (57).  

As implied by their name, intermediate monocytes fall on a middle ground be-

tween the classical and non-classical monocytes. They have the greatest inflammatory 

potential and are the greatest producers of ROS (57, 59, 61, 62). Intermediate monocytes 

harbor the highest expression of MHC-II (HLA-DR), which in turn gives them a strong 

capability of inducing CD4+ T-cell proliferation (14, 55). However, these studies have 

been contradictory, with some studies also claiming that intermediate monocytes are ro-

bust producers of the anti-inflammatory cytokine, IL-10 (27, 63). This speaks to the true 
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intermediate nature of these monocytes; that they can produce both pro- and anti- inflam-

matory cytokines. In the context of disease, however, it seems that the pro-inflammatory 

function of intermediate monocytes dominates any anti-inflammatory capabilities.  

 

Monocytes in cardiovascular disease and atherosclerosis 

As already mentioned, monocyte extravasation through the endothelial cell layer 

of the vessel wall is key in atherosclerotic plaque development. Monocytes are recruited 

to the endothelium during inflammation and migrate through to the intima of the vessel, 

where they mature into macrophages and provide foci for foam cells, which are the main 

components of atherosclerotic plaque (see Figure 1A). Historically, this process was 

thought to be an early event in atherosclerosis (31, 32), as demonstrated by scanning elec-

tron microscopy of pre-atherosclerotic human aortas showing increasing adhesion of 

monocytes compared to athero-resistant vessels (64-66). However, we know now that 

monocytes are also continually recruited throughout lesion formation, especially if the le-

sion undergoes neovascularization (65, 67, 68). As monocytes contribute to both initial 

lesion formation and lesion advancement, understanding the dynamics of monocyte hom-

ing and infiltration was and remains a critical focus of atherosclerosis research.  

Specific monocyte subsets have been associated with advanced disease states. 

Multiple studies have demonstrated that circulating intermediate monocytes correlate 

with more advanced atherosclerosis, peripheral artery disease, and independently predict 

adverse cardiac events in at-risk patients (61, 69-73). Results from the HOM SWEET 

HOMe (69) and the CARE FOR HOMe (74) studies show positive correlations between 

the levels of intermediate and non-classical monocytes subsets with disease severity, 
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prevalence of adverse cardiac events, and cardiac-related mortality in patients at-risk for 

cardiovascular disease and in chronic kidney disease patients. In both of these studies, 

large cohorts of patients at increased cardiovascular risk were followed for 3-4 years, and 

after adjustments for confounders, both studies found that intermediate monocytes were 

the only subset to independently correlate with cardiovascular events in these at-risk pa-

tient populations (69, 74). These data may be explained by selective recruitment of non-

classical/intermediate CD16+ monocytes to inflamed endothelial cells over classical 

CD16- monocytes. An important consideration in understanding how monocytes adhere 

is their relative cell numbers, greater numbers increase probability of adhesion by the law 

of mass action. Indeed, in atherosclerosis, total monocyte numbers are increased, but im-

portantly, CD16+ monocytes can expand to ~20-30% of the total monocyte population 

while CD16- monocyte levels can decrease to ~70-80% (40, 69, 71, 75, 76).  

In addition to cell number, the affinity and avidity of adhesive interactions may 

also regulate how different monocyte subsets bind to the endothelium. Supporting this 

concept, are experiments that demonstrate that CD16+ monocytes adhere to endothelial 

cells more strongly than CD16- monocytes during TNFα stimulated inflammation. In-

creased CD16+ monocyte adhesion was observed under conditions where this subtype 

was either equal to or even lower in cell number relative to CD16- monocytes (77-79) 51-

53.  However, the mechanism regulating CD16+ vs. CD16- adhesion remains unclear; po-

tential mechanisms are discussed later. 
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Monocyte adhesion to the endothelium 

 Adhesion molecules are multidomain transmembrane proteins that are basally ex-

pressed at low levels or packaged in intracellular vesicles (80, 81). Once the endothelium 

is exposed to inflammatory stimuli, adhesion molecules are rapidly become transcribed or 

mobilized to be expressed on the cell surface (33, 35, 82). Endothelial adhesion mole-

cules and cognate monocyte receptors involved in monocyte adhesion include are sum-

marized in the table below, as well as illustrated in Figures 1A-C. 

 

 

 

Broadly speaking, there are several models, illustrated in Figure 2, by which in-

teractions between these receptors are regulated. At the cellular levels, these include (A) 

Leukocyte cell number, and (B) Platelet bridging and chemokine-based recruitment (6, 

33, 35, 83-87). On the leukocyte receptor side, these include (C) Receptor density or 

amount per cell, and (D) Binding affinity and avidity between cognate receptors (6, 7, 88-

90). One example of ligand affinity is LFA-1, which can exist in low, intermediate, or 

Endothelial Adhesion Molecule Monocyte Receptor 

Intercellular adhesion molecule 1 (ICAM-1) Lymphocyte function-associated 
antigen 1 (LFA-1) 

Macrophage-1 antigen (MAC-1) 
Vascular cell adhesion molecule 1 (VCAM-1) Very late antigen-4 (VLA-4) 

Platelet endothelial cell adhesion molecule 
(PECAM) 

Platelet endothelial cell adhesion 
molecule (PECAM) 

Mucosal addressin cell adhesion molecule 1 
(MAdCAM-1) 

Integrin a4b7 (LPAM) 

E- and P- Selectin P-selectin glycoprotein ligand-1 
(PSGL-1) 

Table 1. Endothelial adhesion molecules and their cognate receptors. 
(1-4), (2, 5-8). 
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high affinity states defined by conformations that correlate with binding affinity to 

ICAM-1; the high affinity state increases binding to ICAM-1 by ~10,000 fold compared 

to the low affinity state (91). Another well-characterized example is leukocyte PSGL-1 

and its post-translational modification with sialyl-Lewis X sugars that provide the actual 

ligands for endothelial E- or P-selectins; blocking the sialyl-Lewis X structure alone, 

without changing PSGL-1 expression, is sufficient to attenuate adhesion (89, 92).  

How these models apply to the mechanisms controlling how different monocyte 

subsets adhere to endothelial cells remains unclear. This is an interesting question espe-

cially since both CD16- and CD16+ monocytes express similar ligands for endothelial ad-

hesion molecules. In some studies, intermediate monocytes have been reported to express 

higher levels of CD11b (Mac-1 integrin) compared to classical and nonclassical, yet other 

data shows that all three subsets express similar levels, and another has shown that non-

classical subsets express the lowest amount while intermediate and classical monocytes 

express similar levels (25, 55, 70, 93). Regardless, we have shown in our studies when 

we match cell-for-cell that baseline adhesion to TNFa-treated ECs is not different at least 

between the nonclassical/intermediate combination and classical subsets (79). In this 

case, increased adhesion to HM N-glycans is due to the endothelial N-glycan changes, 

and not monocyte ligand expression levels 

We hypothesize that one potential mechanism for the selective recruitment of 

CD16+ monocytes over CD16- cells is via an inflammation dependent regulation of endo-

thelial adhesion molecule post-translational modification via N-glycosylation that occurs 

independently of inflammation-induced expression of these proteins. 
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Sweet proteins: N-glycosylation 

N-glycosylation is a co- and post- translational modification that occurs in the en-

doplasmic reticulum (ER) and Golgi and is necessary for correct protein folding, 

transport, and cell-to-cell interactions (e.g., immune responses) (94). During translation 

in the ER and Golgi, surface and secreted proteins with the appropriate consensus se-

quence Asn-X-Ser/Thr, where X is any amino acid except Pro, are adorned with a 14-mer 

sugar consisting of 2GlcNAc (N-acetylglucosamine), 3Glucose, and 9Mannose residues 

(Glc3Man9GlcNAc2). As the protein is processed through the ER and Golgi, some sugar 

residues are sequentially trimmed and other sugar residues added through a series of en-

zymatic processes catalyzed by enzymes such as the a-mannosidases and the α-1,3-man-

nosyl-glycoprotein 2-b-N-acetylglucosaminyltransferase (MGAT) family. Finally, the ad-

dition of galactose, sialic acid, and fucose are catalyzed by transferases in the trans-Golgi 

and the fully-processed protein is trafficked to the cell surface to be expressed or secreted 

(94). See figure 3 for the N-glycan biosynthesis pathway.  

Second to phosphorylation, N-glycosylation is the most abundant post-transla-

tional modifications in proteins, and is restricted to surface and secreted proteins (95). 

Many of these proteins contain more than one N-glycosylation site; for example, ICAM-

1, which will be discussed at length in the following sections, contains 8 N-glycosylation 

sites. Given that each of these sites can be modified by a different sugar, the possibilities 

of structures increase logarithmically with each site added. Lau et. al. calculated that a 

protein with one N-glycosylation site can have up to 14 different glycoforms, while a 

protein with 8 N-glycosylation sites can have >200,000 different glycoforms (96). For 

how many possible N-glycoforms there are, their functions remain vastly unexplored.  
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Chapter 2 in this dissertation addresses some of the functional changes different 

N-glycoforms exhibit in monocyte adhesion. It is also worth noting that the idea of N-

glycosylation mediating leuckoyte adhesion is not a new one (e.g., sialyl-LewisX ligands 

mediating selectin-dependent adhesion), but rather the novelty in the presented work lies 

in the endothelial N-glycans changing during inflammation and mediating monocyte sub-

set adhesion. 

 

Mannosidases: key regulators of N-glycosylation 

 An important part of this project was looking at the regulation of N-glycans dur-

ing inflammation. My data in chapter 4 shows that a-mannosidases, enzymes involved 

in early N-glycan processing, are targets for inflammation-induced changes in surface N-

glycans. I limit my introduction here on discussing a-mannosidases, but there are many 

other N-glycan processing enzymes not discussed further here, such as N-acetylglucosa-

minyltransferases (MGATs) and sialyltransferases (i.e., ST6GAL1) that can all play a 

role in disease status, especially in cancer (97, 98). 

a-mannosidases are a class of enzymes responsible for the trimming of terminal 

mannose residues from early N-glycan structures in the ER and Golgi (99-103). There are 

two classes of a-mannosidases; class I enzymes cleave a-1,2-linked mannose residues 

while class II cleave a-1,3- and a-1,6- linked mannose residues. Together, these en-

zymes transform a high-mannose structure (5-9 mannose residues) into a hybrid (3-5 

mannose residues), and finally into a complex structure (3 mannose residues).  

Each class of a-mannosidases consist of multiple isoforms. Class I contains 5 dif-

ferent isoforms (MAN1A1, 1A2, 1B1, 1B2, and 1C1), while class II contains 4 isoforms 



 
 

 

16 

 

(MAN2A1, 2A2, 2B1, 2C1) (94, 103, 104). Class I α-mannosidases sequentially trim a 9-

mannose structure to a 5-mannose structure one residue at a time. As outlined in figure 4, 

it has been shown that different class I isoforms can generate different high-mannose N-

glycan structures; i.e., each a-mannosidase isoform cleaves a terminal mannose off dif-

ferent branches of the initial 9-mannose structure (104, 105). Each branch is assigned a 

number, and the resulting isomer is labeled based on the branch from which the terminal 

mannose is cleaved. For example, if the terminal mannose from the “A” branch in the 9-

Mann structure is cleaved, the resulting 8-Man isomer is labeled M8A.  

Class II a-mannosidases employ a two-step mechanism to cleave a-1,3 and a-

1,6-mannose linkages. Their method of cleavage has been more well-defined compared 

to class I a-mannosidases as they sequentially cleave in the same catalytic site, and only 

have two possible residues to cleave (101).  

We know very little about the regulation of α-mannosidases as well as their ex-

pression and activity across different tissues. What we do know is that N-glycosylation is 

a linear process, and given that a-mannosidases are early enzymes in the pathway, their 

inhibition will prematurely truncate N-glycosylation and the result will be proteins on the 

cell surface in a variety of under processed, hypoglycosylated N-glycoforms. In chapter 

4, I show that endothelial a-mannosidases have decreased activity during inflammation 

and in turn, form hypoglycosylated, high-mannose (HM) structures on the cell surface.  
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Role of N-glycans in ICAM-1 regulation and function 

Endothelial adhesion molecules are heavily N-glycosylated; with some molecules 

harboring upwards of 10 N-glycan sites. For example, approximately 50% of the ob-

served molecular weight of ICAM-1 is due to N-glycans (106). ICAM-1 has a predicted 

molecular weight of 50kDa, but is typically reported at a molecular weight around 

100kDa (107, 108). Oftentimes, there is also a secondary band that appears around 75kDa 

and is largely ignored (107, 108). We have shown, however, that this secondary band is 

in fact a hypoglycosylated, or HM, form of ICAM-1 (Figure 5A) (106). The impacts of 

this N-glycoform and others on the endothelium during disease have remained largely un-

explored. 

This project has focused on ICAM-1 because of its known hypoglycosylation in 

inflammation but it is worth noting that other adhesion molecules, such as VCAM-1, are 

still heavily glycosylated. However, whether or not they have hypoglycosylated forms 

during inflammation remains unseen (106, 109).  

ICAM-1 is a five-domain adhesion molecule responsible for the firm adhesion of 

leukocytes to the endothelium (Figure 5B). It is constitutively expressed on the cell sur-

face at low levels until stimulation with inflammatory signals, such as TNFa, induce NF-

kB activation to transcribe ICAM-1. Once on the cell surface, it can interact with circu-

lating leukocytes (5, 7, 110-112). 

Monocytes adhere to ICAM-1 through the integrins Mac-1 (CD11b/CD18) and 

LFA-1 (CD11a/CD18) at domains 3 and 1, respectively (Figure 5B) (5-7). Blocking of 

either inhibits leukocyte adhesion to ICAM-1 (5). Interestingly, monocyte subsets basally 
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express similar levels of CD11a/b and CD18 complexes (70, 93). If monocyte subsets ex-

press similar levels of adhesion molecule receptors, yet specific subsets are implicated in 

disease over others, there must be another mechanism selectively recruiting monocyte 

subsets to the endothelium. We propose that this mechanism is differential N-glycosyla-

tion. 

 

ICAM-1 N-glycosylation and monocyte recruitment 

Interestingly, domain 1 of ICAM-1 is devoid of N-glycans, while domain 3 con-

tains an N-glycosylation site. Furthering this point, Mac-1 binding to ICAM-1 can be reg-

ulated by altering glycosylation of the latter (110). Diamond, et. al., showed that Mac-1 

adhesion could be eliminated by the deletion of domain 3 on ICAM-1, while LFA-1 bind-

ing was unaffected (5, 110). Most interestingly, Diamond et. al., demonstrated that Mac-1 

binding to ICAM-1 was increased when ICAM-1 was treated with deoxymannojiriycin 

(DMJ), an a-mannosidase class I inhibitor that will cause the accumulation of HM struc-

tures on the cell surface. LFA-1 binding to ICAM-1 was not affected by treatment with 

DMJ, and treatment with neuraminidase to remove sialic acid residues from ICAM-1 had 

no effect on binding on either LFA-1 or Mac-1 to ICAM-1 (110). These data have several 

conclusions; that domain 3 mediates Mac-1 binding to ICAM-1, Mac-1 binding to 

ICAM-1 can be increased by the generation of a HM-ICAM-1, and that sialic acid resi-

dues, which are terminal sugars on complex N-glycan structures, have no impact on Mac-

1 dependent adhesion. That said, there has been little follow-up on these early findings 

published over 20 years ago. 
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We and others (106, 109, 110, 113, 114) have shown that N-glycans on the endo-

thelial surface are key modulators for monocyte adhesion. Specifically, hypoglycosylated 

N-glycans increase on the endothelial surface in atherosclerosis with ICAM-1 being the 

adhesion molecule harboring these structures. Blocking these HM epitopes with lectins or 

providing alternative HM epitopes attenuated monocyte adhesion (109). Importantly, the 

total levels of surface ICAM-1 did not change in these experiments; monocyte adhesion 

was attenuated only by changing the type of sugar on ICAM-1. The following chapters 

demonstrate these changes in vivo (chapter 3) and the impact they have on monocyte ad-

hesion (chapter 2). 

 

 The data presented in this dissertation revolve around questions highlighted in 

Figure 6 – the expression of ICAM-1 N-glycans in vivo, the role of these N-glycans in 

mediating monocyte subset adhesion, the regulation of N-glycans, and which enzymes 

are responsible. Specifically, it is shown that hypoglycosylated ICAM-1 enhances adhe-

sion of CD16+ monocyte subsets via domain 3 (Mac-1), and can be abrogated by lectin 

blocking. Further, the data herein show a presence of these varied N-glycans in vivo; es-

pecially highlighting the presence of HM-ICAM-1 in advanced atherosclerotic lesions. 

