














Figure 4. Surface expression of PSR protein on human lung microendothelial cells: analysis by flow cytometry. Following incubation of endothelial cells for 6 hours in
the absence (left column) or presence of IL-1a (10 ng/mL, middle column) or TNF-a (10 ng/mL, right column), cells were harvested, labeled with desired test antibody or an
equivalent amount of an isotype-matched negative control, and analyzed by flow cytometry as detailed. Endothelial cells labeled with mouse monoclonal antibody against PSR
from Cascade Bioscience (Bi-iii), Dr Henson’s laboratories (Ci-iii), and a rabbit polyclonal antibody against PSR from Sigma Chemical (Di-iii) are shown. Results presented are
from a representative experiment repeated 4 to 6 times with similar results. Endothelial cells labeled with appropriate isotype-matched negative control antibodies are shown in
panels Ai-iii. The red and blue lines are the negative histogram profiles for the rabbit polyclonal and mouse monoclonal antibodies, respectively. Markers M1 and M2 are the
positive histogram regions for the anti-PSR monoclonal and polyclonal antibodies that were set up with endothelial cells labeled with appropriate isotype-matched negative
control antibodies. Percentage marker-positive cells is shown in each panel. HT1080 cells analyzed concomitantly demonstrated 71% to 79% positivity with all
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Cell-surface expression of PSR protein on lung
microendothelial cells

While immunoblotting of total cellular proteins demonstrated
the presence of PSR protein in endothelial cells, these experi-
ments did not reveal whether this receptor protein was present
on the cell surface. Using complementary flow cytometric— and
ELISA-based assays, with IL-1ac and TNF-a as agonists, and
both monoclonal (Cascade anti-PSR and Henson antibody) and
polyclonal (Sigma Chemical) anti-PSR, we next explored
whether PSR protein was expressed on the endothelial surface.
Results presented in Figure 4Bi demonstrate that while endothe-
lial cells were minimally positive for PSR in the unactivated
state (3.3% cells), significant numbers of cells acquired PSR
positivity following activation with IL-1a or TNF-a (~ 20%-
were observed when the second mouse monoclonal anti-PSR
antibody (Henson antibody, Figure 4Ci-iii) and a PSR poly-
clonal antibody (Figure 4Di-iii) were used in flow cytometric
analysis. These findings also were confirmed using a complemen-
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tary ELISA-based assay using intact cell monolayer activated
with IL-1a or TNF-a (~ 3-fold induction with both modulators,
Figure 5A). The agonists LPS and hypoxia also induced cell
surface PSR expression by 1.6- and 4-fold, respectively (Figure
5A). Representative adhesion markers that are constitutively
expressed (VnR), induced (VCAM-1), and up-regulated (CD36)
in endothelial cells also were evaluated concomitantly in both
flow cytometric— and ELISA-based analyses for comparison
with the PSR expression profile. As shown in Table 1 and Figure
5A, no significant changes in the constitutively expressing VnR
were noted in response to activation by the cytokines IL-1a or
TNF-a. While both cytokines induced the expression of VCAM-1
on the lung microendothelium, no significant changes in CD36
expression were noted at the concentration of agonists used in
both flow cytometric—based (Table 1) and ELISA-based (Figure
5A) assays. A similar adhesion molecule expression profile was
noted in intact human retinal capillary endothelial cell monolay-
ers. These studies demonstrate that while PSR is minimally
expressed constitutively on the cell surface, its expression is
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Figure 5. Surface expression of PSR protein and other
adhesion markers on human microendothelial cells: analy-

sis by fluorescence ELISA. (A) Expression of PSR protein on
intact HLMECs. Human lung microendothelial cells were sub-
jected to activation for 6 hours with IL-1a (10 ng/mL), TNF-«
(10 ng/mL), or LPS (100 ng/mL), or for 24 hours with hypoxia, and
then assessed for surface PSR using an ELISA-based assay.
Expression profiles of VCAM-1, CD36, and the vitronectin recep-
tor (VnR) in response to endothelial activation are also shown.
Values presented are the mean plus or minus SD from 4 to
6 experiments. (B) Expression of PSR protein on intact HRCECs.
— Human retinal capillary endothelial cells were subjected to activa-
tion for 6 hours with IL-1a (10 ng/mL), TNF-a (10 ng/mL), or LPS
1 (100 ng/mL), or for 24 hours with hypoxia, and then assessed for
surface PSR using an ELISA-based assay. Expression profiles of
VCAM-1, CD36, and the vitronectin receptor (VnR) in response to
endothelial activation are also shown. Values presented are the
mean plus or minus SD from 3 experiments.
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Table 1. Adhesion molecules expressed on human lung micro-
vascular endothelial cells

