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VASCULAR BIOLOGY

Evidence for a novel human-specific xeno-auto-antibody response against
vascular endothelium
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Humans are genetically unable to synthe-
size the common mammalian sialic acid
N-glycolylneuraminic acid (Neu5Gc). How-
ever, Neu5Gc can be metabolically incor-
porated and covalently expressed on cul-
tured human cell surfaces. Meanwhile,
humans express varying and sometimes
high titers of polyclonal anti-Neu5Gc anti-
bodies. Here, a survey of human tissues
by immunohistochemistry with both a
monospecific chicken anti-Neu5Gc anti-
body and with affinity-purified human anti-
Neu5Gc antibodies demonstrates endo-
thelial expression of Neu5Gc, likely
originating from Neu5Gc-rich foods like

red meats. We hypothesized that the com-
bination of Neu5Gc incorporation and
anti-Neu5Gc antibodies can induce endo-
thelial activation. Indeed, the incubation
of high-titer human sera with Neu5Gc-
fed endothelial cells led to Neu5Gc-
dependent antibody binding, comple-
ment deposition, endothelial activation,
selectin expression, increased cytokine
secretion, and monocyte binding. The
proinflammatory cytokine tumor necrosis
factor-� also selectively enhanced hu-
man anti-Neu5Gc antibody reactivity. Anti-
Neu5Gc antibodies affinity-purified from
human serum also directed Neu5Gc-

dependent complement deposition onto
cultured endothelial cells. These data in-
dicate a novel human-specific mecha-
nism in which Neu5Gc-rich foods deliver
immunogenic Neu5Gc to the endothe-
lium, giving anti-Neu5Gc antibody- and
complement-dependent activation, and
potentially contributing to human vascu-
lar pathologies. In the case of atheroscle-
rosis, Neu5Gc is present both in endothe-
lium overlying plaques and in subendothe-
lial regions, providing multiple pathways for
accelerating inflammation in this disease.
(Blood. 2009;114:5225-5235)

Introduction

Sialic acids are monosaccharides typically found at the outer ends
of glycan chains covering the surface of all vertebrate cells.1 The
most commonly expressed sialic acid is N-acetylneuraminic acid
(Neu5Ac), which is the precursor for N-glycolylneuraminic acid
(Neu5Gc) synthesis, via action of the CMP-N-acetylneuraminic
acid hydroxylase (CMAH) enzyme.1 Although both Neu5Ac and
Neu5Gc are expressed in many mammals (including our closest
evolutionary cousins, the chimpanzees), the single-copy human
CMAH gene was pseudogenized approximately 2 to 3 million years
ago.2 Because mice with a human-like Cmah defect have no
detectable Neu5Gc,3,4 there is apparently no alternate mammalian
pathway for Neu5Gc synthesis.

Although Neu5Gc is foreign to humans, our intracellular
biochemical pathways cannot distinguish between Neu5Ac and
Neu5Gc, which differ by one oxygen atom. Thus, exogenous
Neu5Gc is taken up and metabolically incorporated into human
cells, eventually being expressed on the cell surface as if it were
made in the same cell.5-7 Furthermore, orally ingested Neu5Gc is
taken up into the human body,8 and small amounts of Neu5Gc are
present in normal human tissues.8 Interestingly, the Neu5Gc-rich
foods identified to date are red meats, which have been associated
with circulating inflammatory markers indicating endothelial
dysfunction.9-12

Although Neu5Ac and Neu5Gc seem biochemically indistin-
guishable to human intracellular biosynthetic pathways, the latter is
immunogenic in humans, leading to anti-Neu5Gc–specific anti-
body responses. Although such antibodies had been reported in
some diseases,13-15 it was only recently recognized that all adult
humans express them.6,7,16 Indeed, normal humans can express
high titers of circulating anti-Neu5Gc immunoglobulin (Ig)G and
IgM antibodies against a variety of Neu5Gc-containing epitopes
commonly found on endothelial cells (see Figure 1B of Padler-
Karavani et al17). Given this finding, and the presence of diet-
derived Neu5Gc in human tissues, we here consider the effects of
this combination on human endothelial cells.

Endothelial activation is a common feature of many diseases,
including those associated with inflammation and reperfusion
injury.18,19 Antibody-mediated endothelial damage also has been
described in many diseases, including primary autoimmune vascu-
litides,20,21 systemic autoimmune diseases with vascular involve-
ment,22,23 as well as the early and late stages of atherosclerosis.
Among primary autoimmune vasculitides such as Wegener granula-
matosis, Kawasaki disease, and Henoch-Schonlein purpura, there
is an association between antiendothelial cell antibodies (AECA)
and disease status.22-27 Systemic lupus erythematosus also shows a
relationship between AECA prevalence and disease status.28,29

Indeed, transfer of AECA into rabbits results in systemic lupus
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erythematosus–like nephritis.30 It is likely that such antibodies act
in concert with other immunological factors to exacerbate vascu-
lar damage.20,24

A humoral immunological contribution to atherosclerosis is also
recognized. Antibodies against oxidized low-density lipoprotein (LDL)
epitopes are associated with coronary artery disease, are found in
lesions, and are key players in endothelial damage and lesion progres-
sion.31,32 Infections also can generate a humoral response to bacterial
HSP60, and the circulating anti-HSP60 antibodies can cross-react with
stressed human aortic endothelial cells expressing modified autologous
HSP60, causing an arteritis.33-36

The AECA epitopes thus far identified are proteins either
constitutively expressed by endothelial cells or up-regulated by
endothelial activation or inflammation.22,26,27,37,38 Here we hypoth-
esize that metabolic incorporation of dietary Neu5Gc into human
endothelial cell surface glycoproteins leads to an immunogenic
endothelium that reacts with circulating human anti-Neu5Gc
antibodies, causing complement deposition, endothelial activation,
and increased leukocyte binding. In contrast to previous examples,
the Neu5Gc-containing antigens are dependent on the endothelial
cell’s ability to metabolically incorporate Neu5Gc, which origi-
nates from food. To our knowledge, this is the first example of a
“xeno-auto-antigen” that biochemically incorporates into human
glycans and directs immunologic attack against “self.” Additional
novel features are that it is diet induced and human specific, and it
can potentially account for increases in circulating inflammatory
markers associated with consumption of red meats.9-12

Methods

Human serum samples

Normal human sera were from apparently healthy adult volunteers at the
University of California, San Diego, with approval from the Institutional
Review Board and written informed consent in accordance with the
Declaration of Helsinki. Samples were deidentified, assigned a code
number, aliquoted, stored at �80°C, and thawed only once to preserve
complement. For this study, we randomly used 14 of 37 previous donors17

solely on the basis of their availability to redonate blood.