Finally, some insight is gleaned into the mechanism of N-glycan hypoglycosylation on 

the cell surface by demonstrating a decrease in activity of a-mannosidases in the pres-

ence of inflammatory stimuli like TNFa and is due, at least in part, to the generation of 

ER-produced hydrogen peroxide. Taken together, the data presented in this dissertation 
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demonstrate a key role for hypoglycosylated N-glycans in vivo and present druggable tar-

gets for the generation of glyco-therapeutic drugs for the treatment of cardiovascular dis-

ease. 
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Figure 1. Monocyte adhesion cascade.  A. Simplified cascade of monocyte rolling, 
adhesion, and migration into the intima of the vessel to fuel plaque development during 
atherosclerosis. B. Adhesion molecules on the endothelium. C. Monocyte subsets and 
their receptors classified into classical, nonclassical, and intermediate based on CD14 
and CD16 surface markers  
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Figure 2. General mechanisms that regulate monocyte-endothelial interactions. 
Panel A illustrates an increase in cell number that will increase leukocyte binding via 
the laws of mass action. Panel B shows platelet bridging and chemokine secretion by 
the endothelium to recruit leukocytes. Panel C shows receptor density; that during in-
flammation there may be an increase in either leukocyte or endothelial ligands that fa-
cilitates binding. Panel D illustrates potential mechanisms that regulate affinity and 
avidity for binding between adhesion molecules. These include post-translational mod-
ifications, change in receptor confirmation, localization, and/or binding and clustering 
with other surface, cytosolic or matrix proteins. 
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Figure 3. N-glycan biosynthesis pathway. A 14-mer sugar is added to Asn residues of 
proteins with the appropriate consensus sequence in the ER. The sugar is enzymatically 
processed through the ER and Golgi, adding and removing mannose (Man), glucose 
(Glc), galactose (Gal), Fucose (Fuc), N-acetylglucosamine (GlcNac), and sialic acid 
(Sa) residues until the protein is expressed on the cell surface in a fully processed, com-
plex N-glycoform. Structures with 5-9 mannose residues are considered high-mannose; 
with 3-5 mannose considered hybrid; and with 3 mannose capped with other sugars 
considered complex. 
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Figure 4. Potential isomers generated by class I a-mannosidases. Starting with a 
Man9 sugar structure, class I a-mannosidases will sequentially cleave one terminal 
mannose residue at a time until a Man5 structure is reached. Depending on the a-man-
nosidase isoform present and acting on the protein, the sequential steps can result in a 
variety of intermediate isomers. 
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Figure 5. ICAM-1 N-glycoforms and structure. A. Western blot of ICAM-1 from 
TNFa-treated HUVECs with Kif pretreatment to demonstrate HM-ICAM-1 formation. 
Glycoforms are labeled. B. ICAM-1 contains 8 N-glycans sites over its 5 domains. LFA-
1 binding site is in domain 1 while Mac-1 binding site is in domain 3. 
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Figure 6. Schematic overview of the questions focused around this dissertation. The 
data contained in this dissertation will tease out some of the fundamental questions sur-
rounding endothelial hypoglycosylation, the function of it in regards to monocytes sub-
set adhesion (chapter 2), if it’s present in vivo (chapter 3) and how it may be regulated 
during inflammation (chapter 4).  
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Abstract 

Human monocytes have been classified into three distinct groups – classical (anti-

inflammatory; CD14+/CD16-), non-classical (patrolling; CD14+/CD16++), and intermedi-

ate (pro-inflammatory; CD14++/CD16+). Adhesion of non-classical / intermediate mono-

cytes with the endothelium is important for innate immunity, and also vascular inflamma-

tory disease. However, there is an incomplete understanding of the mechanisms that regu-

late CD16+ vs. CD16- monocyte adhesion to the inflamed endothelium. Here, we tested 

the hypothesis that a high mannose (HM) N-glycoform of intercellular adhesion mole-

cule-1 (ICAM-1) on the endothelium mediates the selective recruitment of CD16+ mono-

cytes. Using TNFα treatment of human umbilical vein endothelial cells  (HUVECs), and 

using proximity ligation assay (PLA) for detecting proximity of specific N-glycans and 

ICAM-1, we show that TNFα induces HM-ICAM-1 formation on the endothelial surface 

in a time-dependent manner. Next, we measured CD16- or CD16+ monocyte rolling and 

adhesion to TNFα treated HUVECs in which HM- or hybrid ICAM-1 N-glycoforms were 

generated using the α-mannosidase class I and II inhibitors, Kifunensine and Swain-

sonine, respectively. Expression of HM-ICAM-1 selectively enhanced CD16+ monocyte 

adhesion under flow with no effect on CD16- monocytes noted. CD16+ monocyte adhe-

sion was abrogated by blocking either HM-epitopes or ICAM-1. A critical role for HM-

ICAM-1 in mediating CD16+ monocyte rolling and adhesion was confirmed using Cos-1 

cells engineered to express HM- or complex ICAM-1 N-glycoforms. These data suggest 

that HM-ICAM-1 selectively recruits non-classical/intermediate CD16+ monocytes to the 

activated endothelium.  
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Introduction 

Monocyte adhesion and migration through the endothelial cell (EC) layer is a key 

process during inflammation (9). Monocyte trafficking is mediated by EC surface adhe-

sion molecules, the surface expression of which are induced by inflammatory stimuli (8, 

15). Once inflammation is resolved, adhesion molecule expression returns to basal levels. 

However, in chronic inflammation as seen in diseases such as atherosclerosis, diabetes, 

and autoimmune disorders, adhesion molecule expression remains elevatedα leading to 

excessive adhesion and accumulation of monocytes into the vessel wall (8, 16, 17, 42).  

Relative to the understanding that monocytes are important drivers of inflamma-

tion, the appreciation that human monocytes are heterogeneous is a more recent advance 

in knowledge. Human monocytes are grouped into three categories based on the surface 

markers CD14 and CD16: classical (anti-inflammatory; CD14++/CD16-), non-classical 

(patrolling; CD14+/CD16++), and intermediate (pro-inflammatory; CD14++/CD16+) (7, 

44). At rest, classical monocytes are most abundant, accounting for 90% of total mono-

cytes. During chronic inflammation, non-classical and intermediate subsets can expand 

from ~10% to 20-30% (39, 40), depending on the disease. Further, higher levels of non-

classical and intermediate monocytes are associated with poorer prognoses in atheroscle-

rosis, diabetes, asthma, stroke, and other diseases (18, 21, 28, 29, 39). Recent studies 

have extensively characterized the biochemical, molecular and genetic profiles of the dif-

ferent monocytes (7, 19, 38, 41) and associated these with the distinct functions each 

monocyte subset mediates (30, 42, 43). Surprisingly however, little is known about mech-

anisms that govern how distinct monocyte subsets roll and adhere to an inflamed endo-

thelial surface.  
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Endothelial intercellular adhesion molecule-1 (ICAM-1) is an important adhesion 

molecule that recognizes CD11a/CD18 (lymphocyte function-associated antigen 1; LFA-

1) and CD11b/CD18 (macrophage-1 antigen; Mac-1) on monocytes to regulate the lat-

ter’s rolling, firm adhesion and transmigration (3, 6, 11, 23, 27). ICAM-1 is heavily N-

glycosylated; ~50% of its observed mass is due to N-glycans (5, 20). Protein N-glycosyl-

ation is an enzyme-driven, co-translational modification that attaches a core, branched 

tetradecasaccharide [Glucose3-Mannose9-N-Acetylglucosamine (GlcNAc)2] onto the am-

ide residues of Asn in the consensus sequence N-X-S/T (where X cannot be proline).  

Sugars from this core are sequentially cleaved by a series of glucosidases and manno-

sidases leading to high mannose and hybrid N-glycan structures in the endoplasmic retic-

ulum. Thereafter, fucose, galacatose, GlcNAc, and sialic acid are added, resulting in com-

plex N-glycoproteins (34). While most glycoproteins are assumed to be processed to 

complex forms for cell-surface expression, we have previously demonstrated that the en-

dothelial cell surface expresses increased high mannose (HM) and/or hybrid N-glycans 

during inflammation (10, 33). In particular, using a model cell system where expression 

of ICAM-1 N-glycoforms could be controlled, we showed that ICAM-1 expressing 

HM/hybrid N-glycans resulted in increased adhesion of monocytes when compared to 

ICAM-1 bearing more complex type N-glycans (31). The current study tests (i) whether 

HM/hybrid ICAM-1 is formed and expressed on the surface of activated endothelial cells 

and if so, how this compares to complex N-glycoforms, (ii) whether HM/hybrid or com-

plex ICAM-1 N-glycoforms selectively mediate adhesion of classical vs. non-classical / 

intermediate monocytes. 
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Experimental procedures 

Materials 

Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical 

veins via collagenase as described (12). Cos-1 cells were a generous gift from Dr. Joanne 

Murphy-Urlich (University of Alabama at Birmingham). MCDB131, RPMI1640, 

DMEM, HI-FBS, trypsin, L-glutamine, and Penicillin/Streptomycin were purchased from 

Invitrogen (Carlsbad, CA). DuoLink® proximity ligation assay kit was purchased from 

ThermoFisher (Waltham, MA). CD14 and CD16 magnetic beads and magnetic columns 

were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Parallel plate flow 

chambers were purchased from GlycoTech (Gaithersburg, MD). Concanavalin A (ConA), 

Sambucus Nigra (SNA), Hippeastrum Hybrid Amaryllis (HHL), and Maackia Amurensis 

Lectin II (MAL-II) lectins were purchased from Vector laboratories (Birlingame, CA). 

Where indicated, ConA or HHL were denatured by heating for 15min, at 95°C. Ki-

funensine (Kif) and Swainsonine (Swain) were purchased form Cayman Chemicals (Ann 

Arbor, MI). Cell Trackers green (CMFDA) and blue (CMAC) were purchased from 

Thermo Fisher (Waltham, MA). All other reagents were purchased from Sigma-Aldrich 

(St. Louis, MO) unless otherwise noted.  

 

Cell culture and treatment  

HUVEC were cultured as previously described (31). Cells were used within one 

day of reaching confluence and were serum-starved in MCDB-131 media containing 1% 

FBS for 2 hours prior to treatment. In some experiments, cells were pre-treated (2h) with 

the class I and II α-mannosidase inhibitors, Kifunensine or Swainsonine, respectively, 
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prior to addition of TNFα (10ng/ml, 4-18h). Cos-1 cells were transfected with human 

ICAM-1 as described(31). Once stably transfected, Cos-1 cells were cultured in DMEM 

media containing 10% FBS and 1x Pen/Strep with or without Kifunensine. 

 

Western blotting  

Cells were treated as described and lysed in RIPA buffer for 10 min on ice. 20 µg 

protein was loaded onto a 10% SDS-PAGE gel and subject to electrophoresis before be-

ing transferred to a 0.2 µm nitrocellulose membrane and probed for the described protein 

O/N at 4 degrees C with rocking. Membranes were incubated with HRP-linked, species-

appropriate secondary antibodies for 2 hours at RT prior to chemiluminescence measure-

ment. Images were analyzed using ImageQuant software (GE Healthcare Life Sciences).  

 

Proximity-ligation assay (PLA) 

  Following treatment as described, HUVECs or Cos-1 cells were washed with ice-

cold PBS with 1mM MgCl2 and CaCl2 prior to fixation with 4% PFA for 15 min at RT. 

After fixation, PLA staining was carried out as per the manufacturer’s protocols. Briefly, 

20 µg of the following biotinylated lectins: HM and hybrid N-glycan-specific lectin 

Concanavalin A (ConA), the a2,6-sialyation specific lectin Sambucus nigra (SNA), the 

HM-specific lectin Hippeastrum hybrid (HHL), or the a2,3-sialylation specific lectin 

Maackia amurensis (MAL-II) were added for 30 minutes at 4°C (see figure 1). These 

lectins were chosen to provide broad coverage of different N-glcyan structures. After 

30min, cells were washed twice with PBS, samples were blocked with 1X Carbo-Free 

blocking solution (Vector Labs) for 30 min at 20-25°C. Immediately following blocking, 
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samples were incubated with oligo-tagged anti-ConA, avidin or anti-ICAM-1 (10 µg/mL) 

for one hour at 37°C followed by ligation and amplification steps as per the protocol. Hu-

man ICAM-1 (clone RR1/1) antibody recognizes the N-glycan devoid extracellular do-

main 1 epitopes on ICAM-1. Slides were left to dry and mounted using the DuoLink® 

mounting medium containing DAPI. To quantify, 3 random fields per group, per experi-

ment were selected and average fluorescence intensity calculated and plotted per counted 

nuclei. 

 

α-mannosidase activity assay 

  Total (class I and II) α-mannosidase activity was determined as described (33) 

with minor modifications. Cells were washed with PBS before lysis in PBS containing 

1% Triton X-100 for 10 min on ice before clarification at 10,000 x g for 10 min.  50 uL 

cell lysate (corresponding to 30-40 ug protein) was prepared, in a microtiter plate, in 100 

mM acetate buffer (pH 6.5) and 200 uM of the α-mannosidase substrate, resorufin-α-d-

mannopyranoside added to start the reaction. Plates were read continuously at 550 nm 

and 595 nm in a Biotek Synergy plate reader for 18 h at 37°C. 

 

Surface N-glycan immunoprecipitation 

  To label surface N-glycans only, after treatment, cells were washed with ice-cold 

PBS containing 1mM CaCl2 and MgCl2 prior to incubation with 10µg biotinylated ConA 

for 15 min at 4 degrees C. Cells were lysed with 1% TritonX-100 in PBS and incubated 

with avidin resin for 2 hours at RT. Samples were washed 3x and boiled at 95 degrees C 
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for 10 minutes in 5X SDS loading buffer to release biotin complexes. Samples were then 

treated as western blot as described above. 

 

Monocyte and neutrophil isolation 

 Primary human monocytes and neutrophils were isolated from freshly drawn 

whole blood collected by venipuncture from healthy volunteers using magnetic beads as 

described (32). Briefly, after removal of the plasma layer, blood was layered on top of a 

Histopaque 1119 to 1077 gradient and centrifuged at 700 x g for 20 minutes at RT. Mon-

ocytes appear at the interface of media and the 1077 layer while neutrophils appear be-

tween the two Histopaque layers. Monocytes were incubated with a CD16 antibody and 

isolated using positive selection via a magnetic column. The flow-through (CD16- cells) 

was then incubated with a CD14 antibody to isolate distinct CD16+ and CD16- monocyte 

populations. Neutrophils were incubated with a CD15 antibody and isolated in the same 

manner. All cell separations were confirmed via  flow cytometry analysis (not shown). 

All protocols were approved by the UAB Institutional Review Board. 

 

Monocyte and neutrophil rolling and adhesion assay 

 Isolated monocyte populations were incubated with 1µM fluorescent 

CellTracker™ dyes; CD16- cells were labeled with CellTracker™ green (CMFDA) and 

CD16+ cells were labeled with CellTracker™ blue (CMAC) for 30 min at 37°C. Cells 

were pelleted and supernatant aspirated to remove any unincorporated dye. CD16- and 

CD16+ monocytes were then were combined in equal amounts (final cell count 250,000 

cells/mL; 125,000 cell/ml of each subtype), unless otherwise stated. Treated HUVEC or 
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Cos-1 cells were exposed to fluorescent monocytes or neutrophils at a flow rate of 100 

µL/min, corresponding to 1 dyne/cm2, in a GlycoTech parallel plate flow chamber. Neu-

trophils were treated with 100 ng/mL PMA (15 min) prior to adhesion assay. Images 

were captured on a Biotek Lionheart live cell imager over 2 minutes at 30 frames/sec. 

Any cell that was stationary for ≥ 5 sec was considered firmly adhered as described 

(23)(32). Where indicated 10 min prior to adhesion assay, HUVEC were treated with 

ConA or HHL lectins (10 µg/ml) to block surface hybrid and HM-N-glycans.  

 

Statistics 

 All statistical analyses were performed using GraphPad Prism software. Paired t-

test or one-way ANOVA followed by Tukey’s post hoc test were performed as indicated 

in the figure legends. A minimum of three independent experiments were performed for 

each replicate. 

 

Results 

HM-ICAM-1 formation is transient in TNFα treated endothelial cells 

 Our previous studies have shown that the luminal surface of atherosclerotic le-

sions is characterized by increased HM/hybrid N-glycan structures that parallel with se-

verity of disease (10, 31, 32). Moreover, we identified ICAM-1 as a candidate adhesion 

molecule that may harbor HM-structures on the endothelial surface. To determine if en-

dothelial inflammation leads to formation of ICAM-1 harboring HM/hybrid N-glycan 

structures, we used western blot analysis and the proximity-ligation assay (PLA). Treat-

ment of HUVECs with TNFa led to a time-dependent increase in ICAM-1 indicated by 
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100kD band (Fig 2A). Also seen is a ~75kD band that transiently appears at 4h, compris-

ing ~25% of the total ICAM-1 at this time (Fig 2B), after which it returns to basal levels 

by 18h. We have shown previously that the ~100kDa and ~75kD bands correspond to 

complex and HM/hybrid ICAM-1 N-glycoforms respectively(31).   

To determine if different ICAM-1 N-glycoforms [HM, hybrid, and complex (via 

α-2,3-sialylated, and α-2,6-sialylated identification)] were expressed on the cell-surface, 

we used PLA. HUVECs were treated with TNFα and cell surface N-glycans labeled with 

biotinylated lectins (see figure 1 for structures recognized by each lectin) followed by 

treatment with avidin and an anti-ICAM-1 antibody, both tagged with complementary ol-

igonucleotides. Red puncta indicate positive staining where the two epitopes (ICAM-1 

and the lectin-identified N-glycan structures) are within 40nm of each other. Figs 2C & 

D show representative images and Fig 2E quantitation. Surface HM/hybrid ICAM-1 tran-

siently increased at 4 hours, whereas α-2,6-sialylated (SNA) ICAM-1 continued to in-

crease over 18h. No a-2,3-sialyated ICAM-1 (MAL-II) was observed. HUVECs that 

were not exposed to TNFα had no detectable staining (data not shown) similar to the 

staining controls in which one of the PLA reagents was absent (Fig. 2D).  