Unstimulated endothelial IL-1c—activated

Marker cell control endothelial cells
CD51 Positivity 87 = 9% 90 * 8%
MCF 340 + 28 389 + 3
PSR Positivity 5+ 0.5% 26 = 3%
MCF 38+3 175 = 21
CD36 Positivity 33 + 18% 30 = 16%
MCF 116 + 29 115 £ 43
ICAM-1 Positivity 38 = 7% 92 *+ 3%
MCF 268 + 33 607 =9
VCAM-1 Positivity 7+ 3% 53 + 16%
MCF 45 + 8 322 + 97
*P-selectin Positivity Not detected Not detected
MCF

Besides being characterized to be positive for acetylated LDL receptor, Factor
Vlll-related antigen and CD31 by the manufacturer, the lung endothelial cells used in the
study were identified by flow cytometric analyses to be 90 to 98% positive for constitutively
expressing antigens including CD146, and CD144 (two endothelial-specific antigens).
Following incubation of endothelial cells for 6 hours in the absence, or presence of IL-1«
(10 ng/mL), cells were harvested, labeled with desired test antibody or an equivalent
amount of an isotype-matched negative control, and analyzed by flow cytometry as
detailed. Values presented are the means (+ SD) from 4 experiments. MCF, mean cell
fluorescence, is a measure of receptor density per cell. “While P-selectin expression was
undetectable under the experimental conditions described, P-selectin-positivity was noted
on endothelial cells activated with A23187 for 30-minutes (see the results section for
details). Multiple monoclonal antibodies were employed to identify the expression of
ICAM-1 (clones 84H10, and BBIG-I1), VCAM-1 (clones 1G11, 51-10C9, and BBIG-V1),
and P-selectin (clones CLB-Thromb/6, and AK-6). Similar expression profiles of adhesion
markers were noted on the endothelial surface with different monoclonal antibodies.
Results shown for ICAM-1, and VCAM-1 were obtained with clones 84H10, and 51-10C9,
respectively.

HYPOXIA

induced on microendothelial cells following activation with
physiologically relevant agonists.

PSR supports adhesion of PS-positive erythrocytes to lung
microendothelial cells

To assess the potential linkage between PSR expression and
functional adhesion, we performed concomitant adhesion assays in
the presence of PSR-specific antibodies initially using ionophore-
activated HbAA red cells. As depicted in Figure 6, while no
significant changes in adhesion to unactivated endothelium was
noted, anti-PSR inhibited PS-positive erythrocyte adhesion to
activated endothelium by 45% (n = 4, P < .01). Similar differen-
tial inhibitory effects were also observed with the Henson antibody
and the polyclonal anti-PSR antibody. Since multiple endothelial
receptors support erythrocyte adhesion, it became necessary to
identify the adhesion molecules expressed on the surface of the
cells that were integral to these experiments (eg, IL-1a—stimulated
lung microvascular endothelial cells and the A23187-treated con-
trol HbAA erythrocytes). As depicted in Table 1, IL-1a—activated
lung microendothelial cells expressed all adhesion receptors known
to interact with red cells with the exception of P-selectin (CD62P).
As shown in Table 2, among the red cell adhesion markers
evaluated, only PS showed both qualitative and quantitative
differences on the ionophore-treated HbAA red cell surface com-
pared with untreated control erythrocytes. In adhesion experiments
(n = 4-6), preincubation of endothelial cells with anti-VnR, anti-
CD36, anti-VCAM-1, anti-ICAM-1, or isotype-matched negative
control antibodies (IgG or I[gM) had no significant effects on either


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

BLOOD, 15 JANUARY 2008 - VOLUME 111, NUMBER 2

-
o

R un-activated ECs
I ECs activated with IL-1o.