Cell culture

Human umbilical vein endothelial cells (HUVECs, Lonza) were cultured in
low-serum (2% fetal bovine serum [FBS]) media supplemented with growth/
serum factors per manufacturer’s instructions (EGM-2; Lonza). Cells were
cultured in 24-well plates (BD Biosciences) in 5% CO2 at 37°C. To load with
sialic acids, 3mM Neu5Gc or Neu5Ac (Inalco) was diluted in EGM-2 media and
incubated with cells for 3 days. Although there were low levels of Neu5Gc-
containing glycans in FBS, these can be competed out by incubating cells with
3mM Neu5Ac in the cell medium (data not shown). Cells were lifted with 10mM
EDTA (ethylenediaminetetraacetic acid) solution without trypsin.

Detection of antibody binding and complement deposition on
HUVECs by flow cytometry

HUVECs loaded with Neu5Ac or Neu5Gc were incubated with human sera
diluted in media (endothelial basal medium without growth factors or FBS,
EBM-2) at 1:5 (vol/vol) for IgG/IgM studies or 1:1 (vol/vol) for comple-
ment studies for 1 hour at 37°C. Cells were gently washed twice with cold
phosphate-buffered saline (PBS) and incubated on ice for 30 minutes with
either fluorescein isothiocyanate (FITC) mouse anti–human IgG, FITC
mouse anti–human IgM (Zymed Labs), or FITC rabbit anti–human C3b
antibody (Dako), diluted 1:100 in PBS containing 20mM EDTA. Cells were
released by pipetting, fixed in 1% paraformaldehyde for 30 minutes on ice,

and resuspended in PBS containing 10mM EDTA for flow cytometry with a
FACSCalibur (BD Biosciences).

Detection of cell adhesion molecule expression on HUVECs by
flow cytometry

Neu5Ac- or Neu5Gc-loaded cells were incubated in human sera diluted 1:1
in EBM-2 for 15 minutes (P-selectin) or 5 hours (E-selectin) at 37°C. As a
control, complement activity in serum was heat-inactivated at 57°C for
30 minutes. After incubation, cells were released and incubated in either
mouse anti–human CD62P or CD62E (BD Pharmingen) and diluted 1:100
in EBM-2 for 30 minutes on ice. Antibody binding was detected with
Alexa-488 goat anti–mouse IgG (BD Pharmingen), diluted 1:100 in PBS
containing 10mM EDTA, and quantified by the use of flow cytometry.

Peripheral blood mononuclear cell (PBMC) isolation

Whole blood was isolated into BD Vacutainers (�EDTA, BD Biosciences)
by venipuncture from healthy donors, and PBMCs were isolated by the use
of Ficoll-Paque PLUS (GE Healthcare). PBMCs were plated onto 10-cm
tissue culture plates (BD Biosciences) and cultured in RPMI plus 10% FBS
overnight.39,40

PBMC binding to HUVECs

Detailed methods are listed in the legend to Figure 4C.

Cytokine production by HUVECs

Detailed methods are in supplemental Table 1 (available on the Blood
website; see the Supplemental Materials link at the top of the online article).

Affinity purification of anti-Neu5Gc antibodies from human
serum

Anti-Neu5Gc antibodies were purified from human sera on sequential
affinity columns with immobilized human or chimpanzee sialoglycopro-
teins (rich with Neu5Ac or Neu5Gc, respectively) as described previously.4,17

Western blots

Biotinylated, affinity-purified human anti-Neu5Gc antibodies were studied
by Western blotting against surface membrane glycoproteins of Neu5Ac
(Ac)– or Neu5Gc (Gc)–loaded endothelial cells, and the banding pattern
was compared with that generated with the cGcAb antibody. Details are in
the legend to Figure 7A.

Immunohistochemistry

Anonymous autopsy tissue samples of 11 normal and diseased human aortas
were obtained from the Co-operative Human Tissue Network, with approval
from the Institutional Review Board of University of California, San Diego.
Tissue was frozen in OCT (Sakura) by the use of isopentane-dry ice slurry and the
tissue blocks kept at �80°C. Blocks were sectioned at 5 �m onto glass slides and
allowed to dry overnight. Washing buffer was PBS containing 0.1% Tween
(PBST; Sigma-Aldrich), which was used between each step of the procedure, and
0.5% fish gelatin/PBST was the diluting buffer. Frozen sections were blocked for
endogenous biotin (Vector Laboratories), followed by fixation with 10% neutral
buffered formalin (Fisher) for 20 minutes. Sections were then incubated at room
temperature for 1 hour with the cGcAb at 1:500, then with biotinylated donkey
anti–chicken IgY antibody (Jackson ImmunoResearch Laboratories) at 1:200,
and then with Cy3-strepavidin (Jackson ImmunoResearch Laboratories) at
1:500. Then, if horseradish peroxidase (HRP) was the label, color was developed
by the use of AEC (Vector Laboratories), nuclei counterstained, and the slides
were mounted with an aqueous mounting media. Diseased aortic sections also
were incubated with anti-CD68 antibodies (macrophage marker, BD Bio-
sciences), anti-MDA antibody MDA2 (oxidized-LDL marker),41 or the endothe-
lial markers anti–human CD31 (Dako) and VWF (Dako). Nuclei were some-
times revealed with DAPI (Vector Laboratories). Brightfield slides were viewed
by the use of an Olympus BH2 microscope and photographs taken for panels by
the use of the Olympus Magnafire software and Photoshop (Adobe).
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Controls included pooled preimmune chicken IgY substituted for
cGcAb; pretreatment of sections with 250 mU of Arthrobacter ureafaciens
sialidase (EY Laboratories Inc) in 100mM sodium acetate, pH 5.5, for
2.5 hours at 37°C before fixation; or dilution of 1:500 cGcAb in blocking
solution containing 10% chimpanzee serum (a source of Neu5Gc-
containing glycoproteins42) and applied over tissue sections.