In order to test whether HM structures selectively bind CD16+ vs. CD16- mono-

cytes, we first established conditions to selectively express HM and hybrid structures on 

the endothelial surface using the α-mannosidase class I and II inhibitors, Kifunensine 

(Kif) and Swainsonine (Swain) respectively (Fig. 3A). Kif and Swain each inhibited α-

mannosidase activity in HUVECs to similar extents indicating ~equal class I and class II 

a-mannosidase activities (Fig. 3B). Further, Kif and Swain produced HM and hybrid N-

glycoforms of ICAM-1 indicated by the bands at 75 and 100Kd respectively, (Fig. 3C-
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D). Importantly, Kif and swain did not change total ICAM-1 expression (Fig. 3E) nor 

surface ICAM-1 expression (Fig. 3F).  

 

Endothelial HM-epitopes and ICAM-1 enhance CD16+ monocyte rolling and adhesion  

To test if HM or hybrid N-glycans had an effect on monocyte subset adhesion, 

HUVECs were treated as described and exposed to isolated monocytes under flow. As 

shown in Figure 4A, TNFa increased adhesion for both CD16- and CD16+ monocytes. 

Pre-treatment of HUVECs with Kif or Swain had no effect on TNFa-dependent CD16- 

monocyte adhesion. However, Kif pre-treatment, but not Swain, significantly further in-

creased CD16+ monocyte adhesion by ~1.7-fold (Fig. 4A) suggesting that endothelial 

HM-epitopes have higher affinity for CD16+ monocytes. Since neutrophils also adhere to 

endothelial ICAM-1 we tested the effects of Kif on neutrophil adhesion. Kif did not af-

fect neutrophil adhesion to TNFα-treated HUVECs (Fig. 4B). 

Physiologically, the relative abundance of circulating CD16+ and CD16- mono-

cytes is ~10% and ~90%, respectively. To evaluate if HM-epitopes can selectively recruit 

CD16+ cells at these physiologic cell number ratios, we performed the same experiment 

as above using a 10:1 ratio of CD16- to CD16+ monocytes. Figure 4C shows that TNFa 

increased both CD16- and CD16+ monocyte adhesion relative to control. Swain had no 

effect, whereas Kif treatment significantly further increased CD16+ monocyte adhesion 

relative to TNFα alone. This effect of Kif was not observed with CD16- monocyte adhe-

sion. Figure 4D shows fold change in monocyte adhesion relative to CD16- cell adhesion 

to TNFa treated ECs. These data suggest that, while there are less CD16+ cells relative to 

CD16- cells, the former are more likely to adhere to HM glycan epitopes.  
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CD16+ adhesion to activated ECs is dependent on HM-epitopes and ICAM-1 

 Next, we tested the effects of ConA or HHL dependent blocking of endothelial 

HM/hybrid type N-glycans on monocyte adhesion. Figure 5A shows ConA decreased ad-

hesion of CD16- cells by 49% and CD16+ cells by 75%. However, blocking with HHL 

only decreased adhesion of CD16+ monocytes (by ~80%). Similar inhibitory effects of 

both lectins were observed in Kif pretreated cells, although only trends were noted with 

CD16- cell adhesion. Prior denaturation of Con A or HHL resulted in a loss in their abil-

ity to inhibit monocyte adhesion suggesting that this effect is not due to non-specific 

binding of lectins to the endothelium.  

We hypothesized that ICAM-1 is the primary adhesion molecule harboring HM-

epitopes that mediate CD16+ adhesion. To test this we compared the effects of two anti-

ICAM-1 blocking antibodies that recognize the LFA-1 (domain 1, D1) or Mac-1 (domain 

3, D3) binding domains on ICAM-1 with an IgG control antibody. Fig. 5B shows that D1 

and D3 blockade inhibits CD16- monocyte adhesion by ~75% and ~35% respectively. In 

Kif treated cells, D1 blockade still inhibited CD16- monocyte adhesion; however, D3 

blockade had no effect. With CD16+ monocyte adhesion, in the absence or presence of 

Kif, D1 blockade had no effect, whereas D3 blockade significantly (75-90%) decreased 

adhesion.  

 

HM-ICAM-1 enhances CD16+ monocyte adhesion under flow 

To evaluate the potential for ICAM-1 N-glycoforms to regulate CD16+ vs CD16- 

monocyte rolling and adhesion in the absence of other adhesion molecules, we utilized 
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Cos-1 cells, which inherently do not express ICAM-1. Cells were transfected with (WT) 

or without (EV) human ICAM-1 and grown in the presence or absence of Kif. Fig. 6A 

shows that total ICAM-1 expression was similar, but with Kif, all ICAM-1 migrated at 

~75kDa consistent with a HM-ICAM-1 N-glycoform. Immunoprecipitation of surface 

proteins with ConA confirmed that HM-ICAM-1 was present on the cell surface with the 

levels being greater in Kif-treated cells (Fig. 6B). Furthermore, PLA analysis demon-

strated the presence of HM-ICAM-1 in Kif-treated WT Cos-1 cells, with complex (a2,6-

sialyated) ICAM-1 predominating in WT Cos-1 cells not treated with Kif  (Figs. 6C & 

D).  

CD16+ monocyte adhesion is higher and rolling velocity is significantly slower to 

HM-ICAM-1 compared to complex ICAM-1 expressing Cos1 cells (Figs. 6E & F). 

CD16- monocyte adhesion was higher in ICAM-1 expressing Cos1 cells compared to 

empty vector control. Modulating N-glycoforms using Kif had no effect on CD16- mono-

cyte rolling or adhesion. Treatment of WT or Kif exposed Cos-1 cells with ConA or HHL 

lectins, prior to assessing monocyte adhesion, had no effect on CD16- monocyte adhesion 

but significantly abrogated CD16+ monocyte adhesion (Fig. 6G). Notably, both ConA 

and HHL abrogated CD16+ cell adhesion to Cos-1 cells expressing predominantly com-

plex ICAM-1 also; i.e. without prior Kif treatment (Fig. 6G). This indicates that a basal 

level of HM epitopes are present on the cell surface for HHL to block, which leads to in-

hibition of CD16+ monocyte adhesion. Consistent with this conclusion, longer exposure 

times of PLA staining with HHL and ICAM-1 in WT ICAM-1 transfected Cos-1 cells, 

without Kif treatment, demonstrate clear HM-ICAM-1 staining (Fig. 6H). Further, ConA 
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and HHL had no effect on monocyte rolling velocities in CD16- cells. However, HHL 

rescued rolling velocity of CD16+ cells in the presence of Kif (Fig 6I). 

Finally, since CD16+ monocytes were purified using positive selection by CD16-

magnetic beads, these cells may have been activated leading to increased adhesivity. 

Therefore, monocyte adhesion to Cos-1 cells was also assessed using monocytes without 

CD16 based selection. In these experiments, at the end of the adhesion assay, cells were 

fixed and levels of CD62L and CD16 determined to assess relative adhesion of CD16- or 

CD16+ cells respectively. Fig 6J shows that both CD62L and CD16 levels increased in 

ICAM-1 expressing Cos-1 cells, with only CD16 levels increasing further in Kif treated 

cells.  

 
 

Discussion 

 The process of monocyte adhesion to and migration across the EC layer is a key 

component of inflammatory responses, as is the more recent concept that there are dis-

tinct monocyte populations that have pro-inflammatory or anti-inflammatory (reparative) 

functions. However, there remains limited insight into whether the mechanisms that gov-

ern how CD16- vs CD16+ monocytes adhere to inflamed endothelial cells are the same or 

are regulated differently. Both CD16- and CD16+ cells express VLA4, LFA-1 

(CD11a/18), and Mac-1 (CD11b/18), which comprise the main monocytic ligands for ad-

hesion to endothelial VCAM-1 and ICAM-1. Since both monocyte subsets express simi-

lar levels of these ligands, it is unlikely their abundance accounts for differential recruit-

ment of CD16- vs CD16+ monocytes to the endothelium during inflammation(36, 39). 
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Some studies have demonstrated a role for CX3CR1/CX3CL1 (fractalkine) in the recruit-

ment of CD16+ monocytes (1, 2, 4); here we provide evidence that high-mannose (HM) 

N-glycans, specifically residing on endothelial ICAM-1, may selectively recruit CD16+ 

monocytes.  

A role for HM-epitopes is indicated by elevated CD16+ monocyte adhesion in EC 

or Cos-1 cells treated with the α-mannosidase class I inhibitor Kif. This was confirmed 

by data showing that HHL or ConA, lectins that recognizes terminal mannose residues, 

abrogated CD16+ monocyte adhesion. A role for surface HM epitopes was confirmed us-

ing Cos-1 cells transfected with ICAM-1. CD16+ cell adhesion was higher in Cos-1 cells 

expressing higher levels of HM-ICAM1, and blocking surface HM using HHL, com-

pletely inhibited CD16+ monocyte interactions. Interestingly, this inhibition was observed 

with control ICAM-1 transfected Cos-1 cells also where HM-ICAM-1 was still detecta-

ble, albeit at lower levels compared to Kif-treated cells (see Fig 5H). These data suggest 

that surface HM-sugars are primary mediators of CD16+ cell adhesion. ConA also, albeit 

to lesser extent inhibited CD16- cell adhesion (Fig 4A) which is likely due to the fact that 

ConA also recognizes terminal glucose and galactose residues in addition to mannose res-

idues (35). Indeed, ConA inhibited CD16- adhesion with or without Kif treatment sug-

gesting for this monocyte subset, the anti-adhesive effect of this lectin is HM-independ-

ent.  

Our previous studies identified ICAM-1 as the primary endothelial adhesion mol-

ecule whose N-glycosylation is modulated during inflammation (31). We therefore fo-

cused on determining the role of HM- and complex ICAM-1 N-glycoforms in mediating 

CD16- and CD16+ monocyte adhesion in this study.  A dependence on ICAM-1 was 
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demonstrated using ICAM-1-blocking antibodies. We show that CD16+ monocyte adhe-

sion occurs at the D3 ICAM-1 domain (where Mac-1 binds). These data are consistent 

with previous reports showing that the Mac-1 binding domain is N-glycosylated, while 

the LFA-1 binding domain is not (13, 26). Notably, a HM-dependence was not observed 

for PMN adhesion consistent with studies showing a dominant role for LFA-1 dependent 

interactions in mediating PMN- ICAM-1 adhesion (14, 24, 25). The mechanisms by 

which PMNs preferentially utilize LFA-1 dependent mechanisms, whereas CD16+ mono-

cytes use Mac-1, remains to be determined and likely important in understanding how 

different leukocytes traffic to sites of injury. 

A role for HM-ICAM-1 in mediating CD16+ monocyte adhesion was demon-

strated with both a mixture of naïve monocytes (without prior CD16 ligation) and with 

CD16+ monocytes purified by positive selection using anti-CD16 coated magnetic beads. 

Moreover, in all experiments, total levels of ICAM-1 were similar, but HM composition 

of ICAM-1 was altered, and the latter regulated CD16+ cell adhesion. This supports the 

conclusion that while ICAM-1 is necessary, HM-glycoforms on ICAM-1 confer selectiv-

ity for CD16+ monocyte binding. This conclusion is further supported by experiments in 

which CD16+ monocyte adhesion was determined at physiological ratios with CD16- cells 

(Fig 2C-D). If binding of CD16- and CD16+ cells was equivalent, based on relative abun-

dance, a 10-fold less adhesion of CD16+ cells is expected. However, only a 2-fold de-

crease in CD16+ cells, compared to CD16- cells was observed in TNFα treated ECs, and 

no difference in Kif-treated cells. Collectively, these data suggest that HM-ICAM-1 se-
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lectively recruits low abundant CD16+ monocytes to the endothelium. Since CD16+ mon-

ocyte numbers expand during chronic inflammation, we speculate that HM-ICAM-1 

plays a significant role in disease settings also (18, 39).  

CD16+ monocyte rolling velocity was selectively slowed when Cos-1 expressed 

HM-ICAM-1, consistent with earlier reports of a role for ICAM-1 in both the rolling and 

adhesion processes (16, 22, 37). However, the effects of HM glycoforms were greater in 

the firm adhesion step. Further studies are required to identify the precise interactions be-

tween HM-ICAM-1 and CD16+ monocyte receptors. Current studies are focusing primar-

ily on the ICAM-1 ligands Mac-1 and LFA-1, their activation states, and the role of 

CD16 itself.  

Notably, surface expression of HM-ICAM-1 on cultured endothelial cells was transient 

providing an intriguing insight into the timing of inflammation. Based on our data, we 

speculate that an initial wave of pro-inflammatory monocyte infiltration is mediated by 

the formation of HM-ICAM-1. Thereafter, HM-ICAM1 levels decline preventing further 

CD16+ monocyte recruitment and allowing resolution. Further studies testing how HM-

ICAM-1 may change in chronic inflammation are warranted and may shed insights into 

how recruitment of pro-inflammatory monocytes continues in disease settings. While we 

have not investigated the mechanisms by which HM-N-glycan are transiently incorpo-

rated into induced ICAM-1, our prior data show that TNFα inhibits α-mannosidase activ-

ity (33). Given that N-glycan biosynthesis is a linear process, and data with Kif treatment, 

inhibition of α-mannosidase activity likely mediates formation of HM-N-glycans. Ongo-

ing studies are determining the role of TNFα on the transient inhibition of α-mannosidase 

activity. Future studies are also required to map the specific N-glycan sites on ICAM-1 
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where HM-structures reside. The term ‘high-mannose’ does not imply that ICAM-1 ex-

clusively expresses HM structures. ICAM-1 contains 8 N-glycosylation sites, and any 

single ICAM-1 is likely to harbor an array of N-glycans, from HM to complex structures. 

Our data simply demonstrates that a form of ICAM-1 harboring HM structures enhances 

CD16+ monocyte adhesion.  

In conclusion, the presented data suggest that endothelial HM-ICAM-1 is a key 

mediator for recruiting CD16+ monocytes to the activated endothelium, and in turn may 

present a novel therapeutic target to modulate pro-inflammatory monocyte trafficking 

during innate immunity and inflammatory disease. 
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Figure 1. Lectins used in this study and their specificity for N-glycan structures 
(Adapted from(34)). Man= Mannose; Gal = Galactose; GlcNac = N-acetylglucosamine; 
Sa = Sialic acid; R= varying N-glycan structures. 
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Figure 2. TNFα forms endothelial HM-ICAM-1 in a time-dependent manner. HU-
VECs were treated with 10 ng/mL TNFα for 0, 4, or 18 hours and either lysates were 
collected for western blot analyses or cells processed for PLA. A. Representative West-
ern blot for ICAM-1 expression. The 100 kD band represents the fully glycosylated, 
complex ICAM-1 and the 75 kD band represents the hypoglycosylated, high-mannose 
ICAM-1. B. Quantification of HM-ICAM-1 as a percentage of total ICAM-1. Data are 
mean ± SEM, n=3.  C. HUVECs were treated as above and subject  
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to a proximity ligation assay (PLA) for HM / hybrid, HM, α2,6-sialylated, and α2,3-
sialylated ICAM-1. Shown are representative images from each time point. Red puncta 
represents positive PLA signal, blue staining is DAPI nuclear stain. D. PLA staining 
controls where one PLA reagent was left out (left, no anti-ICAM-1; right, no avidin). 
E. Quantification of PLA puncta. For each replicate, puncta were counted in three fields 
and averaged. Each symbol represents an independent replicate. Data are mean ± SEM, 
n=4. *=p≤0.05 compared to respective time control by one-way ANOVA with Tukey’s 
posttest. 



 
 

 

52 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Kifunensine and Swainsonine selectively form HM and hybrid N-glycans 
on the activated endothelium. A. Scheme showing early and sequential processing of 
N-glycans from HM to hybrid and complex N-glycans. Also shown are sites where 
Kifunensine (Kif) and Swainsonine (Swain) inhibit class I and II α-mannosidases, re-
spectively. B. α-mannosidase activity in HUVECs exposed to 1µM Kif or 1µM Swain. 
Data show activity relative to control. *=p≤0.05 compared to control by one-way 
ANOVA with Tukey post-test. C. Western blot and D. analysis of ICAM-1 glycoforms 
in HUVECs when exposed to TNFα and/or 1µM Kif or Swain. The 100 kD band rep-
resents the fully glycosylated, complex ICAM-1 and the 75 kD band represents the hy-
poglycosylated, high-mannose ICAM-1. Lane 1, control; lane 2, TNFα only; lane 3, 
TNFα and Swain; lane 4, TNFα and Kif. E. Total band density of ICAM-1 from (C). F. 
ICAM-1 surface stain (left panel) and quantitation (right panel) on HUVECs treated 
with TNFα and/or 1µM Kif or Swain.  