> o @

RED CELL ADHESION (fold change)
N

o

CON IgM PSR o-CD36 o-VCAM 0-CDE2P oiCAM osVRR  IgG

Figure 6. Effects of antibodies against PSR and other endothelial adhesion
markers on PS-positive erythrocyte adhesion to human lung microendothelial
cells. Following incubation of endothelial cells for 6 hours in the presence or absence
of IL-1a (10 ng/mL), cell monolayers were pretreated with antibodies against desired
adhesion molecule at 40 pg/mL, or an equivalent amount of an isotype-matched
negative control immunoglobulin (IgG or IgM) for 45 minutes. The monolayers were
then tested for their adhesive potential using PS-positive red cells with 15% PS
positivity prepared by treating control erythrocytes with A23187. These adhesion
assays were performed using red cells at 10% hematocrit in the absence of plasma
and plasma-associated soluble adhesion ligands. Results presented are the mean
(+ SD) from 3 to 7 experiments. Adhesion of test red cells to test endothelium was
presented as fold change compared with adhesion of PS-negative red cells to
unactivated endothelial cells. *Values significantly different from the respective
medium control or the IgM control at P < .01. Please note that to test CD62P or
P-selectin-mediated adhesion, endothelial cells were subjected to activation with
A23187 for 30 minutes, pretreated with anti-CD62P for 45 minutes, and then
assessed for their adhesinogenic potential with PS-positive erythrocytes (see legend
to Table 1 and “Results” for additional details).

basal or IL-1a—stimulated adhesion. While CD62P expression was
undetectable under the experimental conditions described (ie,
IL-1a activation), P-selectin positivity was noted following endo-
thelial activation with A23187 (160 = 140 vs 400 = 180 fluores-
cence units, n = 4, by ELISA with unstimulated and A23187
treated, respectively). To complete these analyses, we therefore
pretreated A23187-activated endothelial cells with anti-CD62P,
and demonstrate that this antibody had no significant effect on
PS-mediated erythrocyte adhesion (Figure 6). In final adhesion
experiments, we evaluated erythrocytes from patients with sickle
cell disease (HbSS genotype) with various levels of PS positivity
ranging from 0.3% to 11% dividing them into 2 experimental
groups including low versus high PS-positive HbSS erythrocytes
(1.0% = 0.8% vs 7.0% = 2.8% positivity, P < .02, Table 2) as we
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have done in previous studies.’ As shown in Figure 7, while the
anti-PSR polyclonal antibody had no significant effect on either
unstimulated or IL-la-stimulated adhesion of low-percentage
PS-positive HbSS erythrocytes to microvascular endothelium (panel
A), a significant inhibition in adhesion of HbSS erythrocytes
containing high-percentage PS-positive cells was noted to IL-1o—
activated microendothelial cells (65% = 32% inhibition of agonist-
induced adhesion, P = .05, panel B). These findings taken together
demonstrate that PSR supports PS-mediated erythrocyte adhesion
to IL-la—activated endothelium in the absence of serum or
plasma-associated adhesinogenic ligands and that the adhesion
occurs with PS-expressing cells generated under both artificial and
pathophysiologic circumstances.

Discussion

Our results demonstrate that human lung microendothelial cells
express both mRNA and protein for PS receptor under basal
conditions, and that expression of this receptor is up-regulated
following endothelial activation. While minimally expressed on the
cell surface under basal conditions, surface expression of PSR is
up-regulated following cell activation by a variety of pathophysi-
ologic agonists including IL-1a, TNF-a, LPS, heme, and hypoxia.
In additional experiments, we demonstrate that PSR expressed on
the cell surface is functional, supporting the direct adhesion of
PS-positive erythrocytes to activated microendothelium.

PSR, originally described by Fadok et al, is expressed on the
surface of activated macrophages,'? and also present constitutively
on the surface of fibroblasts and epithelial cells,'? with recent
studies also documenting nuclear localization in fibroblasts.?* It is
not expressed by the circulating cellular elements of blood
including neutrophils, lymphocytes, monocytes, and erythro-
cytes.!? PSR, expressed on both phagocytes (macrophages) and
nonphagocytes (fibroblasts and epithelial cells), appears to mediate
phagocytic recognition and removal of PS-expressing apoptotic
cells,'22021.25 although there remains some controversial evidence
regarding this function. PSR plays an essential role in development
and differentiation of multiple organs during embryogenesis. Using
PSR knockout mouse models, recent studies have demonstrated
that PSR disruption leads to growth retardation and defects in
embryonic organogenesis and perinatal lethality presumed to be
due to ineffective apoptotic cell phagocytosis, although this has

Table 2. Adhesion molecules expressed on control erythrocytes made artificially PS-positive and on erythrocytes from patients with sickle
cell disease

Erythrocytes from control donors

*A23187-treated erythrocytes

Erythrocytes from patients with sickle cell disease

Marker Untreated (n = 4) diluted with untreated RBCs (n = 4) tLow PS group (n = 4) tHigh PS group (n = 5)
CD36 Positivity Not present Not present 0.5 = 0.5% 1.4 +1.7%