Frozen sections of aorta also were probed with biotinylated anti-
Neu5Gc antibodies purified from human serum17 diluted 1:3 in blocking
solution and detected with rabbit anti-biotin diluted 1:500 in blocking
solution, followed by Cy3-anti-rabbit (Jackson ImmunoResearch Laborato-
ries) diluted 1:500 in blocking solution, mounted with an aqueous mounting
media containing DAPI (Vector Laboratories), and viewed at 400� and
1000� magnification as described previously.

Results

Immunohistochemical detection of Neu5Gc on endothelium of
large and small human vessels

Immunohistochemistry was performed on human tissue sections by
the use of a chicken polyclonal antibody (cGcAb) that is highly
specific and sensitive for Neu5Gc-containing glycans. The specific-
ity of this antibody for Neu5Gc was previously demonstrated by
multiple methods4 and was further controlled by the use of a
preimmune IgY preparation. Examples are shown of results from

frozen sections of many tissues. The cGcAb detected Neu5Gc on
aortic endothelial cells from autopsy samples (Figure 1A left
panel). Specificity of staining is demonstrated by a lack of
background signal with preimmunized-chicken IgY (Figure 1A
middle panel), by a lack of signal when cGcAb was adsorbed out
by Neu5Gc-rich chimpanzee serum (Figure 1A right panel), and by
a lack of signal when tissue sections were sialidase pretreated (data
not shown). Double-label staining with the endothelial marker
CD31 (Figure 1B) confirmed that Neu5Gc accumulation occurs
primarily on the endothelium. As discussed later (Figure 5), we also
showed accumulation of Neu5Gc in endothelium overlying athero-
sclerotic plaques.

Neu5Gc is also readily detected in the microvasculature of
many human tissues. Examples such as placenta and colon are
shown in Figure 1C (left panels). Again, negligible background
was demonstrated with nonimmunized chicken IgY (Figure 1C
right panels). Thus, Neu5Gc is present in vivo on the endothelium
of both human large and small vessels, in a position to interact with
circulating anti-Neu5Gc antibodies.

Affinity-purified human anti-Neu5Gc antibodies bind to
endothelium in human tissue sections

To show that the human anti-Neu5Gc antibodies also can bind
these endothelial antigens, we used a recently devised novel

Figure 1. Detection of Neu5Gc in aortic endothelium of human autopsy samples and microvasculature of colon and placenta. The chicken anti-Neu5Gc antibody
(cGcAb) was used to detect the presence of Neu5Gc on the endothelium of autopsy samples of normal-appearing human aorta. Typical representatives of
8 autopsy samples studied are shown. The red Cy3 fluorescence represents labeling of endothelial cells of the aorta. (A) Specificity of the antibody was demonstrated by the
lack of signal with the nonimmunized control chicken IgY (middle) and the abrogation of signal by adsorption with Neu5Gc-rich glycoproteins of chimpanzee serum (right).
Magnification �200. (B) Sections were double-stained with anti-CD31 for endothelial cells and counterstained with DAPI to visualize nuclei (magnification �1000).
(C) Sections of placenta (top) and colon (bottom) stain for Neu5Gc along microvasculature endothelial lining with the use of cGcAb. Control IgY (right) demonstrates specificity
of signal (magnification �200).
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affinity-purification of anti-Neu5Gc antibodies from human sera.17 The
specificity of this enriched Ig preparation for Neu5Gc was previously
demonstrated by showing its failure to bind tissues of Neu5Gc-deficient
Cmah�� mice.17 As shown in Figure 2A (top panels), the purified and
biotinylated human anti-Neu5Gc antibodies stained endothelial cells of
the human aorta, similar to the pattern seen with cGcAb in Figure 1.
Antibody binding was again Neu5Gc dependent because the staining
was abrogated by preincubation with Neu5Gc-rich chimpanzee serum
(Figure 2A middle panels) or when the tissue was pretreated with
sialidase (Figure 2A bottom panels).

To further confirm Neu5Gc-specificity of the human antibodies,
we studied the ability of methyl alpha-glycoside analogs of
Neu5Gc (Neu5Gc2Me) or Neu5Ac (Neu5Ac2Me) to block the
human Ig binding to endothelium. This synthetic mimic of native
glycosidically linked Neu5Gc can effectively block the binding of
human anti-Neu5Gc antibodies to Neu5Gc-containing glycans in
enzyme-linked immunosorbent assays.17 Antibody binding to endo-
thelium could be competed by Neu5Gc2Me but not by Neu5Ac2Me,
confirming specificity for Neu5Gc-containing antigens on human
aortic endothelium (Figure 2B). Interestingly, endothelial Neu5Gc
expression also was detected in the vasa vasorum, the small vessels
within the wall of the aorta. Again, Neu5Gc2Me but not
Neu5Ac2Me was able to abolish this signal (Figure 2B). Thus,
Neu5Gc present on endothelium lining large and small vessels was
detected by affinity-purified human anti-Neu5Gc antibodies.

Anti-Neu5Gc antibodies from normal human sera bind to
Neu5Gc-loaded human endothelial cells in vitro

To explore the pathogenic role of these human antibodies under more
controlled conditions, we recapitulated the in vivo situation with an in
vitro system. We previously demonstrated that human cells in culture
can take up free Neu5Gc and metabolically incorporate it onto self-
glycans.5,6 Human endothelial cells also exhibited this ability in a dose-
and time-dependent manner, with up to one-third of the cell-surface
Neu5Ac being replaced by Neu5Gc after a 3-day exposure to Neu5Gc
in culture medium (data not shown, confirmed by the use of cGcAb as
well as high-performance liquid chromatography analysis). With this in
vitro system to model accumulation of Neu5Gc into human vasculature
in vivo, we tested the reactivity of Neu5Gc-loaded endothelial cells
against a panel of human sera collected from random healthy humans.
Cells loaded with Neu5Ac were included to provide the optimal control
for background reactivity, allowing Neu5Gc-dependent phenomena to
be specifically determined.