* * 
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Figure 4. CD16+ monocyte 
adhesion is enhanced by en-
dothelial HM epitopes. A. 
HUVECs were treated as 
above and exposed under 
flow to fluorescently-labeled 
CD16+ and CD16- mono-
cytes. Each symbol repre-
sents the average of an inde-
pendent experiment. Data are 
mean ± SEM, n=3. *=p≤0.05 
compared to control or 
#=p≤0.05 compared to TNFa 
by one-way ANOVA with 
Tukey’s posttest within mon-
ocyte groups. B. HUVECs 
were treated and neutrophils 
adhesion under flow deter-
mined as described. Data are 
mean ± SEM, n=3. *=p≤0.05 
compared to control alone by 
one-way ANOVA. C. Mono-
cyte adhesion under flow to 
HUVECs at physiological ra-
tios (225,000 cells/mL 
CD16- and 25,000 cells/mL 
CD16+). Each bar represents 
the average of four independ-
ent experiments. Data are 
mean ± SEM, n=4. *=p ≤ 
0.05 compared to control or 
#=p≤0.05 compared to TNFa 
by one-way ANOVA with 
Tukey’s posttest within mon-
ocyte groups. D. Monocyte 
adhesion from (C) as a fold 
change compared to CD16-  
 adhesion to TNFα treated HUVEC. Each symbol represents the average of four inde-

pendent experiments. Data are mean ± SEM, n=4. *=p≤0.05 compared to control or 
#=p≤0.05 compared to TNFa by one-way ANOVA with Tukey’s posttest within mon-
ocyte groups. 
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Figure 5. CD16+ monocyte adhesion is dependent on endothelial HM epitopes and 
ICAM-1. A. HUVECs were treated with 10 ng/mL TNFα for 4 hours prior to monocyte 
adhesion assay. Some cells were pretreated with Kif to form HM epitopes on the cell 
surface and then monocyte adhesion under flow measured. Prior to adhesion assay, some 
cells were treated with the lectins HHL or ConA to block HM / hybrid N-glycans on the 
cell surface, or with denatured lectins to assess non-specific binding effects. Each symbol 
represents the average of an independent experiment. Data are mean ± SEM, n=3 or 4. 
*=p≤0.05 compared to control; $=p≤0.05 compared to TNFα alone; and #=p≤0.05 com-
pared to TNFα+Kif by one-way ANOVA with Tukey’s posttest within monocyte groups. 
B. HUVECs were treated as described and some cells were treated with anti-ICAM-1 
blocking antibodies that recognize D1 or D3 of ICAM-1 prior to monocyte adhesion as-
say. Each symbol represents the average of an independent experiment. Data are mean ± 
SEM, n=3 or 4. *=p≤0.05 compared to control; $=p≤0.05 compared to TNFα; &=p≤0.05 
compared to TNFα + IgG control; #=p≤0.05 compared to TNFα + Kif; %=p≤0.05 com-
pared to TNFα + Kif + IgG control by one-way ANOVA with Tukey’s posttest within 
monocyte and cell treatment groups. 
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Figure 6. HM-ICAM-1 enhances CD16+ monocyte adhesion under flow. A. Western 
blot of ICAM-1 from Cos-1 cells transfected with or without human ICAM-1 and grown 
in the presence or absence of Kif. B. Surface ConA reactive epitopes were immunopre-
cipitated from Cos-1 cells grown in the presence or absence of Kif and ICAM-1 levels 
determined by western blotting. C. Cos-1 cells transfected with or without human ICAM-
1 and grown in the presence or absence of Kif were subject to a proximity ligation assay 
(PLA) for HM- and a-2,6-sialylated ICAM-1. Shown are representative images from 
each time point. Red puncta represents positive PLA signal, blue staining is DAPI nuclear 
stain. D. Quantification of PLA signal from Cos-1 cells. *=p≤0.05 compared to WT-HHL 
signal; #=p≤0.05 compared to WT+Kif SNA signal. Data are mean ± SEM, n=3 with an 
average of 2 fields per n. E. Cos-1 cells treated as above were exposed to  



 
 

 

57 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

isolated C16+ and CD16- monocytes under flow and adhesion measured over 2 minutes. 
Data are mean ± SEM, n=3, each symbol represents a single experiment with two repli-
cates per experiment. *=p≤0.05 compared to EV; $=p≤0.05 compared to WT alone by 
one-way ANOVA with Tukey’s post-test within monocyte groups. F. Monocyte rolling 
velocities from (E) were calculated as described above. Data are mean ± SEM, n=3 or 4. 
*=p≤0.05 compared to EV; $=p≤0.05 compared to WT alone by one-way ANOVA with 
Tukey’s post-test within monocyte groups. G. Cos-1 cells were subjected to monocyte 
adhesion under flow as described above. Prior to adhesion assay, some cells were treated 
with the lectins HHL or ConA to block HM / hybrid N-glycans on the cell surface. Data 
are mean ± SEM, n=3 or 4 with two replicates per experiment. *=p≤0.05 compared to 
WT alone; #=p≤0.05 compared to WT + Kif by one-way ANOVA with Tukey’s post-
test within monocyte groups. Dotted line represents average of non-transfected cells. H. 
PLA images from WT and EV Cos-1 cells subject to PLA for ICAM-1 and HHL from 
(C) collected with longer exposure times. I. Velocities calculated from (G). Data are 
mean ± SEM, n=4. *=p≤0.05 compared to WT; #=p≤0.05 compared to WT + Kif by one-
way ANOVA and Tukey’s posttest within monocyte groups. Dotted lines represent av-
erage of non-transfected cells. J. Following native monocyte adhesion to Cos-1 cells un-
der flow, cells were fixed and stained for CD16+ and CD16- markers. Data are mean ± 
SEM, n=3. *=p≤0.05 compared to baseline; $=p≤0.05 compared to WT by one-way 
ANOVA with Tukey’s posttest within monocyte groups. . 
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Endothelial dysfunction is a critical event in vascular inflammation characterized, in part, 

by elevated surface expression of adhesion molecules such as intercellular adhesion mol-

ecule-1 (ICAM-1). ICAM-1 is heavily N-glycosylated, and like other surface proteins, it 

is largely presumed that fully processed, complex N-glycoforms are dominant. However, 

our recent studies suggest that hypoglycosylated or high mannose (HM)-ICAM-1 N-gly-

coforms are also expressed on the cell surface during endothelial dysfunction, and have 

higher affinity for monocyte adhesion and regulate outside-in endothelial signaling by 

different mechanisms. Whether different ICAM-1 N-glycoforms are expressed in vivo 

during disease is unknown. In this study, using the proximity ligation assay, we assessed 

the relative formation of high mannose, hybrid and complex α-2,6-sialyated N-gly-

coforms of ICAM-1 in human and mouse models of atherosclerosis, as well as in arterio-

venous fistulas (AVF) of patients on hemodialysis. Our data demonstrates that ICAM-1 

harboring HM or hybrid epitopes as well as ICAM-1 bearing α-2,6-sialylated epitopes are 

present in human and mouse atherosclerotic lesions. Further, HM-ICAM-1 positively as-

sociated with increased macrophage burden in lesions as assessed by CD68 staining, 

whereas α-2,6-sialylated ICAM-1 did not. Finally, both HM and  α-2,6-sialylated ICAM-

1 N-glycoforms were present in hemodialysis patients who had AVF maturation failure 

compared to successful AVF maturation. Collectively, these data provide evidence that 

HM- ICAM-1 N-glycoforms are present in vivo, and at levels similar to complex α-2,6-

sialylated ICAM-1 underscoring the need to better understand their roles in modulating 

vascular inflammation. 
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Introduction 

  Inflammation is a carefully orchestrated response involving the release of pro-in-

flammatory factors and homing of immune cells to injured tissue. The vascular endothe-

lium is a key player in the inflammatory process, responding to stressors such as oscilla-

tory blood flow (that occurs at bifurcations in the vessel) and increased pro-inflammatory 

factors(2-4). The resulting activated endothelium provides a pro-adhesive surface that al-

lows circulating immune cells to adhere and migrate into the inflamed tissue in a multi-

step process of capture, rolling, firm adhesion, and transmigration. These steps are medi-

ated by multiple endothelial surface adhesion molecules (5-10).  

Many surface and secreted proteins, including adhesion molecules, are N-glyco-

sylated. While this post (or co-)-translational modification regulates protein stability and 

transport to the cell surface, these glycan structures are also important in mediating bind-

ing between cognate receptors, which is exemplified by binding between selectins and 

their sialyl LewisX ligands (11, 12). Relatively little is known, however, about how N-

glycosylation of endothelial adhesion molecules may be regulated during inflammation 

(13). Protein N-glycosylation occurs in the endoplasmic reticulum-Golgi network via a 

multi-step process involving initial attachment of a core oligosaccharide, comprised of 

Glu3Man9GlcNAc2, onto the amide residue of asparagine within the consensus sequence 

N-X-S/T (where X cannot be proline). Sugars from this core are temporally and sequen-

tially cleaved by ER/Golgi resident glycosidases, leading to high mannose structures, fol-

lowed by partial rebuilding to hybrid N-glycan structures (collectively referred herein as 

hypoglycosylated N-glycans) by glycosyltransferases; after which multiple fucose, Glc-

NAc, and sialic acid residues are added to form complex N-glycoproteins (14). While it is 
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assumed that most glycoproteins require complete processing to the complex form for 

cell-surface expression, we and others have demonstrated that during atherogenic inflam-

mation, the endothelial surface is characterized by decreased N-glycan complexity, or an 

increase in hypoglycosylated N-glycans (12, 15-17). However, the exact endothelial pro-

teins that harbor these hypoglycosylated N-glycans and their presence in vivo remains un-

clear. 

Intercellular adhesion molecule-1 (ICAM-1) is an adhesion molecule that medi-

ates leukocyte adhesion and whose expression is induced by pro-inflammatory stimuli. 

ICAM-1 has 8 putative N-glycosylation sites and we have previously shown that, in acti-

vated cultured endothelial cells, both high mannose/hybrid and complex (specifically 

a2,6-sialylated) ICAM-1 can be expressed on the cell-surface (16). Interestingly, we ob-

served that hypoglycosylated ICAM-1 N-glycoforms bound monocytes with higher affin-

ity and regulated “outside-in” signaling via different mechanisms compared to ICAM-1 

glycoforms containing complex, α-2,6-sialylated N-glycans (16, 18). Further, we recently 

demonstrated that a hypoglycosylated, high-mannose (HM), form of ICAM-1 specifically 

enhances adhesion of pro-inflammatory monocyte subsets (19). These findings suggest 

unique and distinctive functions for the different ICAM-1 N-glycoforms, however, 

whether these distinct ICAM-1 N-glycoforms are present in vivo is not yet known.  

Herein, we tested whether different ICAM-1 N-glycoforms are present in vivo  by 

modifying the DuoLink® proximity ligation assay (PLA) to detect co-localization of spe-

cific N-glycan structures and ICAM-1 in two disease states where endothelial dysfunc-

tion has been demonstrated to play a prominent role (see Figure 1 for assay schematic 
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and lectin specificity). Both human and mouse atherosclerotic tissue, as well as arteriove-

nous fistulas (AVF) of advanced chronic kidney disease patients, were evaluated for the 

presence of ICAM-1 N-glycoforms. Our data demonstrate that hypoglycosylated ICAM-1 

N-glycoforms are present in advanced disease states in all models observed at similar, if 

not higher, levels of α-2,6-sialylated N-glycoforms. Importantly, HM-ICAM-1, but not α-

2,6-sialylated ICAM-1 positively correlated with macrophage burden as assessed by 

CD68 staining indicating a significant role for hypoglycosylated N-glycans in vascular 

inflammation.  

 

Experimental procedures 

Materials 

DuoLink® proximity ligation assay kit was purchased from ThermoFisher (Wal-

tham, MA). HistoPrep™ was purchased from Fisher Scientific (Hampton, NH). Anti-hu-

man ICAM-1 antibody was purchased from ThermoFisher (BMS108), and anti-mouse 

ICAM-1 antibody was purchased from Abcam (25375) (Cambridge, UK). Concanavalin 

A (ConA), Sambucus Nigra (SNA), Hippeastrum Hybrid Amaryllis (HHL), and Maackia 

Amurensis Lectin II (MAL-II) lectins were purchased from Vector laboratories (Birlin-

game, CA). Anti-ICAM-1 and avidin were conjugated to oligomer probes using the Duo-

Link Probemaker kits (Sigma) per manufacturer provided protocols. All other reagents 

were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.  
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Human vessel collection and processing 

 Human arteries were obtained post-mortem, after authorization of autopsy that 

includes permission to remove tissues for research purposes, from the Department of Pa-

thology at the University of Alabama at Birmingham and Louisiana State University 

Health Sciences Center. Vessel segments were fixed using formalin (10%) for 24h and 

then embedded in paraffin. Lesion type was determined according to the Stary scale from 

1-5 by a cardiovascular pathologist (20). All procedures were performed per Institutional 

Review Board approved protocols. 

In addition, human vein samples were collected from subjects at the time of 1st 

and 2nd stage basilic vein transposition surgery. At the time of both surgeries, a circum-

ferential piece of vein (~10-15 mm and adjacent to site of anastomosis creation) was ex-

cised and immediately stored in formalin for histology and immunohistochemistry (IHC) 

studies. Each venous tissue sample was embedded in paraffin as previously de-

scribed(21).  Following paraffin embedding, each piece was sliced into 5µM sections for 

histological studies. These vein samples were collected under approval by the University 

of Alabama at Birmingham Institutional Review Board. Donor specimens from cadaveric 

donors at the time of organ harvesting were obtained using services from the National 

Disease Research Interchange, Philadelphia, PA, and fixed in formalin, as previously de-

scribed(22). 

 

Mouse vessel collection and processing 

 8-10 week old male ApoE-/- mice were fed a high fat, Western-type diet (21% fat 

by weight, 0.15% cholesterol, and 19.5% casein without sodium cholate) for 12 weeks, 
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and the innominate artery (i.e. brachiocephalic) collected for histological analysis. Both 

lesion and non-lesion areas of the same segment were analyzed.  Carotid arteries were 

also collected from male ApoE-/- mice fed a control diet. In the second model, 8-10 week 

old, male ApoE-/- mice underwent partial ligation of the left carotid artery to induce dis-

turbed flow as described previously(23, 24). After induction of anesthesia (5% isoflurane, 

followed by 2% isoflurane for maintenance of anesthesia), the external, internal, and oc-

cipital arteries were ligated with a 7-0 silk suture leaving the superior thyroid artery pa-

tent, and the resulting disturbed flow pattern was verified by ultrasound measurements 

using a VisualSonics VEVO3100 system.  When this model is performed in atherosclero-

sis-prone ApoE-/- mice, accelerated atherosclerosis develops in the left carotid artery due 

to disturbed flow compared to the paired right carotid artery(25). Mice were euthanized 

by pneumothorax under isoflurane anesthesia, and then ex-sanguinated followed by 

vessel collection. For all samples, the adventitia was carefully removed and vessel seg-

ments fixed in formalin (10%) for 24h and then embedded in paraffin blocks for mount-

ing to slides. Male mice were used due to their susceptibility to atherosclerosis develop-

ment compared to female mice. All procedures were performed according to LSU Health 

Sciences Center-Shreveport and University of Alabama at Birmingham IACUC approved 

protocols. 

 

Tissue immunofluorescence  

Paraffin-embedded tissue sections were rehydrated using standard protocols. 

Briefly, slides were treated with xylene followed by decreasing Histoprep concentrations 
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(100%, 95%, 85%, 75%) before immersion in 1x PBS. Antigen retrieval was accom-

plished using 10mM sodium citrate buffer (pH 6.0) and heated for 12 minutes in the mi-

crowave. Following antigen retrieval, tissues were washed in PBS and proximity-ligation 

or total ICAM-1 staining performed as outlined below.  

 

Proximity-ligation assay 

Briefly, 20 µg of the following biotinylated lectins: HM and hybrid N-glycan-spe-

cific lectin Concanavalin A (ConA), the a2,6-sialyation specific lectin Sambucus nigra 

(SNA), the HM-specific lectin Hippeastrum hybrid (HHL), or the a2,3-sialylation spe-

cific lectin  Maackia amurensis (MAL-II) were added for 30 minutes at 4°C (see table  

I). These lectins were chosen to provide broad coverage of different N-glcyan structures. 

After washing twice with PBS, samples were blocked with 1X Carbo-Free blocking solu-

tion (Vector Labs) for 30 min at 20-25°C. Immediately following blocking, samples were 

incubated with oligo-tagged avidin or anti-ICAM-1 (10 µg/mL) for one hour at 37°C fol-

lowed by ligation and amplification steps as per the protocol. Both anti-mouse and human 

ICAM-1 antibodies recognize extracellular (domain 1) epitopes on ICAM-1. Slides were 

left to dry and mounted using the DuoLink® mounting medium containing DAPI.  

 

Total ICAM-1 Immunofluorescence 

 Slides were process as described above. After blocking, slides were incubated 

with mouse or human anti-ICAM-1 for 1 hour at 20-25°C, followed by a 1 hour incuba-

tion at 20-25°C with the species-appropriate secondary antibody conjugated to Alexa 
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Fluor 594. After washing, slides were left to dry and mounted using DuoLink® mounting 

medium containing DAPI. 

 

Image acquisition and analysis 

Images were acquired on a BioTek Lionheart live cell imager using DAPI 

(377/447), GFP (469/525), and Texas Red (586/647) filters. LED intensity, camera gain, 

and integration time for each channel was uniform across all samples. Images at three 

random locations within lesion and non-lesion areas were recorded per section. Images 

were collected at 4x and 60x magnification. Image quantification was performed using 

either Gen5 (Biotek) or ImageJ software (NIH). To quantify PLA images, 3 random 

fields per group, per experiment were selected and number of puncta counted using Im-

ageJ particle analysis software (NIH). 