VLA4 Positivity Not present Not present 0.03 * 0.06% 0.03 * 0.06%

PS Positivity <0.3% 15% 1.0 £ 0.8% 117.0 £ 2.8%

CD47 (IAP) Positivity; MCF 100%; 629 + 15 100%; 630 + 5 99 *+ 1%,; 698 * 52 99 *+ 1%; 721 = 41
CD239 (BCAM/LU) Positivity; MCF 28 = 16%; 305 * 47 20 = 13%; 300 * 32 44 + 9%; 414 = 12 21 = 16%; 389 + 79

Cell-surface PS and other potential erythrocyte adhesion markers were evaluated using 2-color flow cytometry and employing anti-glycophorin A as a marker for red cells.
Values presented are the mean (+ SD). Mean cell fluorescence (MCF) is a measure of receptor density per cell. Changes (positivity or MCF) noted with CD47 or CD239
between the control and A23187-treated erythrocyte were not significantly different from each other. The “low” PS sickle cell group is compared with the “high” PS sickle cell
group to demonstrate that the adhesion marker differences between these two HbSS groups was confined to significant differences in PS positivity.

IAP indicates integrin associated protein; and BCAM/LU, basal cell adhesion molecule/Lutheran protein.

*PS-positive red cells were prepared by treating control HbAA erythrocytes with A23187 and diluted with untreated red cells to obtain a cell suspension containing 15% PS
positivity.

TErythrocytes from patients with sickle cell disease (HbSS genotype) were divided into 2 experimental groups including low PS and high PS groups based on percent PS
positivity as in our previous study.5

11P < .02 compared to low PS group.
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Figure 7. Effects of rabbit polyclonal antibody against PSR
on sickle erythrocyte adhesion to human lung microendothe-
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been recently questioned.?®2° PSR appears to be a glycosylated
protein with an apparent molecular size of 70 kDa!? and contains a
type II transmembrane domain, a potential intracellular tyrosine
phosphorylation site, and an extracellular domain containing runs
of serines (which could be involved in protein O-glycosylation)
and runs of basic amino acids lysine and arginine that could provide
potential binding sites for the anionic phospholipid PS.!> While
recent studies have also identified multiple nuclear localization
signals in the PSR sequence,?* a physiologic role for nuclear PSR
has yet to be elucidated. In the present study, we found that the
endothelial PSR migrated as a protein with a molecular size of
approximately 70 kDa. While we observed both basal and up-
regulated expression of endothelial PSR, surface expression was
noted mainly on activated endothelium using both polyclonal and
monoclonal antibodies. A recent study also documented constitu-
tive expression of PSR in a macrovascular endothelium,??> and
showed that PSR mediated tethering of apoptotic Jurkat cells to
endothelial cells.?? In the present study, we have characterized PSR
expression at both mRNA and protein level in pathologically
relevant human pulmonary microvascular endothelium. We have
also used complementary methods (Western blotting, flow cytom-
etry, and ELISA assays) and also both polyclonal and monoclonal
antibodies to characterize PSR protein. In addition, we have
demonstrated that endothelial activation by IL-1a, TNF-at, LPS,
heme, and hypoxia up-regulated surface expression of PSR.

The findings that surface PSR expression occurred mainly on
the activated endothelium and that pretreatment of activated
endothelial cells with anti-PSR antibody inhibited adhesion of
PS-positive erythrocytes in the absence of plasma or soluble
plasma adhesion ligands demonstrate that endothelial PSR supports
PS-mediated direct interaction of erythrocytes to activated microen-
dothelium. PSR is very unlikely to be involved under basal
unstimulated conditions since PSR does not appear to be constitu-
tively expressed on the cell surface, with the antibody-blocking
experiments corroborating the null effect. These results also
implicate at least one more additional non—PSR-associated path-
way by which PS-positive cells interact directly with activated
endothelial cells in the absence of plasma ligands. Existence of a
non-PSR-mediated adhesion pathway was also suggested by the
findings that PS-positive erythrocytes interacted with unactivated
control endothelial cells and that this basal adhesion was not
affected by pretreatment of endothelial cells with anti-PSR prior to
adhesion. Since previous studies demonstrated that erythrocytes
from pathologic milieu interact, either directly or indirectly via
plasma ligands, with CD36,° VnR,3%3! VCAM-1,32 ICAM-1,% and
P-selectin®* (also reviewed in references Frenette3®; Parise and

12 lial cells. Following incubation of endothelial cells for 6 hours in
the presence or absence of IL-1a (10 ng/mL), cell monolayers
10 were pretreated with rabbit polyclonal antibody against PSR (at

20 pg/mL) for 30 minutes. The monolayers were then tested for
their adhesive potential using red cells from patients with sickle
cell disease (HbSS genotype). Adhesion assays were performed
using red cells at 10% hematocrit in the absence of plasma and
plasma-associated soluble adhesion ligands. Panels A and B
represent adhesion of HbSS erythrocytes with low PS positivity
(1.0% = 0.8% positivity) and high PS positivity (7.0% = 2.8%
positivity), respectively. Results presented are the mean (= SD)
from 4 (A) or 5 (B) experiments. Adhesion of sickle red cells to test
endothelium was presented as fold change compared with
adhesion of control red cells to unactivated endothelial cells.
*P = .05 compared with the IL-1a control.