The level of antibody binding assessed by flow cytometry
ranged from no binding to levels far above the background with
Neu5Ac feeding (see representative profiles with 4 human sera in
Figure 3A; a more quantitative analysis of anti-Neu5Gc titers in the
same healthy humans has been reported elsewhere17). We next
observed variable Neu5Gc-specific reactivity in 14 random human
sera for both IgG and IgM binding to intact cells, with human
serum 34 (S34) giving the highest IgG binding and S35 giving the
highest IgM binding. Arbitrarily normalizing IgG and IgM signals
as a percent of the signal given by S34 in the same experiment
(Figure 3B), we find that most persons (12 of 14) give relatively
low IgG signals (defined as � 33% of the IgG signal given by S34),
whereas S34 and S37 give the highest IgG signal. For IgM, we
found that more persons (4 of 12) gave high anti-Neu5Gc IgM
signals (at least 70% of the signal given by S34; Figure 3B).

As an additional control, we assessed the ability of Neu5Gc2Me
to block anti-Neu5Gc antibody binding. Using S37 as an example,
we showed that Neu5Gc2Me inhibited anti-Neu5Gc IgG (Figure
3C) and IgM (not shown) binding to Neu5Gc-loaded endothelial

cells in a dose-dependent manner. In contrast, we observed little
inhibition by Neu5Ac2Me. Thus, antibodies from normal human
sera bind specifically to Neu5Gc-fed endothelial cells, and this
interaction is Neu5Gc dependent.

Figure 2. Affinity-purified human anti-Neu5Gc antibodies bind specifically to
Neu5Gc on endothelial cells of aorta sections and vasa vasorum. Affinity-
purified human anti-Neu5Gc antibodies were used as a primary reagent on cryosec-
tions of autopsy samples of aorta. (A) Sections were incubated with the biotinylated,
affinity-purified human anti-Neu5Gc antibodies followed by rabbit anti-biotin and then
Cy3-anti-rabbit, with nuclear counterstaining using DAPI (top). Antibody staining was
abrogated by adsorption with chimpanzee serum (middle) or by previous sialidase
pretreatment (bottom). A representative example of 5 independent experiments is
shown. (B) Sections were incubated with biotinylated, affinity-purified human anti-
Neu5Gc antibodies followed by mouse anti-biotin and FITC antimouse antibody and
nuclear counterstaining with DAPI. Primary antibody staining was abrogated by
addition of Neu5Gc2Me but not by Neu5Ac2Me. The staining pattern is appreciated in
both aorta and vasa vasorum. A representative example of 3 independent experi-
ments on 8 individuals is shown (magnification �200).
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Human sera containing anti-Neu5Gc antibodies deposit
complement onto Neu5Gc-loaded human endothelial cells

For further studies, we selected sera defined as “low-titer” or “high-titer”
on the basis of reactivity against Neu5Gc-loaded endothelium (S30 and
S34 from Figure 3B, respectively). Incubation of Neu5Gc-loaded
endothelial cells with low-titer serum resulted in no complement
deposition above levels observed with Neu5Ac-loaded endothelial cells
(Figure 3D left panel). In contrast, high-titer serum gave a high level of
Neu5Gc-specific complement deposition (Figure 3D right panel). Thus,
the observed complement deposition is dependent on the anti-Neu5Gc
antibody-antigen interaction. To confirm this, the high-titer serum S34
was heat-inactivated to deplete complement yet retains immunoglobulin
activity.6 Heat-inactivated, high-titer sera failed to fix complement on
endothelial cells (Figure 3D right panel, shaded curve). However, when
heat-inactivated, high-titer serum was supplemented with fresh low-titer
serum containing active complement, we again observed complement
deposition in a Neu5Gc-dependent manner (Figure 3E).

Anti-Neu5Gc antibody-mediated complement deposition
results in endothelial activation and increased leukocyte
adhesion to Neu5Gc-loaded endothelial cells

Sublytic levels of complement deposition onto endothelial cells can
induce cellular activation and up-regulation of surface adhesion mol-
ecules.43-45 We therefore examined Neu5Gc-loaded endothelial cells
exposed to human serum containing anti-Neu5Gc antibodies. Five-hour
incubations with 50% high-titer serum gave an increase in surface
E-selectin expression in Neu5Gc-loaded endothelium over that in
Neu5Ac-loaded cells (Figure 4A top left panel). As with antibody and
complement deposition, there was some background with Neu5Ac-
loaded cells, presumably because of other unrelated activating factors in
the sera. Previous complement depletion by heat inactivation abrogated
the difference in E-selectin expression between Neu5Gc- and Neu5Ac-
loaded endothelium (Figure 4A bottom left panel). No differences in
E-selectin expression were observed when cells were incubated with
50% low-titer serum (Figure 4A right panels).

Figure 3. Human serum antibodies react against
Neu5Gc-loaded endothelium. Human sera (S#), diluted
1:5, were assayed for their ability to bind HUVECs in a
Neu5Gc-dependent manner. (A) Binding of human serum
IgG (top) or IgM (bottom) to loaded HUVECs was as-
sayed by flow cytometry. Neu5Gc-loaded cells (solid
line), Neu5Ac-loaded cells (dotted line), and Neu5Gc-
loaded cells stained with secondary antibody only (shaded
curve). Representative individual human sera are shown.
(B) IgG and IgM binding were normalized as a percent-
age value of the signal obtained with S34. The data are
presented as mean � SEM (n � 3). (C) Binding of anti-
Neu5Gc IgG antibodies from S37 to Neu5Gc-loaded
HUVEC was inhibited with the alpha-methyl glycoside,
Neu5Gc2Me, in a dose-dependent manner and not by
Neu5Ac2Me. (D) Classical complement, C3 convertase
(C3b), was deposited onto Neu5Gc-loaded HUVEC (solid
lines) only when incubated with high-titer anti-Neu5Gc
serum (S34, right) and not low-titer anti-Neu5Gc serum
(S30, left). Nonspecific complement was deposited onto
Neu5Ac-loaded HUVEC (dotted lines) in a variable man-
ner dependent on which sera was used, presumably
attributable to unrelated serum factors. As a negative
control, heat-inactivated serum was incubated with
Neu5Gc-loaded HUVECs as a negative control (shaded
curve). (E) Heat-inactivated S34 alone did not deposit
complement in Neu5Gc-loaded HUVECs (shaded curve).
Supplementation of S30 with heat-inactivated S34 shows
Neu5Gc-dependent complement deposition in Neu5Gc-
loaded (solid line) and not Neu5Ac-loaded HUVECs
(dashed line). This finding indicates that anti-Neu5Gc
antibodies are necessary and sufficient to mediate
Neu5Gc-dependent complement deposition. All results
presented in this figure were performed at least 3 times.
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In contrast to the transcriptionally regulated E-selectin
surface expression upon activation, P-selectin surface expres-
sion occurs by mobilizing Weibel-Palade bodies to the plasma
membrane.47 Shorter (15-minute) incubations of HUVECs with
high-titer serum elicited cell-surface P-selectin expression that
was Neu5Gc dependent and also sensitive to serum heat
inactivation (Figure 4B). Thus, antibody-antigen binding with
complement deposition is sufficient to induce cell-surface
P-selectin presentation. Background P-selectin presentation was
not evident in Neu5Ac-loaded cells nor in Neu5Gc-loaded cells
exposed to low-titer or heat-inactivated serum.