 

Statistics 

All statistical analysis was performed using GraphPad Prism software. Paired stu-

dent t-tests were utilized in comparing the same areas of the vessels, as well as lesion vs. 

non-lesion sites of the same vessel, unless otherwise stated. A p-value less than 0.05 was 

considered significant. 
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Results 

Hypoglycosylated ICAM-1 is present in mouse atherosclerotic lesions 

Vessels from ApoE-/- mice were collected after 12 weeks feeding of a control or 

high fat diet, with the latter being an established method to reproducibly promote athero-

sclerosis(8, 26, 27). Total ICAM-1 levels (measured using an anti-ICAM-1 antibody that 

binds to epitopes on the N-glycan-devoid domain 1 of the protein) were detected on the 

luminal surface of lesions, consistent with prior reports of up-regulation of this adhesion 

molecule on the endothelium (28-30) (Figure 2A). No ICAM-1 was detected on areas of 

the vessel devoid of lesions, nor on vessels collected from mice fed a normal chow diet. 

To determine which N-glycoforms of ICAM-1 were present, we used the PLA assay 

(Figure 1), where red puncta indicate positive staining that the two epitopes are within 

40nm of each other. To measure HM and hybrid ICAM-1, samples were labeled with bio-

tinylated ConA, a lectin that binds both of these sugar structures, followed by treatment 

with avidin and an anti-ICAM-1 antibody both tagged with complementary oligonucleo-

tides. High mannose N-glycans, α-2,6-sialylation, and α-2,3-sialylation on ICAM-1 were 

measured using the same method with HHL, SNA and MAL-II lectins, respectively. Fig-

ure 2A shows red puncta for the ICAM-1 N-glycoforms in lesion areas only; no PLA 

staining was observed in non-lesion areas of the same vessels nor in vessels from ApoE-/- 

mice fed normal chow. As an immunostaining control, the antibody against ICAM-1 or 

avidin were excluded (Figs 2B-C respectively) and showed no PLA-positive staining as-

sociated with lesions. Figures 2D-E show that total ICAM-1, HM / hybrid, and a-2,6-

sialyated N-glycoforms of ICAM-1 were significantly increased in lesion vs. non-lesion 

regions. No difference in a-2,3-sialyated ICAM-1 was detected between lesion and non-
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lesion areas. Further, macrophage burden was assessed by CD68 staining in lesion and 

non-lesion samples. As shown in Figs. 2F-G, CD68 staining was significantly higher in 

lesion compared to non-lesion areas.  

We also collected vessels from ApoE-/- mice that underwent partial carotid liga-

tion, which creates oscillatory flow in the left carotid artery while leaving the right ca-

rotid artery as an internal control. This model rapidly causes endothelial dysfunction and 

atherosclerosis (23). Both the left and right carotid arteries from mice that underwent par-

tial ligation were collected 7 days post-ligation and stained for total ICAM-1 and ICAM-

1 N-glycoforms. Figures 3A-C show representative images and quantification of ICAM-

1 staining. Total ICAM-1, HM / hybrid N-glycoforms were increased in the ligated left 

carotid artery (LC) compared to the control right carotid artery (RC). CD68 staining was 

significantly higher in areas of lesion (Figs 3D-E).  

Finally, Figs. 4A-F show correlations between CD68 staining intensity and the 

ICAM-1 N-glycoforms tested by PLA in both animal models. Closed symbols (Figs. 4A, 

C, & E) represent HFD ApoE-/- mice, and open symbols (Figs. 4B, D, & E) represent 

partial carotid ligation mice. Correlation was determined via Pearson’s correlation test 

between number of PLA puncta per vessel and CD68 staining intensity of the same ves-

sels. CD68 significantly positively correlated with HM / hybrid (ConA) and HM (HHL) 

ICAM-1 in both animal models (Figs. 4A-D). α-2,6-sialylated (SNA) ICAM-1 signifi-

cantly correlated with CD68 in the ApoE-/- mice, although to a lesser extent than the HM 

and hybrid lectins (r=0.85 vs >0.9; Fig. 4E). There was no correlation between α-2,6-si-

alylated ICAM-1 and CD68 in the partial carotid ligation model (Fig. 4F).  
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HM / hybrid and α-2,6-sialylated ICAM-1 are present in advanced human atherosclerotic 

lesions 

To determine whether distinct ICAM-1 N-glycoforms are present in human ather-

osclerosis and whether they were dependent on disease severity, human vessels were col-

lected at autopsy and luminal surface total ICAM-1 and HM / hybrid, α-2,3-sialylated, 

and α-2,6-sialylated ICAM-1 were measured via PLA. Table 1 summarizes patient de-

mographics, vessel location, and lesion type. ICAM-1 N-glycoforms were only seen in 

advanced lesions (Figure 5A). Very little ICAM-1 was detected in the less advanced le-

sions (types 1 and 2), while higher amounts were observed in more advanced lesions 

(types 3-5) (Figs 5A, D). HM-ICAM-1 levels were significantly higher than α-2,6- or α-

2,3- sialylated-ICAM-1 (Figure 5E). Figures 5B and 5C show specificity for HM / hy-

brid and sialylated-ICAM-1 staining; no PLA-positive staining was observed when indi-

vidual PLA reagents were omitted.  

Finally, CD68 staining was significantly higher in advanced lesions compared to 

earlier stage lesions (Figs 6A-B). Further, CD68 staining had a significant positive corre-

lation with HM-ICAM-1 levels. There was no significant correlation with α-2,6-sialyated 

ICAM-1 and CD68 levels. (Figs 6 C-E). 

 

HM / hybrid and α-2,6-sialylated ICAM-1 are present in patients on hemodialysis with 

failed AVFs  

Advanced chronic kidney disease (CKD) patients that reach end-stage renal dis-

ease require hemodialysis. A common limitation with this therapy is failure of the AVF 

to successfully mature due to endothelial dysfunction and inflammation mediated in part 
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by oscillatory flow (31, 32). To determine if ICAM-1 N-glycoforms are also present in 

AVF failure models, basilic vein samples from CKD patients that had undergone surgical 

AVF creation were obtained and subjected to PLA for HM/hybrid, α-2,3-sialylated, and 

α-2,6-sialylated ICAM-1. Table 2 shows patient demographics, and the success vs. fail-

ure status of AVF. Figure 7A show representative images indicating that total ICAM-1, 

HM / hybrid, α-2,6-sialylated, and α-2,3-sialylated ICAM-1 were present in the failed 

AVFs. Little to no ICAM-1 was detected in successful AVFs (Figure 7A and B). HM / 

hybrid and α-2,6-sialylated ICAM-1 levels were significantly higher in failed AVFs com-

pared to successful AVFs (Figure 7C).  

 

Discussion 

 Inflammation is a carefully orchestrated process involving the homing of immune 

cells to inflamed tissues, a process mediated by adhesion molecules on the endothelial 

cell surface (6). Surface adhesion molecules are heavily N-glycosylated with ~20-50% of 

their observed molecular weights attributed to N-glycans. While insights into the role of 

protein N-glycosylation in regulating inflammation have primarily focused on circulating 

immune cells (e.g. CD44 and other selectin ligands on neutrophils and T-cells (11, 25), 

(33)), relatively little attention has been paid to the impact N-glycans may have on the 

function of endothelial adhesion molecules in diseases mediated by endothelial dysfunc-

tion.  

ICAM-1 is a well-established mediator of increased monocyte-endothelial interac-

tions and interestingly, compared to the related adhesion molecule, VCAM-1, contains 

more N-glycans as a proportion of its overall molecular weight (~50% in ICAM-1 vs. 
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~25% in VCAM-1) (34). Numerous studies have shown that deletion of ICAM-1 or 

blocking its ability to engage Mac-1 or LFA-1 on leukocytes prevents inflammation (35-

38). It is also known that N-glycosylation can modulate ICAM-1 function. For example, 

Mac-1 binding is higher to ICAM-1 bearing HM structures(39). Moreover, different 

ICAM-1 N-glycoforms may regulate tumor burden and inflammatory signaling, and that 

the degree of ICAM-1 N-glycosylation can change depending on the cell in which it is 

expressed (40-44). In our previous work, we showed that HM / hybrid ICAM-1 was 

formed in activated endothelial cells, and this hypoglycosylated ICAM-1 N-glycoform 

mediated higher affinity binding to monocytes compared to fully processed, sialylated 

ICAM-1 N-glycoforms. In addition, ligation dependent interactions between ICAM-1 and 

the actin cytoskeleton was also distinctly regulated between HM / hybrid ICAM-1 and 

complex-ICAM-1(16, 34).  

 While the aforementioned studies suggest altered functions for hypoglycosylated 

vs. complex sialyated ICAM-1, whether these N-glycoforms are expressed in disease is 

not known and important to establish translational significance. By using vessels from 

patients with varying stages of atherosclerotic lesions, from CKD patients with successful 

or failed AVFs, and from two atherosclerotic mouse models (ApoE -/- mice fed high-fat 

diet and ApoE -/- mice post-partial carotid ligation), we show that HM / hybrid and com-

plex ICAM-1 N-glycoforms are found in vascular lesions and areas of endothelial dys-

function, but not in non-lesion areas. For complex, sialylated N-glycans, our data suggest 

a prevalence of α-2,6-sialylated ICAM-1 relative to α-2,3-sialyated ICAM-1 in human 

and mouse samples, with the latter only being observed in AVF failures. Interestingly, 
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HM / hybrid ICAM-1 was present at similar or even greater levels compared to α-2,6-si-

alylated ICAM-1. However, only HM / hybrid ICAM-1 levels correlated with CD68 mac-

rophage staining in human and some mouse models, suggesting that hypoglycosylated 

ICAM-1 may play a more prominent role in mediating monocyte recruitment compared 

to α-2,6-sialyated ICAM-1. Even in the ApoE-/- model where a-2,6-sialylation positively 

correlated with CD68 staining, the correlation coefficient was less than that of HM / hy-

brid ICAM-1. Consistent with this hypothesis, our previous data showed that the affinity 

of pro-inflammatory monocyte adhesion to HM / hybrid ICAM-1 was greater compared 

to α-2,6-sialyated ICAM-1 (19).  

To date, very few studies have focused on N-glycosylation of endothelial cells 

and their role in disease. The complexity of studying surface adhesion proteins and their 

N-glycan patterns may be a contributing factor to the lack of studies in this area. For ex-

ample, ICAM-1 contains 8 putative N-glycosylation sites. This, coupled with the differ-

ent possible combination of N-linked sugars ranging from HM- to complex N-glycans, 

means that ICAM-1 may exist in >200,000 possible N-glycoforms (calculated from data 

in Lau et al(45)). This complexity clearly makes identification of specific N-glycoforms 

challenging (18, 46). It is for this reason we employed 4 different lectins in this study to 

identify different ICAM-1 N-glycoforms. By using lectins that recognize high-mannose, 

hybrid, and two different types of sialic acid linkages, we detected ICAM-1 decorated 

with at least 4 different types of N-glycans in vivo (note: ConA and HHL have some 

overlapping N-glycan binding specificities). To our knowledge, this data represents the 

first study demonstrating distinct N-glycoforms on ICAM-1 in vivo. We do note limita-

tions of our study, namely the sole reliance on the PLA assay to discern HM, hybrid, and 
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sialylated-ICAM-1 and that this assay only informs on spatial proximity; it is possible 

that HM-epitopes on other proteins and ICAM-1 are co-expressed. However, previous 

data with cultured endothelial cells and the fact that ICAM-1 immunoprecipitated from 

human atherosclerotic lesion lysates has a similar molecular weights to HM/hybrid 

ICAM-1 supports PLA data reported here (16). An additional limitation is quantitation of 

PLA-positive puncta. Differential affinities for binding between specific N-glycan struc-

tures and the different lectins could lead to different staining intensities. For this reason, 

we quantified data based only on the number of positive puncta and not on staining inten-

sity. However, we recognize that relative differences in lectin binding may have affected 

sensitivity for detecting discreet PLA-positive puncta.  

Further studies using more specific and selective approaches for N-glycan anal-

yses are required to determine the exact N-glycoforms of ICAM-1 present in vascular in-

flammation and their function. Little is known about the regulation and control of differ-

ent N-glycoforms, and if the regulation may be disease specific. For example, while our 

data showed little α-2,3-sialylated ICAM-1 in human atherosclerosis, it was present in 

failed AVFs from humans. This observation perhaps indicates that regulation of N-gly-

coforms depends on the disease state. Future studies in the lab will focus on the regula-

tion of N-glycans during inflammation; specifically by looking at the enzymes responsi-

ble for N-glycosylation, such as α-mannosidases and glycosyltransferases. 

Distinct biological functions of ICAM-1 N-glycoforms may also have therapeutic 

implications. Attempts to therapeutically target ICAM-1 to abrogate atherosclerosis in 

vivo have been successful in animal models; for example ICAM-1 deficiency and anti-

ICAM-1 antibody treatment protects against atherosclerosis in ApoE-deficient mice (38, 
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47). However, anti-ICAM-1 therapies have not translated into humans. Treatment with 

functional blocking anti-ICAM-1 antibodies have had no effect in improving kidney allo-

graft rejection rates nor mortality rates in stroke patients, and in fact induced a neutro-

phil-dependent pro-inflammatory response in stroke patients (48-50). Moreover, a gen-

eral concern with a long-term anti ICAM-1 therapeutic strategy is the potential for inhib-

iting innate immunity(51). ICAM-1 is a diverse protein with functions spanning mito-

genic signaling, leukocyte adhesion, and cell survival mechanisms (52-54), and therefore 

global targeting can result in a potentially detrimental disruption of normal responses. 

Our findings that different N-glycoforms of ICAM-1 are expressed, coupled with these 

having distinct functions, may offer new therapeutic strategies that involve targeting hy-

poglycosylated HM-ICAM1 specifically. We posit that blocking HM / hybrid ICAM-1 

may lead to selective attenuation of pro-inflammatory monocyte ingress into atheroprone 

endothelial beds. A better understanding of the glycosylation patterns of the activated en-

dothelium throughout the course of disease may yield more selective therapeutics that tar-

get endothelial inflammation in a disease and vascular bed-specific manner. 
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Figure 1. Proximity-Ligation assay (PLA) schematic and lectin specificity. Bioti-
nylated lectins with indicated specificties, were added first to label specific sugars. 
Anti- ICAM-1 antibody and avidin, conjugated to complementary oligos, were then 
added. When lectin-recognized sugar epitopes are less than 40 nm from anti-ICAM-1, 
the complementary oligos hybridize and amplify, producing red fluorescent puncta. 
Right panel shows N-glycan structures recognized by different lectins used (adapted 
from(1)). Man= Mannose; Gal = Galactose; GlcNac = N-acetylglucosamine; Sa = Sialic 
acid; R= varying N-glycan structures. 
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Figure 2. HM epitopes co-localize with ICAM-1 in high fat-induced mouse ather-
osclerosis. A) Total, HM / hybrid, α-2,6-sialylated, and α-2,3-sialylated ICAM-1 were 
measured in the innominate arteries of ApoE-/- mice fed a normal or high fat diet. 
Shown are representative images from vessels from control or high-fat diet fed mice. In 
the latter, paired lesion and non-lesion areas of the same vessel section are shown. Red 
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staining represents total ICAM-1, red puncta represent positive PLA staining for spe-
cific ICAM-1 N-glycoforms (indicated by arrows), blue staining represents DAPI. As-
terisks indicate the lumen of each vessel. Panels B and C show PLA staining of lesion 
areas when the anti-ICAM-1 antibody or avidin were excluded. Panel D shows total 
ICAM-1 staining in lesion versus non-lesion areas. Panel E shows number of puncta 
for HM / hybrid, HM, α-2,6-sialylated, and α-2,3-sialylated ICAM-1 in lesion versus 
non-lesion areas. Data are mean ± SEM, n=3. * = p<0.05 compared to non-lesion via t-
test. F. Representative images of CD68 staining (red) in lesion vs. nonlesion areas in 
mice. G. Quantitation of CD68 staining in lesion and nonlesion areas. Data are mean ± 
SEM, n=3 for each group. * = p<0.05 compared to nonlesion via t-test.  
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Figure 3. HM / hybrid, HM, and α-2,6-sialylated ICAM-1 are increased in mouse 
atherosclerosis after induction of disturbed flow in vivo. Panel A shows representa-
tive images of total ICAM-1 HM / hybrid, HM, α-2,6-sialylated, and α-2,3-sialylated 
ICAM-1 in the left carotid artery (after partial ligation) and right carotid artery (control). 
Positive PLA puncta are indicated by arrows. Panels B & C show total ICAM-1 stain-
ing in left versus right carotid artery and ICAM-1 N-glycoforms puncta, respectively. 
Data are mean ± SEM, n=3. * = p<0.05 compared to RC via t-test. D. Representative 
images of CD68 staining (red) in LC vs. RC areas in mice. E. Quantitation of CD68 
staining in LC and RC areas. Data are mean ± SEM, n=3 for each group. * = p<0.05 
compared to RC via t-test.  
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Figure 4. CD68 macrophage staining positively correlates with HM-ICAM-1 in 
mouse models of atherosclerosis. A-F. CD68 signal as a function of ConA, HHL, and 
SNA puncta for both animal models. n=6 vessels for each graph. Closed symbols rep-
resent vessels from the high-fat diet model (A, C, E) and open symbols represent ves-
sels from the partial carotid ligation model (B, D, F). Best fit lines determined by Pear-
son correlation analyses with indicated p- and r-values.  
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Table 1. Atherosclerosis patient demographics. 
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Figure 5. HM / hybrid ICAM-1 is increased in human atherosclerosis. Panel A 
shows representative images of total ICAM-1 and specified N-glycoforms in human 
vessels with lesions spanning types 1-5. Images represent n=10 vessel samples total 
from 7 separate patients. Inserts show magnified images. Red puncta represent positive 
PLA staining (as indicated by arrows). Panels B and C show staining of lesion areas 
when the anti-ICAM-1 antibody or avidin were excluded. Panel D shows the quantifi-
cation of total ICAM-1 in early (1-2) and late (3-5) disease stages. Data are mean ± 
SEM, n=5. * = p<0.05 compared to types 1-2 via unpaired t-test. Panel E shows the 
quantification of HM / hybrid, HM, α-2,6-sialylated, and α-2,3-sialylated ICAM-1 
puncta from advanced lesions. * = p<0.05 compared to α-2,6-sialylated, and α-2,3-si-
alylated ICAM-1 by 1-was ANOVA with Tukey post-test. Error bars are mean ± SEM. 
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Figure 6. CD68 macrophage staining positively correlates with HM / hybrid 
ICAM-1. Panels A and B show representative images and quantitation, respectively, 
of CD68 staining in advanced and early type lesions. Data are mean ± SEM, n=10. * = 
p<0.05 compared to types 1-2 via t-test. C-E. ConA, HHL, and SNA puncta plotted 
against CD68 staining. Data are from n = 5 for each group. Best fit lines were deter-
mined by Pearson correlation analyses with indicated p-values. 
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Table 2. AVF patient demographics. 
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Figure 7. HM / hybrid, HM, α-2,6-sialylated, ICAM-1 are increased CKD patients 
with failed arteriovenous fistulas. Panel A shows total ICAM-1 and specified N-gly-
coforms in vessels from CKD patients with failed or successful AVF creation. Red 
puncta represent positive PLA staining (as indicated by arrows).  B) Quantification of 
total ICAM-1 signal in failed and successful AVF samples (n=4 each). Error bars are 
mean ± SEM; * = p<0.05 compared to successful AVF samples by t-test.  C) Quantifi-
cation of HM / hybrid, HM, α-2,6-sialylated, and α-2,3-sialylated ICAM-1 as puncta 
per total ICAM-1 signal. Error bars are mean ± SEM; * = p<0.05 compared to success-
ful AVF samples by unpaired t-test. 
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Abstract 