We also studied cell lysates from such activated endothelial
cells, looking for changes in cytokine production. Many cyto-

kines were up-regulated in cells loaded with Neu5Gc and
stimulated with fresh high titer of anti-Neu5Gc serum, in
comparison with cells fed Neu5Ac and stimulated with the same
fresh serum, or with cells loaded with Neu5Gc but exposed to
heat-inactivated serum (supplemental Table 1). Many of the
up-regulated cytokines were involved in monocyte recruitment
(eg, CCL1/I-309, CCL8/MCP-2, CCL3/MIP-1�, CCL4/MIP-
1	, CCL15/MIP-1
, ICAM-1), leukocyte recruitment or differ-
entiation (eg, macrophage colony-stimulating factor, granulo-
cyte macrophage colony-stimulating factor, granulocyte colony-
stimulating factor), or in the generation of a proinflammatory
state (eg, interleukin-12 [IL-12] p70, IL-12 p40, IL-1�, inter-
feron-� [IFN�]).

Figure 4. Human serum enhances adhesion molecule expression and PBMC binding on Neu5Gc-loaded endothelium. (A) A representative example of surface
E-selectin expression determined on Neu5Ac and Neu5Gc-loaded HUVECs after 5 hours of activation by low-titer serum (S30, right) or high-titer serum (S34) or
heat-inactivated forms thereof (bottom). Control peaks (shaded curve) represent E-selectin expression on endothelial cells not activated by serum. (B) As described in
panel A, except HUVECs were exposed to serum for 15 minutes only. Heat-inactivated serum controls are included as a negative control (shaded curve). Short serum
incubations show a Neu5Gc-dependent expression of P-selectin that requires anti-Neu5Gc antibodies and is sensitive to heat inactivation of serum. This response was
most evident in low passage HUVECs (passage # � 3), consistent with the observed (data not shown) and reported passage-dependent loss of P-selectin expression in
vitro.46 (C) HUVECs were cultured on 12-mm glass coverslips (Fisher) in 24-well plates and loaded with either Neu5Ac or Neu5Gc as described previously. Loaded cells
were incubated with 50% human sera in EBM-2 for 4 hours at 37°C or with heat-inactivated serum as a control. A negative control was not exposed to human serum
(NoS) and a positive control was exposed to TNF-� (10 ng/mL) for stimulation. At 4 hours, 105 PBMCs were added to each well and incubated at 37°C on an orbital
shaker at 100 revolutions/minute for 1 hour. Cells were washed thrice in PBS and fixed in PBS containing 3% paraformadehyde. Bound PBMCs were counted in 10
randomly chosen fields at �400 magnification. Data were averaged and expressed as cells/field. Data are presented as mean with the scatter. This panel is a
representative example of 5 similar replicates. ***P � .001. (D) Same as panel C except that the �-methyl-glycosides (1mM) were incubated with the S34 before
HUVEC stimulation. All groups were Neu5Gc loaded. We observed inhibition of PBMC binding in S34-stimulated HUVECs with Neu5Gc2Me but not Neu5Ac2Me.
***P � .001. Examples of fluorescent images from the experiment in panel D are shown in supplemental Figure 1. All results presented were performed at least 3 times.
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The aforementioned data confirm that binding of anti-Neu5Gc
antibodies to Neu5Gc-containing glycans on endothelial cell
surface and subsequent complement fixation causes endothelial
activation. Recruitment of leukocytes to inflamed endothelium is a
common pathway in endothelial damage, regardless of etiology.
We therefore asked whether the high-titer anti-Neu5Gc antisera
could specifically enhance binding of monocytes to Neu5Gc-
loaded endothelial cells. Human PBMCs (105 per well) were added
to Neu5Ac- or Neu5Gc-loaded endothelial cells, which had been
exposed to high-titer (S34), low-titer (S30), or heat-inactivated
serum for 4 hours. The cell layer was stained with a Cy3-anti-CD14
antibody to detect monocytes, and binding events were quantified
by the counting of cells in 10 random 400� power fields. Results
are summarized in Figure 4C.

As a positive control, tumor necrosis factor (TNF)-�–
stimulated (10 ng/mL) endothelial cells demonstrated enhanced
PBMC binding compared with cells not incubated with serum
(28.1 � 2.0 vs 2.1 � 0.7 cells/field, respectively, P � .001). Incu-
bation with low-titer serum did not significantly increase PBMC
binding to Neu5Ac (1.8 � 0.8 cells/field) or Neu5Gc-loaded
endothelial cells (2.0 � 1.0 cells/field). However, high-titer serum
significantly enhanced PBMC binding to Neu5Gc-loaded cells over
that seen with Neu5Ac-loaded cells (19.1 � 3.1 vs 2.0 � 0.7
cells/field, respectively, P � .001). Similar to the selectin and
cytokine production data, enhanced PBMC binding to Neu5Gc-
loaded endothelium induced by S34 was sensitive to heat inactiva-
tion (4.6 � 1.0 cells/field, P � .001 vs fresh S34, n.s. vs no serum
control). Thus, we observed a significant increase in PBMC
binding only to Neu5Gc-loaded endothelium that was exposed to
fresh serum with high anti-Neu5Gc antibodies.

Furthermore, PBMC binding to Neu5Gc-loaded endothelial
cells, activated by high-titer serum, was sensitive to blocking by
1mM Neu5Gc2Me but not 1mM Neu5Ac2Me (Figure 4D).
Representative immunofluorescence microscopy images of
CD14-positive monocyte binding are also shown in supplemen-
tal Figure 1. We observed leukocyte binding and CD14 staining
when endothelial cells are loaded with Neu5Gc and incubated
with S34. There is substantially less leukocyte binding and
CD14-positive binding on Neu5Gc-loaded endothelium when
high-titered serum was preincubated with Neu5Gc2Me (supple-
mental Figure 1 bottom right panel) but not with Neu5Ac2Me
(supplemental Figure 1 bottom left panel). These results further
confirm that Neu5Gc antigen-antibody interaction is necessary
for inducing subsequent leukocyte adhesion and that the human
anti-Neu5Gc antibodies are exquisitely specific for the single
oxygen atom difference between Neu5Gc versus Neu5Ac.

Endothelium overlying human atherosclerotic plaques
contains Neu5Gc

Of the many human diseases associated with endothelial inflamma-
tion, the most prevalent is atherosclerosis, involving intimal
accumulation of LDL cholesterol and oxidized LDL epitopes,
exacerbated by many additional factors (see “Introduction” and
“Discussion”). We therefore asked whether Neu5Gc accumulation
occurs in atherosclerotic plaques. As shown in Figure 5A, Neu5Gc
is expressed in the endothelium overlying atherosclerotic plaques,
as evidenced by colocalization with the endothelial marker CD31.
Plaques are detected not only by their characteristic appearance,
but also by their accumulation of CD68� macrophages and the lipid
peroxidation epitope malondialdehyde (Figure 5B). This is shown
more explicitly in Figure 5C, where fluorescent images are
double-stained for Neu5Gc and CD68.

Subendothelial expression of Neu5Gc within atheromas

Whereas Neu5Gc expression in healthy aortic sections was local-
ized to the endothelium of micro- and macrovasculature, areas of
atherosclerotic human aorta exhibited novel subendothelial stain-
ing in addition to the typical endothelial staining (note the punctate,
subendothelial Neu5Gc within the plaque in Figure 5A). In another
example (Figure 5D), extensive and specific subendothelial Neu5Gc
can be detected in the plaques. Thus, unlike the case in other blood
vessels, Neu5Gc accumulation within atheromas provides an
additional mechanism for circulating anti-Neu5Gc antibodies to
accelerate inflammation.

An inflammatory cytokine enhances human anti-Neu5Gc
antibody binding to Neu5Gc-loaded endothelium

Many immune processes involving the vasculature manifest flares
of exacerbation, which is accompanied by a pathological produc-
tion of inflammatory cytokines, notably TNF-�. This cytokine can
also significantly alter the display patterns of surface sialic acids on
human endothelial cells by up-regulating expression of the sialyl-
transferase ST6Gal-I.48 Thus, we hypothesized that local TNF-�
production might enhance the anti-Neu5Gc-antibody binding pro-
file to endothelial surfaces by altering the quantity and/or quality of
Neu5Gc expression.

Endothelial cells also were treated with or without TNF-� during
18 hours of Neu5Gc or Neu5Ac feeding, and human serum antibody
binding was then assessed by flow cytometry. As shown in Figure 6,
TNF-� treatment increased binding of human Neu5Gc-dependent
antibodies. In contrast, no difference was observed between treated and
nontreated Neu5Ac-loaded endothelium, confirming that augmented
antibody binding is Neu5Gc specific. Interestingly, TNF-� treatment did
not actually cause an obvious increase in total Neu5Gc content as
detected high-performance liquid chromatography analysis (data not
shown). Thus, the TNF-�–induced increase in antibody binding repre-
sents a qualitative change in Neu5Gc antigen expression. We also
studied IL-1	, IL-4, IL-6, IL-13, and IFN�. Unlike TNF-�, none of
these cytokines induced an increase in antibody binding to Neu5Gc-
loaded endothelial cells, compared with mock-stimulated controls (data
not shown). Thus, the TNF-� effect involves additional unknown
factors, perhaps perpetuating a vicious cycle in the endothelium
overlying atherosclerotic lesions.

Affinity-purified human anti-Neu5Gc antibodies from human
sera bind to specific glycoproteins in Neu5Gc-loaded
endothelial cells and direct complement deposition

We further characterized the interplay among purified human
anti-Neu5Gc antibodies, Neu5Gc-expressing endothelium, and
complement. By using the purified human anti-Neu5Gc antibodies,
we first investigated the nature of the endothelial glycoproteins
presenting the Neu5Gc. Membrane proteins were isolated from
Neu5Ac- and Neu5Gc-loaded endothelium and subjected to West-
ern blotting. As shown in Figure 7A, the purified human anti-
Neu5Gc antibodies recognized only membrane glycoproteins iso-
lated from Neu5Gc-loaded endothelium. Interestingly, they bound
only to a subset of the Neu5Gc-expressing glycoproteins detected
by the broad-spectrum chicken cGcAb. This result further indicates
that specific linkages and/or conformational presentations of
Neu5Gc on endothelial cell glycans are selective targets for
circulating human antibodies.