N-glycosylation is a co- and post-translational modification that adds sugar mole-

cules to surface and secreted proteins and is important for cell function and cell-to-cell 

communication. While it has been thought that proteins undergoing N-glycosylation will 

not be expressed unless fully processed to a complex N-glycoform, emerging data has 

suggested that hypoglycosylated N-glycoforms can exist on the cell surface during dis-

ease. Previous data from our lab has shown that endothelial inflammation produces a hy-

poglycosylated, or high-mannose (HM), intercellular adhesion molecule-1 (ICAM-1) 

which selectively enhances the adhesion of pro-inflammatory monocytes associated with 

more severe vascular inflammation and disease. The mechanisms regulating HM-ICAM-

1 formation remains unclear, however. Here, we aimed to understand how inflammation 

may be mediating HM-ICAM-1 formation by measuring a-mannosidase activity. We 

show that a-mannosidase activity is inhibited in endothelial cells after 4 hours of TNFα 

treatment, and HM N-glycans are formed on the cell surface at the same time. Further, we 

demonstrate that a-mannosidase activity inhibition by TNFa is class I-dependent, and is 

independent of NF-kB upregulation of adhesion molecules. We then show that hydrogen 

peroxide (H2O2) inhibited a-mannosidase activity at doses as low at 1µM and as early as 

15 minutes. Corroborating those results, we also showed that cell-permeable PEG-cata-

lase prevented TNFa-induced activity inhibition. Finally, TNFa-induced H2O2 that in-

hibits a-mannosidase activity is generated in part by endoplasmic reticulum oxidoreduc-

tase 1-a (ERO1a). These data together present insights into the regulation of surface N-

glycans during inflammation and demonstrate a novel role for reactive species in regulat-

ing N-glycans. 
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Introduction 

 N-glycosylation is a co- and post-translational modification that occurs on surface 

and secreted proteins to ensure proper protein folding and function. While in the endo-

plasmic reticulum (ER), a tetradecasaccharide (Glc3Man9GlcNac2) is added to the Asn 

residue of proteins with the appropriate consensus sequence (Asn-X-Ser/Thr, where 

X≠Pro) via oligosaccharyltransferase (OST) (1). As the protein is processed through the 

ER and Golgi, the tetradecasaccharide undergoes a series of enzymatic processing steps 

to trim and add sugars, eventually resulting in a fully processed, or complex, N-glyco-

form; often capped with sialic acids and galactose. These fully processed proteins are 

then trafficked to the cell membrane where they participate in cell-to-cell communica-

tions (1-4).  

Endothelial adhesion molecules on the cell surface responsible for immune cell 

trafficking are heavily N-glycosylated, with proteins such as intercellular adhesion mole-

cule 1 (ICAM-1) having up to 50% of its observed molecular weight attributed to N-gly-

cans (5, 6). Despite the thought that these proteins must be fully processed to the complex 

N-glycoform for expression on the cell surface, we and others have identified underpro-

cessed, or hypoglycosylated, surface N-glycan structures on these proteins that are asso-

ciated with pathogenesis of inflammatory diseases such as atherosclerosis (6-13).  For ex-

ample, during inflammation we have shown that an increase in high-mannose (HM), 

ICAM-1 selectively enhances adhesion of pro-inflammatory monocytes (14). While 

mechanisms regulating ICAM-1 expression via NF-kB-dependent transcriptional activa-

tion is established (15), how N-glycosylation of ICAM-1 is regulated remains unclear. 
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N-glycosylation is a linear process, progressing from HM to hybrid to complex N-

glycan structures through the ER and Golgi. It has been widely thought that cell surface 

and secreted proteins undergoing N-glycosylation will only be expressed after being fully 

processed to the complex N-glycoform. If proteins are not fully processed, they will be 

degraded (16, 17). However, emerging evidence has shown that HM N-glycans can be 

expressed on cell surfaces during endothelial inflammation, cancer, and autoimmune dis-

eases like lupus (6, 12-14, 18). Novel mechanisms of regulating surface and secreted N-

glycans have also recently been demonstrated (19). For example, it was recently shown 

that the stress-independent activation of the transcription factor XBP1s, a marker of the 

unfolded protein response (UPR), increases surface HM N-glycans in HEK293 and HeLa 

cells by altering the transcript levels of key N-glycan processing genes (19), demonstrat-

ing a mechanism in which transcription factor activation alters the N-glycome. Therefore, 

there may in fact be a controlled mechanism during inflammation by which these proteins 

in endothelial cells are expressed in hypoglycosylated forms to serve a specific purpose, 

e.g., monocyte adhesion. Yet what these regulatory mechanisms may be is not fully un-

derstood. 

Our previous work has shown that inflammatory stimuli such as TNFa decrease 

total endothelial a-mannosidase activity, which is associated with increased cell surface 

HM N-glycans (6, 20). a-mannosidases catalyze the early processing steps of trimming 

terminal mannose residues from HM- and hybrid N-glycans  (1, 16). There are two clas-

ses of a-mannosidases; class I and class II, responsible for trimming different linkages of 

mannose residues. Class I a-mannosidases are expressed in both the ER and Golgi, se-

quentially cleaving 4 terminal a-1,2 mannose linkages to drive 9-mannose structures 
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(HM) to 5-mannose hybrid structures (21-25). Class II a-mannosidases exist only in the 

Golgi, cleaving terminal a-1,3 and a-1,6 mannose linkages to drive 5-mannose hybrid 

structures to 3-mannose complex structures (21, 24, 26).  

Little is known about the regulation of these enzymes and how that may change 

during inflammation to generate HM N-glycans on the cell surface. In this study, we ad-

dressed the mechanisms by which a-mannosidase activity is inhibited during inflamma-

tion. We show that inhibition of α-mannosidases by TNFα is class-I dependent, and inde-

pendent of NF-kB upregulation of adhesion molecules. Further, we provide evidence that 

reactive species may be altering N-glycans by showing that hydrogen peroxide (H2O2) 

produced by endoplasmic reticulum oxidoreductase 1 – alpha (ERO1-α) during inflam-

mation may be responsible for inhibiting a-mannosidase activity leading to formation of 

HM-N-glycan on the cell surface.  

Current knowledge of how reactive species mediate cell function are mostly in the 

context of regulating transcription factors, such as NF-kB and Nrf2. Most of these actions 

occur via the MAPK pathway, although the exact mechanisms are not yet understood (27, 

28). It is also known that oxidation of cysteine residues in Keap1, the repressor protein 

that binds Nrf2, will cause Nrf2 translocation to the nucleus to induce transcription of key 

scavenger proteins and antioxidant mechanisms (27). While Nrf2 is a redox-sensitive 

transcription factor and has been thought to be anti-atherogenic, emerging evidence sug-

gests that it also possesses pro-atherogenic functions, most of which are still being ex-

plored (29). Here, we add another function of redox signaling in the cell aside from tran-

scription factors by demonstrating a role for reactive species in altering enzyme function 

that directly impacts a post-translational modification. 
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The data herein provide a new insight into the regulation of surface N-glycans 

during disease, as well as reveal a novel mechanism for redox signaling in the regulation 

of protein N-glycoforms.  

 

Experimental procedures 

Materials 

Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical 

veins via collagenase as described (7). Human aortic endothelial cells (HAEC) and pul-

monary microvascular endothelial cells (PMVEC) were purchased from ATCC (Manas-

sas, VA). MCDB131, HI-FBS, trypsin, L-glutamine, and Penicillin/Streptomycin were 

purchased from Invitrogen (Carlsbad, CA). Concanavalin A (ConA), Sambucus Nigra 

(SNA), Hippeastrum Hybrid Amaryllis (HHL), and Maackia Amurensis Lectin II (MAL-

II) lectins were purchased from Vector laboratories (Birlingame, CA). Kifunensine (Kif) 

and Swainsonine (Swain) were purchased form Cayman Chemicals (Ann Arbor, MI). 

EN460 was purchased from Millipore-Sigma (Burlington, MA). GKT137831 was a gen-

erous gift from Dr. Victor Thannickal (University of Alabama at Birmingham). All other 

reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

 

Cell culture and treatment  

HUVEC, HAEC, and PMVEC were cultured in 35mm dishes as previously de-

scribed (20) and used between passages 3-7 for experiments. Cells were used within one 

day of reaching confluence and were serum-starved in MCDB-131 media containing 1% 

FBS for 2 hours prior to treatment. Cells pre-treated with the class I and II α-mannosidase 
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inhibitors, Kifunensine or Swainsonine, respectively, were treated 2 hours prior to expo-

sure to 10 ng/mL TNFα for 4 hours, unless otherwise stated. Exogenous hydrogen perox-

ide concentration was measured at 240nm and was diluted immediately prior to cell treat-

ment. ONOO- concentration was measured at 302nm and made fresh immediately prior 

to cell treatment. HOCl was made fresh prior to cell treatment.  

 

α-mannosidase activity assay  

Total (class I and II) α-mannosidase activity was determined as described (20) 

with minor modifications. Cells were washed with PBS before lysis in PBS containing 

1% Triton X-100 for 10 min on ice before clarification at 10,000 x g for 10 min.  50 µL 

cell lysate (corresponding to 30-40 µg protein) was prepared, in a microtiter plate, in 100 

mM acetate buffer (pH 6.5) and 200 µM of the a-mannosidase substrate, resorufin-α-d-

mannopyranoside added to start the reaction. Plates were read continuously at 550 ex and 

595 em in a Biotek Synergy plate reader for 18 h at 37°C. 

 

Lectin staining 

Cells were grown on gelatin-coated glass coverslips and treated as indicated. Cells 

were washed with ice cold 1x PBS containing 1mM MgCl2 and CaCl2 before being incu-

bated with 10 µg/mL FITC- or biotin- tagged lectins (HHL, SNA, MAL-II) for 10 min on 

ice. Cells were then fixed for 15 min at RT in 4% paraformaldehyde before being washed 

and mounted with DAPI-containing mounting medium. Cells treated with biotin-tagged 

lectins also underwent a 1 hour incubation at RT with avidin conjugated to AlexaFluor 
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594 prior to DAPI mounting. Images were acquired on a Biotek Lionheart fluorescent mi-

croscope and analyzed as a total fluorescence intensity per nuclei. 

 

Western blotting  

Cells were treated as described and lysed in RIPA buffer for 10 min on ice. 20 µg 

protein was loaded onto a 10% SDS-PAGE gel and subject to electrophoresis before be-

ing transferred to a 0.2 µm nitrocellulose membrane and probed for the described protein 

by incubation with primary antibody O/N at 4 degrees C with rocking. Membranes were 

incubated with HRP-linked, species-appropriate secondary antibodies for 2 hours at RT 

prior to chemiluminescence measurement. Images were analyzed using ImageQuant soft-

ware (GE Healthcare Life Sciences).  

 

Monocyte isolation  

Primary human monocytes and neutrophils were isolated from freshly drawn 

whole blood collected by venipuncture from healthy volunteers using magnetic beads as 

described (30). Briefly, after removal of the plasma layer, blood was layered on top of a 

Histopaque 1119 to 1077 gradient and centrifuged at 700 x g for 20 minutes at RT. Mon-

ocytes appear at the interface of media and the 1077 layer while neutrophils appear be-

tween the two Histopaque layers. Monocytes were incubated with a CD16 antibody and 

isolated using positive selection via a magnetic column. The flow-through (CD16- cells) 

was then incubated with a CD14 antibody to isolate distinct CD16+ and CD16- monocyte 

populations. Neutrophils were incubated with a CD15 antibody and isolated in the same 
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manner. All cell separations were confirmed via  flow cytometry analysis (not shown). 

All protocols were approved by the UAB Institutional Review Board.  

 

Monocyte rolling and adhesion assay 

 Isolated monocyte populations were incubated with 1µM fluorescent 

CellTracker™ dyes; CD16- cells were labeled with CellTracker™ green (CMFDA) and 

CD16+ cells were labeled with CellTracker™ blue (CMAC) for 30 min at 37°C. Cells 

were pelleted and supernatant aspirated to remove any unincorporated dye. CD16- and 

CD16+ monocytes were then were combined in equal amounts (final cell count 250,000 

cells/mL; 125,000 cell/ml of each subtype), unless otherwise stated. Treated HUVEC or 

Cos-1 cells were exposed to fluorescent monocytes or neutrophils at a flow rate of 100 

µL/min, corresponding to 1 dyne/cm2, in a GlycoTech parallel plate flow chamber. Im-

ages were captured on a Biotek Lionheart live cell imager over 2 minutes at 30 

frames/sec. Any cell that was stationary for ≥ 5 sec was considered firmly adhered as de-

scribed (30, 31).  

 

Measurement of reactive species  

 HUVECs were plated in 96-well plates and treated with ERO1a and NOX4 inhib-

itors as described prior to TNFa treatment (35, 36). At end of treatment, cells were 

washed 2x with 1x PBS and 20µM of DCFDA was added to each well. Plates were read 

after 1 hour at 485/535 for DCF signal and analyzed as a change from control values. 

 

Statistics  



 
 

 

99 

 

All statistical analysis was performed using GraphPad Prism software. Paired t-

test or one-way ANOVA followed by Tukey’s post hoc test were performed as indicated 

in the figure legends. A minimum of three independent experiments were performed for 

each replicate.  

 

Results 

TNFα decreases α-mannosidase activity and increases hypoglycosylation in ECs in a 

time-dependent manner 

 Early-stage N-glycan processing occurs in the ER and cis/medial Golgi, where α-

mannosidases class I and II are involved in trimming mannose residues from HM and hy-

brid N-glycan structures (Fig. 1A). Since our previous data has shown that TNFα de-

creases total α-mannosidase activity, we first further characterized the effect of TNFα on 

activity and N-glycan formation in various ECs. HUVECs, HAECs, and PMVECs were 

exposed to 10 ng/mL TNFα for 0-18 hours and α-mannosidase activity measured as de-

scribed. In HUVECs and HAECs, α-mannosidase activity was significantly decreased 

early (4 hours), but then rebounded back to control levels by 18 hours (Figure 1B). In 

PMVECs, TNFα had no significant effect on α-mannosidase activity at any time tested 

(Figure 1B). Likewise, staining for high-mannose (HM), hybrid, α-2,6- and α-2,3- si-

alylated N-glycans using the lectins HHL, ConA, SNA, and MAL-II, respectively, 

showed an increase in HM structures in HUVECs and HAECs at 4 hours compared to un-

treated controls while decreased again at 18 hours (Figs. 1C, D, & F) paralleling changes 

in α-mannosidase activity. PMVECs showed a decrease in HM lectin staining compared 
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to controls at 4 hours, but had an increase in α2,3-sialyation staining at 18 hours, also 

consistent with α-mannosidase activity results (Figs. 1E & F).  

 

TNFα inhibition of α-mannosidase activity is class-I dependent  

There is currently no class-specific a-mannosidase activity assay; the assays 

available and used here measure total a-mannosidase activity. In order to elucidate the 

distribution of class I and II α-mannosidases in HUVECs and HAECs, cells were treated 

with increasing doses of the α-mannosidase class I and II inhibitors, Kifunensine (Kif) 

and Swainsonine (Swain), respectively, and α-mannosidase activity measured. Refer to 

figure 1A for Kif and Swain inhibition sites. As shown in figures 2A & B, in HUVECs 

and HAECs, Kif (Fig. 2A) and Swain (Fig. 2B) each inhibited a-mannosidase activity in 

dose-dependent manner, with maximal inhibition of ~50-60% for class I and maximum 

of ~40-50% inhibition of class II, suggesting approximately equal distribution of a-man-

nosidase type in ECs.  