Finally, we asked whether purified human anti-Neu5Gc antibod-
ies could also initiate complement deposition. Neu5Gc-loaded
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endothelial cells were incubated with low-titer serum, affinity-
purified anti-Neu5Gc antibodies, or both, and then double-labeled
for complement deposition and IgG binding (Figure 7B). As
expected, incubation with a low-titer serum on Neu5Gc- or
Neu5Ac-loaded endothelial cells resulted in a majority of cells

being double negative (Figure 7B left column). In contrast,
incubation of the purified anti-Neu5Gc antibodies on Neu5Gc-
loaded endothelium resulted in 79% of cells becoming positive for
IgG binding, whereas 86% of Neu5Ac-loaded cells remained
double negative (Figure 7B middle column). Moreover, incubation

Figure 5. Neu5Gc in the endothelium and subendothelium of atherosclerotic plaques. (A) Expression of Neu5Gc in endothelium overlying human aortic atherosclerotic
plaques is shown by double labeling with the cGcAb anti-Neu5Gc antibody (left) the endothelial marker CD31 (center, see merge, right). White arrows indicate subendothelial
Neu5Gc within lesions (left). (B) Samples of human aortic atherosclerotic plaques were identified by their characteristic appearance (hematoxylin and eosin, bottom right).
Accumulation of macrophages (stained with anti-CD68, top middle) and oxidized-LDL (stained with malondialdehyde, top right) are shown. The cGcAb (top left) was used to
detect the presence of Neu5Gc on the endothelium of the plaques. Control IgY and mouse IgG (bottom right and middle) demonstrates specificity of the staining. (C) Human
aortic atherosclerotic plaque sections were double-stained with anti-CD68 (middle) for macrophages and cGcAb (left) for Neu5Gc. The merged fluorescent image (right)
indicates that macrophages are recruited to the Neu5Gc-lined endothelium. (D) Endothelium was labeled with anti-VWF antibody (center; note that there is also some
subendothelial green auto-fluorescence caused by macrophages and/or necrotic foci). In addition to typical endothelial-colocalized Neu5Gc staining, extensive subendothelial
labeling with the cGcAb anti-Neu5Gc antibody (red channel, left) is seen in this lesion (see yellow in the merged image, right). All pictures in this figure are representative
examples of multiple independent analyses on multiple samples from multiple individuals.
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of Neu5Gc-loaded endothelium with a low-titer serum in the
presence of the purified anti-Neu5Gc antibodies resulted in 71% of
cells becoming positive for both IgG and complement binding
(Figure 7B right column, top panel). These data confirm that human

anti-Neu5Gc antibody binding to Neu5Gc-expressing endothelium
directs complement deposition and thus also likely drives Neu5Gc-
dependent leukocyte adhesion in vivo.

Discussion

Taken together, these findings suggest a mechanism whereby
anti-Neu5Gc antibodies can initiate, perpetuate, and/or exacerbate
an inflammatory response at the endothelium, potentially playing a
role in disease states such as atherosclerosis, wherein vascular
inflammation is involved. Neu5Gc is a novel dietary and human-
specific “xeno-auto-antigen” that may exacerbate a variety of
vascular pathologies. Diets recommended by the US Department of
Agriculture lead one to ingest approximately 10 mg of Neu5Gc per
day.8 The primary dietary sources appear to be red meat (lamb,
pork, and beef) and milk products, with Neu5Gc being conspicu-
ously low in poultry and fish and absent from plants. Thus,
long-term Neu5Gc intake and metabolic incorporation can explain
our immunohistochemical finding of a strong Neu5Gc signal in the
endothelial lining of blood vessels of human tissues. This scenario
is confirmed in vitro by demonstrating that Neu5Gc in cell media is
sufficient for its incorporation into cell-surface glycans in a time-
and concentration-dependent manner.

We and others6,7,16,17 have previously shown that Neu5Gc is
immunogenic in humans. Although it was previously thought that

Figure 7. Affinity-purified human anti-Neu5Gc antibodies bind specifi-
cally to Neu5Gc-loaded endothelial membrane glycoproteins and
induce complement deposition. Affinity-purified human anti-Neu5Gc
antibodies17 were used as a primary. (A) Biotinylated, affinity-purified
human anti-Neu5Gc antibodies were studied by Western blotting against
surface membrane glycoproteins of Neu5Ac (Ac)– or Neu5Gc (Gc)–
loaded endothelial cells, and the banding pattern was compared with that
generated with the cGcAb antibody. HUVECs loaded with either Neu5Ac
or Neu5Gc were lifted with 100mM EDTA and sonicated. Membrane
fractions were prepared, 3 �g denatured by boiling in SDS separated on
12.5% polyacrylamide mini gels (Bio-Rad), and electrotransferred to
nitrocellulose membranes. Membranes were blocked overnight at 4°C with
0.5% Neu5Gc-free cold water fish gelatin (Sigma-Aldrich) in TBST.
Primary antibodies were incubated for 5 hours at 4°C with either
biotinylated anti-Neu5Gc antibodies purified from individual human
sera, diluted 1:100 in TBST, or chicken anti-Neu5Gc antibody (cGcAb),
diluted 1:50 000 in TBST. Purification of the cGcAb is described
elsewhere.4 Membranes were washed 4 times for 5 minutes in TBST
then incubated with Streptavidin-HRP (Bio-Rad), diluted 1:50 000, or
HRP-anti-chicken-IgY (Jackson ImmunoResearch Laboratories), diluted
1:10 000, at room temperature for 45 minutes. Proteins were visualized by
chemiluminescence detection (Pierce), followed by exposure to Kodak
BioMax XAR film for 5 to 30 seconds. A representative example from 3
independently performed experiments is shown. (B) Anti-Neu5Gc IgG
binding (x-axis) and complement deposition (y-axis) were simultaneously
assessed on Neu5Ac- and Neu5Gc-loaded endothelium. Affinity-purified
anti-Neu5Gc antibodies, low-titer human serum (S30), or both were
incubated with Neu5Gc-loaded (top) or Neu5Ac-loaded (bottom) HUVECs.
Although the low-titer human serum does not bind HUVECs in a Neu5Gc-
dependent fashion (left), the affinity-purified anti-Neu5Gc antibodies are
necessary and sufficient to bind Neu5Gc-loaded HUVECs in a Neu5Gc-
dependent fashion (middle). Supplementing the low-titer serum with the
purified anti-Neu5Gc antibodies allows complement deposition on HUVECs
in a Neu5Gc-dependent manner (right). A representative result of 3
independent experiments is shown.