After determining a relative distribution of class I and II α-mannosidases in ECs, 

we wanted to determine if TNFα was inhibiting one of these classes. HUVECs were 

treated with Kif and Swain prior to exposure to TNFα and α-mannosidase activity meas-

ured. Figure 2C shows that Kif, Swain, and TNFα alone inhibit α-mannosidase by ~25% 

each. When added together, TNFα with Swain inhibited ~50% inhibition of activity, 

while TNFα with Kif pretreatment showed no additive inhibition (~25%). Because inhi-

bition of class II a-mannosidases with Swain resulted in an additive effect with TNFa 

treatment while class I inhibition did not, these data suggest that TNFa is inhibiting class 

I a-mannosidases. 
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To further elucidate the mechanism of α-mannosidase activity inhibition via 

TNFα, we wanted to determine if α-mannosidases were acting in conjunction with pro-

tein transcription via NF-kB that is activated during TNFα exposure. The NF-kB inhibi-

tor, Parthenolide (Parth), was used to decrease ICAM-1 transcription in ECs during 

TNFa treatment. α-mannosidase activity was measured in ECs treated with Parth and 

TNFa; figure 2D shows that a-mannosidase activity remains decreased, even in the pres-

ence of Parth, suggesting that α-mannosidase activity is being inhibited in a parallel but 

independent mechanism of NF-kB-dependent protein upregulation. Supporting this is 

data showing that even though ICAM-1 transcription levels were decreased (~70%) with 

Parth treatment, HM-ICAM-1 is still formed in the ICAM-1 still transcribed (Figs. 2E & 

F). Interestingly, the ratio of HM-ICAM-1 to complex ICAM-1 is even higher in Parth-

treated cells compared to TNFα alone (Figure 2G), consistent with the a-mannosidase 

activity data; if there is less ICAM-1 transcription, but the same degree of a-mannosidase 

inhibition, the ratio of HM to complex ICAM-1 will be greater.  

 

H2O2 inhibits class-I α-mannosidase activity  

One of the major mechanisms by which TNFα affects endothelial function is by 

generating reactive species, including H2O2 (32-34). To test if H2O2 alters α-mannosidase 

activity, exogenous H2O2 was added to ECs and α-mannosidase activity measured. As 

shown in figure 3A, H2O2 inhibits α-mannosidase activity in a dose-dependent manner, 

with inhibition seen with doses as low as 1µM. Maximal inhibition was around ~50%. To 

then understand how quickly H2O2 inhibits α-mannosidase activity, 100 µM H2O2 was 
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added to ECs for 5 min up to 3 hours. Interestingly, H2O2 causes maximal inhibition in 

ECs by 15min and activity does not recover over time (Fig. 3B).  

Further, to determine which class of α-mannosidases H2O2 was inhibiting, we pre-

treated ECs with Kif or Swain prior to H2O2 exposure. Consistent with results seen with 

TNFα treatment, H2O2 inhibited class I activity, as demonstrated by the additive inhibi-

tion seen when pretreated with Swain (~75%, Fig. 3C). No additive effect was seen when 

pretreated with Kif (~50%). 

To test if TNFα-dependent inhibition of a-mannosidase activity was mediated by 

H2O2, ECs were treated with the cell-permeable polyethylene glycol (PEG)-catalase con-

currently with TNFα treatment and a-mannosidase activity measured. As shown in fig-

ure 3D, treatment with PEG-catalase prevented the TNFα-dependent inhibition of α-

mannosidase activity. PEG-catalase alone, interestingly, increased a-mannosidase activ-

ity to levels greater than untreated control cells, suggesting that even neutralizing endoge-

nous H2O2 is sufficient to alter a-mannosidase activity.  

After showing the changes in a-mannosidase activity, we wanted to know if H2O2 

and PEG-catalase treatment altered surface N-glycans in accordance with their effects on 

a-mannosidase activity. Figure 3E shows that H2O2 treatment in ECs significantly in-

creases HM/hybrid N-glycans. This is consistent with the fact that H2O2 inhibits a-man-

nosidase activity. Likewise, PEG-catalase treatment in TNFα-treated ECs decreases 

HM/hybrid N-glycans compared to ECs treated only with TNFα; consistent with the ob-

servation that PEG-catalase prevents a-mannosidase activity inhibition by TNFa (Figure 

3E).  
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Finally, we wanted to see if PEG-catalase decreasing HM N-glycans had an effect 

on monocyte adhesion. Figure 3F shows that CD16+ monocyte adhesion to TNFa-

treated ECs was abrogated when cells were also treated with PEG-catalase. This data is 

still preliminary and needs to be repeated, but is consistent with our data from chapter 2 

showing that HM N-glycans increase CD16+ monocyte adhesion, and data shown here 

that PEG-catalase decreases these HM N-glycans on the cell surface. 

 

Inhibition of ERO1-α rescues TNFα inhibition of α-mannosidase activity  

After establishing that H2O2 modulates α-mannosidase activity, we then wanted to 

know where the H2O2 was originating from during TNFα treatment. Because some of 

these α-mannosidases reside in the ER, we first looked at prevalent H2O2-producing en-

zymes in the ER: NADPH-oxidase 4 (NOX4) and ERO1α. ECs were pretreated with ei-

ther the dual NOX1/4 inhibitor GKT137831 (35), or the ERO1α inhibitor EN460 (36), 

and a-mannosidase activity in response to TNFa was measured. As shown in figure 4A, 

NOX4 inhibition was unable to prevent TNFa-induced a-mannosidase activity inhibition 

while ERO1a inhibition prevented the effect of TNFa, suggesting that the source of 

H2O2 via TNFa is from ERO1a. Further corroborating this observation, ERO1a inhibi-

tion decreased surface HM N-glycans during TNFa treatment as assessed by lectin stain-

ing (Fig. 4B). To ensure that these results were not due to decreased surface ICAM-1 lev-

els, we measured surface ICAM-1 via ELISA and showed that inhibition of ERO1a in 

the presence of TNFa does not alter surface ICAM-1 levels (Fig. 4C), therefore the ef-

fects seen in lectin staining is due only to changes in surface N-glycans. Finally, we 
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measured the oxidized and reduced forms of ERO1a in the presence of EN460 via west-

ern blot to ensure the compound was working. As shown in fig. 4D, TNFa treatment in-

creases the oxidized form of ERO1a, but pretreatment with EN460 decreases the oxi-

dized form and increases the reduced form, preventing ERO1a from generating H2O2. To 

ensure that our inhibitors were working to inhibit H2O2 production during TNFα treat-

ment, Fig. 4E shows that EN460 does in fact suppress H2O2 production in the presence of 

TNFα via DCF assay. Finally, we recognized that inhibiting ER enzymes may inadvert-

ently cause ER stress; at least moreso than is seen with TNFα alone. To determine if our 

treatments were causing ER stress, we looked at BiP levels, a master regulator of the ER 

stress pathway, and the preliminary data suggests that our inhibitors are not causing ER 

stress (Fig. 4F). These data will be repeated in ongoing work to confirm this trend. 

 

Inhibition of α-mannosidase activity is H2O2 dependent 

 To determine if the inhibition of α-mannosidase activity seen by H2O2 was spe-

cific to H2O2 and not ROS in general, we tested compared effects of  HOCl and ONOO- . 

As shown in Figs. 5A&B, neither HOCl or ONOO- had an effect on α-mannosidase ac-

tivity compared to control cells.  

 

Discussion 

 N-glycosylation of adhesion molecules play a key role in monocyte adhesion to 

the endothelium during inflammation, yet little is known how these N-glycans are regu-

lated. Here, we characterized the inhibition of a-mannosidase activity by TNFa, as well 

as demonstrated a novel role for reactive species in modulating a-mannosidase activity.  
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 Our previous work had showed that TNFa decreases a-mannosidase activity in 

endothelial cells, and we expanded upon that work here. First, we show that TNFa de-

creases a-mannosidase activity in HUVECs and HAECs transiently. a-mannosidase ac-

tivity was decreased in ECs exposed to TNFa for 4 hours, but by 18 hours the activity 

had returned to control levels. Lectin staining also confirms this pattern so showing in-

creased HM N-glycans at 4, but not 18, hours. This observation highlights an important 

aspect of the temporal regulation of hypoglycosylated proteins during inflammation; 

while in vitro inflammation induces transient HM epitopes and inhibition of a-manno-

sidase activity, in vivo inflammation in diseases like atherosclerosis is persistent through-

out disease, perhaps sustaining the decreased a-mannosidase activity and increased ex-

pression of HM epitopes.  

Also of note, only HUVECs and HAECs had decreased a-mannosidase activity 

and increased HM epitopes; PMVECs had an increase only in a-2,3-sialylation,  con-

sistent with literature suggesting that a-2,3-sialylation dominates in the lung endothelium 

(37, 38). These data also support the ongoing model of an endothelial “zip-code” made 

up of N-glycans (3, 39). When combined with our previous work showing that HM N-

glycans enhance pro-inflammatory monocyte adhesion, this work demonstrates that re-

cruitment of these monocytes would only be to vascular beds expressing these HM N-

glycans; e.g., HUVECs and HAECs, but not PMVECs (14). 

 We also interrogated which class of a-mannosidases were inhibited by TNFa. 

There are two classes of a-mannosidases, class I and class II, which have different cleav-

ing specificities for terminal mannose residues. By utilizing Kif and Swain to inhibit class 

I and II α-mannosidases, we were able to show that TNFa was acting primarily on class I 
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a-mannosidases, responsible for the initial steps of N-glycan processing, which is con-

sistent with our previous data and data generated herein that show an accumulation of 

HM epitopes on the cell surface during inflammation. Narrowing down the class of a-

mannosidases being inhibited by inflammation eliminates over half of the potential en-

zyme isoforms, as class I has four isoforms while class II has five. Ongoing studies in the 

lab are focusing on exactly which of the four class I isoform(s) is inhibited by TNFa by 

CRISPR/CAS9 gene deletion in our cells, as well as mRNA transcript analysis of the 

isoforms during inflammation. To our knowledge, this is the first time a class of a-man-

nosidases has been identified to be a target of inflammation.  

Since TNFα has more than one effect on endothelial cells, we wanted to under-

stand how TNFa was working to inhibit a-mannosidase activity. TNFa induces reactive 

species in endothelial cells, therefore we interrogated the effect of reactive species on a-

mannosidase activity and N-glycan formation (32-34). H2O2 inhibited α-mannosidase ac-

tivity, and TNFa – induced inhibition could be abrogated by the addition of cell-permea-

ble PEG-catalase. No other reactive species tested had any effect on a-mannosidase ac-

tivity, suggesting a specific role for H2O2. To our knowledge, this is the first time a role 

for reactive species in regulating N-glycosylation has been demonstrated.  

Interestingly, our data shows that H2O2 inhibits α-mannosidase activity within 

minutes, with maximum inhibition seen by 15 minutes. The quick nature of this inhibi-

tion suggests that the effect of H2O2 on α-mannosidases may be on the activity itself ra-

ther than a transcriptional effect of the genes, which as mentioned in the introduction, is 

where much of our understanding of redox signaling lies. These data present a new role 

for redox signaling at the level of protein modification rather than transcription. Ongoing 
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studies in the lab are working to elucidate the mechanism of inhibition. One potential 

mechanism is oxidation of the enzymes themselves, especially in the methionine resi-

dues, that may render one or multiple isoforms inactive. Current work in the lab is look-

ing at the effect of reducing agents on a-mannosidase activity in the presence of H2O2 

and TNFa. Future studies will use proteomics to look at the physical changes TNFa and 

H2O2 may have on the enzymes themselves.  

Consistent with our previous data showing a role for HM N-glycans in mediating 

CD16+ monocyte adhesion, we wanted to see if the treatment of PEG-catalase, which we 

show to reduce surface N-glycans, would abrogate CD16+ monocyte adhesion to TNFa-

treated ECs. Our adhesion data still needs repeating, but so far suggests that treatment 

with PEG-catalase, and therefore the reduction of surface N-glycans, does in fact abro-

gate CD16+ monocyte adhesion to the inflamed endothelium. In addition to showing a 

role for the neutralization of H2O2 in reducing surface HM N-glycans and increasing a-

mannosidase activity, these data also suggest a role in altering immune cell trafficking. 

 The major sources of TNFa-induced H2O2 originate from the ER and the mito-

chondria (32). Since the a-mannosidases reside in the ER-Golgi secretory pathway, we 

started by looking at H2O2-producing enzymes in those organelles: NOX-4 and ERO1a. 

Both enzymes were inhibited by small molecule inhibitors, but only inhibition of ERO1a 

abrogated TNFa-induced inhibition of a-mannosidase activity and decreased surface HM 

epitopes. Based on DCF measurements and western blot analysis, we know that EN460 is 

decreasing H2O2 production by keeping ERO1a in the reduced form. Further, preliminary 

data with a BiP antibody for ER stress indication shows that EN460 is not inducing ER 

stress at the concentrations used.  
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 Finally, we examined the effect of other reactive species that may be generated 

during inflammation, including peroxynitrite (ONOO-) and hypochlorous acid (HOCl).  

Neither of these species changed α-mannosidase activity over an hour, corroborating our 

hypothesis that this inhibition is indeed H2O2 dependent. However, we note that one hour 

is a long time point to treat with species as reactive as ONOO.. Future studies will exam-

ine earlier time points, or use slow-releasing agents such as SIN-1, and the impact these 

species may have on activity.  

 Taken together, the data presented herein demonstrate mechanism of regulating 

surface endothelial N-glycans during inflammation by decreased class I α-mannosidase 

activity, and present a novel role for H2O2 in mediating N-glycosylation. Understanding 

the regulation of N-glycans provides potential therapeutic targets in the treatment of in-

flammation. 
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Figure 1. TNFa inhibition of a-mannosidase activity and HM N-glycan formation 
occurs early. A. N-glycan schematic and location of a-mannosidase enzymes high-
lighted in red boxes. B. Relative a-mannosidase activity in HUVECs, HAECs, and 
PMVECs during 0, 4, and 18 hour TNFa treatment. *=p≤0.05 compared to each group 
control by one-way ANOVA. Data are mean ± SEM, n=3. C – E. Relative fluorescence 
of 4 different lectins across HUVECs, HAECs, and PMVECs during 0, 4, and 18 hour 
TNFa treatment. Sugar structures recognized by each lectin are below the legend. 
*=p≤0.05 compared to respective controls per lectin. Data are mean ± SEM, n=3. F. 
Representative images of lectin staining across cell lines treated with TNFa for 4 and 
18 hours. Green (ConA, HHL, and SNA) and red (MAL-II) represent positive lectin 
staining. Blue staining is a DAPI nuclear stain.  
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Figure 2. TNFa inhibition of a-mannosidase activity is class-I dependent. A. HU-
VECs and HAECs were treated for 2 hours with increasing doses of Kif and total a-
mannosidase activity measured. *=p<0.05 compared to untreated cells. Data are mean 
± SEM, n=3. B. HUVECs and HAECs were treated for 2 hours with increasing doses 
of Swain and total a-mannosidase activity measured. *=p<0.05 compared to untreated 
cells. Data are mean ± SEM, n=3. C. HUVECs were pretreated with 1µM Kif or Swain 
for 2 hours prior to TNFa treatment and a-mannosidase activity measured. *=p≤0.05 
compared to control; $=p≤0.05 compared to TNFa; #=p≤0.05 compared to Swain 
alone. Data are mean ± SEM, n=4. D. a-mannosidase activity measured in cells pre-
treated with 5µM Parthenolide prior to TNFa treatment. *=p≤0.05 compared to control.  
Data are mean ± SEM, n=3. E. Western blot image and F. analysis of ICAM-1 N-gly-
coforms in cells treated as described in (D). *=p≤0.05 compared to control; $=p≤0.05 
compared to TNFa. Data are mean ± SEM, n=4. G. Analysis of ratio of HM-ICAM-1 
to complex ICAM-1 from (E). $=p≤0.05 compared to TNFα. Data are mean ± SEM, 
n=4.  
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Figure 3. Hydrogen peroxide inhibits a-mannosidase activity in a time and dose 
dependent manner. A. HUVECs were treated with increasing doses of exogenous 
H2O2 for 1 hour and a-mannosidase activity measured. *=p≤0.05 compared to untreated 
control. Data are mean ± SEM, n=3. B. HUVECs were treated with 100 µM exogenous 
H2O2 from 0-300 min and a-mannosidase activity measured. *=p≤0.05 compared to 
untreated control. Data are mean ± SEM, n=3. C. HUVECs were pretreated with 1 µM 
Kif or Swain prior to 100 µM H2O2 treatment and a-mannosidase activity measured. 
*=p≤0.05 compared to untreated control; $=p≤0.05 compared to Swain; %=p≤0.05 
compared to H2O2. Data are mean ± SEM, n=3. D. HUVECs were simultaneously 
treated with increasing concentrations of PEG-catalase along with TNFa treatment and 
a-mannosidase activity measured. *=p≤0.05 compared to control; #=p≤0.05 compared 
to TNFa alone. Data are mean ± SEM, n=3. E. HUVECs were treated as described in 
C & D and lectin staining with ConA, HHL, SNA, and MAL-II was performed. 
*=p<0.05 compared to control; #=p≤0.05 compared to TNFa. Data are mean ± SEM, 
n=3. F. HUVECs were treated as described in E and subject to monocyte adhesion assay 
as described in methods. *=p≤0.05 compared to control; #=p≤0.05 compared to TNFa 
alone. Data are mean ± SEM, n=3.  
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Figure 4. ERO1-a inhibition abrogates TNFa-inhibtion of α-mannosidase activity 
and HM N-glycan formation. A. HUVECs were pretreated with either 10 µM 
GKT137831 or 5 µM EN460 to inhibit NOX4 and ERO1-a, respectively, and a-man-
nosidase activity measured. *=p<0.05 compared to control; #=p≤0.05 compared to 
TNFa. Data are mean ± SEM, n=3. B. Lectin stain of cells treated in A. *=p≤0.05 com-
pared to control; #=p≤0.05 compared to TNFa. C. HUVECs were treated as described 
in A and surface ICAM-1 was measured via ELISA. *=p≤0.05 compared to control. 
Data are mean ± SEM, n=3. D. HUVECs were treated as described in A and oxidized 
and reduced ERO1a measured via western blot. Data are mean ± SEM, n=3. E. HU-
VECs were treated as described in (A) and subject to DCFDA assay to measure ROS 
production. *=p<0.05 compared to control; #=p≤0.05 compared to TNFa. Data are 
mean ± SEM, n=4.  F. HUVECs were treated as described and some were treated with 
1 µM Tunicamycin 1 hour prior to lysis and western blot analysis for the ER stress 
marker BiP. Data are mean ± SEM, n=2-3. 
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Figure 5. HOCl and ONOO- have no effect on a-mannosidase activity. A. HUVECs 
were treated with 0,10, 50, and 100 µM HOCl for 1 hour and a-mannosidase activity 
measured. Data are mean ± SEM, n=6. B. HUVECs were treated with 0, 10, or 100 uM 
ONOO- for 1 hour and a-mannosidase activity measured. Data are mean ± SEM, n=3.   
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DISCUSSION  

 The studies presented herein explore the role of N-glycans in disease and their 

regulation by inflammatory stimuli. I presented data in the previous chapters to demon-

strate i) the role of HM-ICAM-1 in monocyte adhesion, specifically of different subsets 

associated with disease, ii) the presence of ICAM-1 N-glycoforms in vivo in human and 

mouse models of endothelial dysfunction, and iii) the regulation a-mannosidases that im-

pact N-glycan formation. 

First, we looked at the effects of HM epitopes on monocyte adhesion to the endo-

thelium (chapter 2). As discussed earlier, monocytes come in several flavors: classical, 

nonclassical, and intermediate. These more pro-inflammatory intermediate monocytes are 

independently associated with atherosclerosis, peripheral artery disease, and adverse car-

diac events (69, 70, 115), and our studies wanted to elucidate the mechanisms behind re-

cruitment of these specific subsets to the endothelium.  

 Our study separated CD16- (classical) and CD16+ (nonclassical and intermediate) 

monocytes and looked at adhesion to a HM-rich endothelial surface, as well as a HM-

ICAM-1 expressed in a Cos-1 cell line. The selective increase of CD16+ monocyte adhe-

sion to HM-rich endothelial cells and HM-ICAM-1 expressing Cos-1 cells demonstrates, 

for the first time, a role for HM-ICAM-1 in recruiting monocyte subsets. This observa-

tion was strengthened by demonstrating that CD16+ monocyte adhesion could be abro-

gated with the use of ICAM-1 antibodies directed to the glycosylated domain 3 (Mac-1 

binding site), while antibodies directed to the un-glycosylated domain 1 (LFA-1 binding 

site) had no effect.  
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Taken together, these studies and others (79, 106, 109, 110) demonstrate a key 

role of HM-ICAM-1 in the recruitment of specific monocytes. Requisite for this model is 

that ligands on CD16+ monocytes show specificity for HM epitopes. Interestingly, CD16 

itself may regulate Mac-1 activation and binding to ICAM-1. In neutrophils, CD16 binds 

to Mac-1 via sugar-based interactions; enzymatic digestion of HM N-glycans or competi-

tion with D-mannose on CD16 abrogate binding to Mac-1 (116-120). Interestingly, these 

CD16-Mac-1 interactions are absent in CD16+ monocytes due to monocyte CD16A lack-

ing Asn 82, on which N-glycans are formed in the neutrophil CD16B. I hypothesize 

therefore that lack of HM/hybrid N-glycans on monocytic CD16A allows endothelial HM 

N-glycans on ICAM-1 to bind Mac-1 and selectively recruit CD16+ monocytes. Con-

sistent with this hypothesis, neutrophil adhesion to endothelial ICAM-1 were independent 

of HM-structures (79).  

It is also worth noting that our model does not imply that ICAM-1 harbors either 

HM or complex N-glycans. ICAM-1 contains 8 N-glycosylation sites, and each site can 

be differentially modified with any variety of N-glycan structures, from HM structures to 

hybrid to complex, sialylated structures. Referring to HM-ICAM-1 means that there are 

HM epitopes in key N-glycan sites on ICAM-1 that are responsible for monocyte adhe-

sion; i.e., in domain 3. 

With understanding the role of HM-ICAM-1 in recruiting monocytes, we wanted 

to explore its translational potential by looking at its presence in vivo. In chapter 3, we 

demonstrate the presence of a HM form of ICAM-1 in both human and mouse atheroscle-

rotic lesions, as well as in CKD patients with failed maturation of AVFs for dialysis. The 

expression of HM-ICAM-1 increased in human lesions with disease severity, suggesting 
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the more severe the disease, the more HM epitopes will be present. HM-ICAM-1 was 

also present in two different mouse models of atherosclerosis: one with a HFD regimen 

for 12 weeks and another with partial carotid ligation and HFD for 1 week. In both hu-

man and mouse studies, HM-ICAM-1 expression positively correlated with CD68 macro-

phage staining, suggesting a strong association between the two. 

 Further, identifying HM-ICAM-1 in failed AVFs of dialysis patients indicates that 

these observations are not only applicable to atherosclerosis, but other models of endo-

thelial dysfunction as well. The rate of AVF failure can be as high as 40%, and in many 

cases is due in part to the restenosis of the vessel by similar mechanisms as seen in ather-

osclerotic plaque development (121). While complex, sialylated ICAM-1 was also pre-

sent in all of these models, the presence of HM-ICAM-1 is most intriguing, since it is 

thought that protein N-glycoforms must be in the complex form to be expressed on the 

cell surface.  

 The regulation of N-glycosylation during inflammation to form those HM 

epitopes was the subject of chapter 4. We were able to show a temporal regulation of a-

mannosidase activity and subsequent HM N-glycan formation in ECs. The transient inhi-

bition of a-mannosidase activity (4 hour TNFa treatment) suggests that in vitro condi-

tions differ from in vivo, as we showed the presence of HM-ICAM-1 in advanced human 

atherosclerotic lesions. Part of this may be explained by the continuous inflammatory sig-

naling seen in human atherosclerosis; I hypothesize that if we continually added inflam-

matory stimuli to endothelial cells, we would see a sustained inhibition of a-mannosidase 

activity and HM-N-glycan formation. Importantly, this inhibition of a-mannosidase ac-
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tivity or HM N-glycan formation was not recapitulated in PMVECs, providing some evi-

dence to support the N-glycan “zip code” hypothesis. From there, we were able to iden-

tify that class I α-mannosidases were being inhibited by TNFa, which corroborated our 

lectin staining and western blotting showing an increase specifically in HM residues, as 

measured by HHL and ConA. Finally, we showed that TNFa was inhibiting α-manno-

sidase activity through H2O2, demonstrating for the first time to our knowledge a role for 

reactive species in regulating N-glycans.  

 The work shown in this dissertation is summarized in figure 7: inflammatory sig-

naling will decrease a-mannosidase activity, in part by the production of H2O2, and 

ICAM-1 will then be expressed on the cell surface in a HM glycoform.  Vascular beds 

where ICAM-1 is modified with a HM sugar in domain 3 will specifically recruit C16+ 

monocytes via Mac-1 and this will exacerbate atherosclerosis. Without the correct sugars, 

CD16+ monocytes will not be recruited and vessels will remain protected, giving rise to a 

heterogeneous endothelial “zip code” using N-glycans as the specific recruiting factor.  

 

Project limitations 

 Of course, this project has not been without its limitations. First and foremost, our 

reagents and assays to measure and understand N-glycosylation are limited. One such ex-

ample lies in the lectins. Lectins are powerful tools used to identify sugars, but their spec-

ificity is still somewhat debated. In the past, Concanavalin A (ConA) has been used to 

identify high-mannose (HM) structures; yet in addition to mannose, ConA can also rec-

ognize terminal glucose and galactose residues. To complement ConA, we also used Hip-
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peastrum Hybrid lectin (HHL), which is specific for HM epitopes. Further, we comple-

mented Sambucus Nigra (SNA), which recognizes a-2-6-sialylation, with Maackia 

Amurensis lectin II (MAL-II), which recognizes a-2-3-sialylation, to differentiate be-

tween the two types of sialic acid linkages. By employing these lectins, we were able to 

explore specific N-glycoforms of ICAM-1 and their impact in disease. Exactly which 

sites on ICAM-1 are modified and how will be the focus of future investigation. Using 

tools such as digestion enzymes like PNGaseF and EndoH to digest all and HM N-gly-

cans, respectively, we can identify how much of ICAM-1 harbors HM N-glycans using 

mass spec analysis. From there, we can use site-directed mutagenesis to mutate N-glycan 

sites on ICAM-1 and measure the N-glycans still present to determine which sites are 

modified and how (122).  

 With the identification of which sites on ICAM-1 are HM during inflammation, 

we may then be able to develop a glyan-specific antibody that targets HM-ICAM-1 spe-

cifically, rather than all of ICAM-1. While glycan-specific antibodies have not yet be-

come commercially available, there are companies (e.g., Antibody Solutions) working on 

their development by using glycosylated peptides, so perhaps glycan-specific antibodies 

may become available in the near future. The ability to target this form of ICAM-1 would 

leave the normally fully processed ICAM-1 intact, evading immune responses that were 

seen with the ICAM-1 clinical trials discussed earlier. 

Human monocytes exist in three subsets, as discussed in the introduction. Yet our 

studies on monocytes (chapter 2) had only two subsets separated: CD16- and CD16+. 

There are several reasons for this. First, the only currently viable way to separate all three 
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subsets is via flow cytometry based on CD14 and CD16 levels. While possible, using an-

tibodies to those or other markers (e.g. CX3CR1) may unintentionally activate our mono-

cytes. In fact, the ability to separate monocytes into the three subsets to then be able to 

use them for functional studies in vitro remains a limitation in the field because of the 

possibility of antibody activation and the amount of whole blood needed to isolate 

enough monocytes for functional assays. 

Along those lines, we did ensure that our results were not skewed based on our 

own sorting method, discussed in chapter 2. Future studies to look at the intermediate 

monocyte adhesion vs. the nonclassical adhesion would shed more insight into these sub-

sets and their behavior. Because intermediate monocytes are correlated with cardiovascu-

lar disease, and the nature of the non-classical monocytes are largely patrolling, I hypoth-

esize that the intermediate monocytes are the key CD16+ monocytes contributing to 

plaque development.  

As alluded to above, studying N-glycosylation enzymes is no easy task, and the 

a-mannosidases are some of the more complicated enzymes in the pathway due to sev-

eral reasons. First, a-mannosidases exist not only in two classes, but in 4-5 different 

isoforms per class. Over the years, the nomenclature of the isoforms and locations of said 

isoforms have changed, and the information about these enzymes can be confusing and 

even contradictory just from the terminology alone. The nomenclature is now standard-

ized, which will help understanding in the future. Second, these enzymes are difficult to 

purify. Class II a-mannosidases have been purified from jack bean, but there are no puri-

fied forms of class I a-mannosidases, nor of the isoforms of either class. Finally, these 

enzymes have a level of functional redundancy, as they are all capable of cleaving the 
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same terminal mannose linkages. Some isoforms may act on some proteins, while others 

will not, and this can change depending on cell type and protein turnover (94). Luckily, 

there are some tools at hand to evaluate α-mannosidases. We were able to directly meas-

ure total a-mannosidase activity using fluorescent substrates such a resorufin-a-d-man-

nopyranoside, and we can employ class I and II small molecule inhibitors in conjunction 

with inflammatory stimuli treatment to tease out which class of a-mannosidases is being 

impacted by inflammation. 

Finally, the lack of antibodies to the a-mannosidase enzymes limited this project 

to studying the activity of the enzymes only, instead of being able to look at their expres-

sion levels. However, ongoing work in the lab is knocking down the class I a-manno-

sidase isoforms in Cos1 cell lines to determine the impact on N-glycans. More studies are 

required to determine if the inhibition seen by TNFa is indeed at the transcript, expres-

sion, or activity level. As discussed in chapter 4, based on the quick nature of inhibition 

using H2O2, I hypothesize that the inhibition is directly on the activity itself rather than at 

the transcript level. 

It also seems that newer, more specific antibodies are becoming increasingly 

available for these enzymes – I have had success with an antibody from Novus Biologi-

cals for MAN1A1. If this development continues, it will provide even more insight into 

the mechanism behind a-mannosidase inhibition during inflammation.  
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Conclusions and future directions 

The idea of adhesion molecule N-glycosylation selectively mediating monocyte 

adhesion as presented in this dissertation also has implications when discussing endothe-

lial heterogeneity. Differences are observed between vascular beds; for example, the pul-

monary endothelium does not respond the same way as an aortic endothelium or venous 

endothelium to inflammatory stimuli (see chapter 4) (28-30, 43). While inflammation in-

creases adhesion molecule expression in both cell lines, aortic endothelial cells have in-

creased surface hypoglycosylation whereas pulmonary endothelial cells do not (43). 

Combined with the data presented that HM-ICAM-1 recruits CD16+ monocytes,  this en-

dothelial ‘N-glycan zip code’ may represent one mechanism that mediates selective mon-

ocyte subset recruitment to specific vascular beds (41, 44).  

The only therapies we currently have for the treatment of atherosclerosis outside of 

lifestyle changes are drugs to lower cholesterol levels and blood pressure, although recent 

anti-inflammatory strategies demonstrate efficacy, as highlighted by IL-1b antagonism in 

the Canakinumab anti-inflammatory thrombosis outcomes study (CANTOS) (123-125) . I 

hypothesize that the key to inflammatory monocyte subset adhesion to specific vascular 

beds during inflammation is an endothelial N-glycan zip code; where high-mannose N-

glycoforms of adhesion molecules, specifically ICAM-1, are only expressed in at-risk ves-

sels and specifically recruit inflammatory CD16+ monocytes. The proposed model provides 

druggable targets previously unexplored; namely the idea of interfering with monocyte-

endothelial adhesion by targeting the N-glycans.  

One such method could be inhibition with mannose itself. Mannose therapy has 

already been shown to slow cancer tumor growth in mice and improve metabolism and 
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attenuate obesity onset (126, 127). The model presented herein proposes another benefit to 

mannose therapy; that it may specifically abrogate inflammatory monocyte accumulation 

while maintaining the integrity of the innate immune system. My hypothesis is that man-

nose therapy would compete with HM-ICAM-1 for CD16+ monocytes, blocking the Mac-

1 ligand and reducing CD16+ monocyte adhesion. At the same time, mannose therapy 

would not affect endothelial cells that do not express HM-ICAM-1, nor would it inhibit 

CD16- adhesion, thereby maintaining an innate immune response.  

 Much of the work presented herein demonstrate the importance of endothelial N-

glycans in disease progression using ex vivo and in vitro models. Ongoing work is focus-

ing on the impact on HM N-glycans, and blocking HM N-glycans, in atherosclerosis de-

velopment in vivo. For those purposes, we are beginning to use a partial carotid ligation 

mouse model that incorporates the use of a topical pluronic gel containing the class I a-

mannosidase inhibitor Kifunensine (Kif) to form HM structures in the injured carotid ar-

tery. Preliminary data from this model show larger lesions in Kif-treated animals, as well 

as a positive correlation with CD68 macrophage staining. We also plan to incorporate 

mannose supplementation into this model moving forward to see if it will decrease lesion 

size and macrophage infiltrations.  

Glycobiology is essential to life as we know it, and glycans play key roles in all 

aspects of health and disease. As science and medicine continue to advance, it would be 

unsurprising to find many N-glycan dependent niches similar to what I have outlined in 

this dissertation applicable to other diseases, especially cancer and autoimmune diseases 

such as lupus. The emergence of data demonstrating the importance of N-glycans will pro-
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pel the field forward, and more pertinent therapeutics targeting the appropriate N-gly-

coforms of proteins or the N-glycosylation pathway can be developed for the treatment of 

not only atherosclerosis, but other inflammatory-based diseases as well.  
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Figure 7. Formation of HM N-glycans on the cell surface recruit CD16+ monocytes. 
Inflammatory stimuli produce  H2O2 that inhibits a-mannosidase activity, decreasing N-
glycosylation and causing a HM-ICAM-1 on the cell surface. CD16+ monocytes will 
adhere to LFA-1 or Mac-1 binding domain, but adhere more frequently to Mac-1 when 
there is a high-mannose N-glycan in the Mac-1 binding domain. CD16- monocytes will 
adhere to LFA-1 or Mac-1 regardless of the N-glycan modification. 
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