Figure 6. TNF-� augments human antibody reactivity against Neu5Gc-loaded
endothelium. Endothelial cells were treated with TNF-� (10 ng/mL) during the last
18 hours of Neu5Gc loading. Antibody binding was assessed for both treated and
nontreated cells after incubating with high-titer human serum (S34). Control peaks
represent staining with FITC-conjugated secondary antibody alone. The experiment
was performed multiple times and representative examples are shown. Several other
cytokines studied (IL-1	, IL-4, IL-6, IL-13, and IFN�) did not show this enhancing
effect (not shown).
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high antibody titers were found only in human diseases, we have
recently found that the anti-Neu5Gc antibody response is quite
prevalent17 and have confirmed here that these antibodies can bind
Neu5Gc-loaded human endothelial cells (Figure 2A-B). Moreover
we show that the purified anti-Neu5Gc human antibodies bound to
Neu5Gc in human endothelial cells in tissue sections (Figure 2),
similar to that seen when using the Neu5Gc-specific chicken
cGcAb (Figure 1).

We hypothesized that the combination of Neu5Gc-containing gly-
cans on endothelial cells and anti-Neu5Gc antibodies in circulation leads
to antibody deposition on endothelial surfaces and subsequent comple-
ment deposition. This would promote a proinflammatory state in the
vasculature and cell-surface expression of adhesion molecules (Figure
4). The nearly immediate up-regulation of P-selectin and longer-term de
novo presentation of E-selectin provide a means for selectin-initiated
rolling adhesion of leukocytes on the vessel wall. Moreover, up-
regulation of cytokines by activated endothelial cells (see supplemental
Table 1) that are involved in monocyte recruitment (CCL1, granulocyte
macrophage colony stimulating factor, macrophage colony-stimulating
factor) and generation of a proinflammatory state (IL-12 p70, IL-12 p40,
IL-1�, IFN�) suggest mutually reinforcing mechanisms for facilitating
monocyte extravasation at sites of endothelial Neu5Gc incorporation.

Indeed, in vitro evidence confirmed that PBMCs adhered to
endothelial cells in a Neu5Gc-dependent fashion only in the
presence of anti-Neu5Gc antibodies (Figure 4C). Because leuko-
cyte recruitment via endothelial interactions is central to many
inflammatory vascular diseases, this human-specific immune re-
sponse could significantly contribute to endothelial damage. Further-
more, the presence of TNF-�, a proinflammatory cytokine known
to be up-regulated during flares of vascular damage, can enhance
the impact of the human anti-Neu5Gc antibodies (Figure 6). In
addition, complement binding can have direct toxic effects on the
endothelium, further contributing to endothelial damage. Such
processes could be involved in exacerbating both the early stages of
atherosclerosis and the late ulcerating phases, as both are facilitated
by endothelial inflammation.

Of note, the Neu5Gc is covalently bound to and expressed on surface
glycoproteins of the endothelial cells. Thus, any shedding of Neu5Gc on
glycoproteins would be minor, and generalized immune complex
formation is unlikely to be significant. However, this possibility needs to
be considered. Also, we have previously reported that circulating blood
cells do not express Neu5Gc, even after human volunteer ingestion of a
large amount of Neu5Gc.8 The reason for the difference between
endothelial cells and blood cells is unknown, but it may have to do with
differences in intracellular handling of exogenous Neu5Gc. Regardless,
it is clear that the primary target of anti-Neu5Gc antibodies in circulation
are endothelial cells.

In contrast to many other examples ofAECAs, the humoral response
to Neu5Gc is unique to humans, as compared with standard mammalian
models. Interestingly, the Neu5Gc content of human tissues is likely to
be chiefly dependent on dietary consumption of red meats, a food
associated with increases in circulating markers of chronic inflamma-
tion.9-12 In this regard, we recently demonstrated that incorporation of
dietary Neu5Gc into malignant cells can help explain the exacerbating
effects of red meat consumption on carcinoma progression, a process
also associated with chronic inflammation.49

Of course, more information is needed about how dietary
Neu5Gc is absorbed and distributed and what regulates its incorpo-
ration into tissues. It is also necessary to learn which endothelial
glycan epitopes are the primary carriers of metabolically incorpo-
rated Neu5Gc and which specific anti-Neu5Gc antibodies are likely
to be implicated in various pathological conditions involving

vascular inflammation. The broad spectrum and variable preva-
lence of the anti-Neu5Gc antibodies in humans raises the possibil-
ity that not all subpopulations of antibodies are equally pathogenic.
For example, as detailed recently,17 the anti-Neu5Gc antibody
response is more pronounced for certain presentations of Neu5Gc,
such as Neu5Gc�2–6Gal	1–4Glc-, a sequence found in endothe-
lium in vivo, and up-regulated by inflammatory cytokines such as
TNF-�. Moreover, persons with similar anti-Neu5Gc IgG levels
did not give similar levels of complement deposition or cell
activation, potentially reflecting differences in IgG subclass compo-
sition. Understanding the presentation(s) of Neu5Gc (both the
linkage type and underlying glycoprotein structure) that are
targeted by anti-Neu5Gc antibodies in vivo would also define
relevant antigens that could be used to define pathogenic anti-
Neu5Gc antibodies.

Finally, other investigators50 have shown that conjugating a
protein antigen to a foreign sugar can lead to enhanced production
of antibodies against the protein itself, without the need for
adjuvant. This response was dependent on the presence of antibod-
ies against the foreign glycan, with the resulting immune com-
plexes apparently acting as an adjuvant. Thus, antibodies that bind
Neu5Gc on endothelial proteins could even prime a secondary
immune response against these self-protein antigens themselves.

In conclusion, our studies describe a novel human-specific
xeno-auto-antigen–mediated immunologic mechanism that could
contribute significantly to human vascular pathologies, such as
atherosclerosis. It is interesting that subendothelial Neu5Gc deposi-
tion also appears within atherosclerotic lesions, perhaps as the
result of permeability changes in chronically inflamed endothe-
lium. Regardless of the reason, the appearance of Neu5Gc within
the lesions provides another potential mechanism to exacerbate
inflammation via anti-Neu5Gc antibodies. Although much work is
required to substantiate such examples of relevance to human
disease, this hypothesis would support novel therapeutic ap-
proaches to reducing or dampening flares of immunologic re-
sponses against the endothelium. Such interventions could include
reduction of dietary Neu5Gc intake and accumulation through
simple diet-based interventions, enhanced elimination of Neu5Gc
from humans, and/or reduction of anti-Neu5Gc antibodies titers.
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