SICKLE RED CELL ADHESION (fold change)

Telen®®; Stuart and Nagel®’), and since human lung microendothe-
lial cells express these adhesion molecules either constitutively or
following activation (Table 1), we explored the possible involve-
ment of these receptors in the direct adhesion of PS-positive
erythrocytes to human lung microendothelial cells. Antibody-
blocking studies (Figure 6) suggested that these latter endothelial
receptors are not involved. In our adhesion experiments, we
initially used PS-positive erythrocytes prepared by activating
control HbAA erythrocytes with the calcium ionophore A23187.
Use of HbAA control cells obviated the involvement of the
adhesion markers VLA4 and CD36 that are also expressed with PS
on a subset of young erythrocytes (stress reticulocytes) in patients
with hemolytic anemias including sickle cell disease.>32-38-40 While
other adhesion molecules including CD47 and B-CAM/LU are also
present on control erythrocytes,**? levels (both receptor positivity
and density) of these receptors did not change following activation
of red cells with the ionophore. Erythrocyte-endothelial interac-
tions described in this study appeared to be mediated, in part, via
erythrocyte PS, since pretreatment of PS-positive erythrocytes with
annexin-V, or preincubation of erythrocytes and/or endothelial
cells with PS liposomes, or serine-L-phosphate inhibited adhesion
(Figure 1B). In contrast, PC liposomes and serine-D-phosphate had
no effect on this process.

Erythrocytes from patients with several hemolytic anemias
including sickle cell disease (SCD),? thalassemia,® malaria,” and
chronic renal failure® are positive for PS with levels ranging from
0.5% to more than 10%, and exhibit increased adhesiveness to
endothelium, with our previous published data documenting a
significant positive correlation between percentage sickle red cell
PS positivity and adhesion where enhanced erythrocyte-endothelial
adhesion was noted in the high PS-positive group (mean percent-
age positivity at 5.6%).> In the present in vitro study, we also note
that PS-mediated erythrocyte adhesion occurs at similar levels of
PS positivity (mean percentage positivity at 7%), and that a
polyclonal antibody against PSR significantly inhibited this adhe-
sion (Figure 7). Erythrocyte adhesion to endothelium correlates
with disease severity in patients with SCD,'® and is a major
etiologic factor in the pathogenesis of the vaso-occlusive or painful
crisis with long-term effects including chronic organ dysfunction
leading to increased morbidity and mortality.3”#3 Cell-surface
expression of PSR occurred on the microendothelium following
activation of cells in vitro with agonists such as IL-1a, TNF-a,
heme, and hypoxia, agonists that are all pathologically relevant in
patients with sickle cell disease.***® Evidence also suggests both
chronic and acute endothelial activation in these patients as
documented by elevated levels of soluble VCAM-1, E-selectin, and
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ICAM-1 by many investigators including results from our laborato-
ries.*-33 It is not known whether in vivo PSR expression occurs
under the influence of agonists that caused PSR expression under
the in vitro conditions described here, and whether red cell
PS-endothelial PSR adhesion occurs in the microvasculature in
such pathologic conditions as SCD and malarial infection where
such adhesion could influence disease pathology. Further studies
are required in appropriate animal models such as the transgenic
sickle mouse to delineate further the relevance of this novel
endothelial receptor in the process of in vivo cell-cell adhesion.

An interesting observation made by several investigators related
to PSR is its involvement in mediating anti-inflammatory responses
in numerous experimental models.!>?35 Ligation of PSR with
apoptotic cells through PS or PS liposomes up-regulated the
production of anti-inflammatory cytokines transforming growth
factor-B and IL-10 concomitant with the down-regulation of the
proinflammatory cytokines TNF-a and IL-1 in mouse macro-
phages!? and epithelial cells.>® Endothelial cells appear to synthe-
size and release many proinflammatory and anti-inflammatory
cytokines including IL-1, IL-6, IL-8, and ET-1.*% Thus, an
additional role for endothelial PSR in the microvasculature could
be the modulation of the inflammatory phenotype especially in
disease states where the combination of adhesion and inflammation
are a particularly potent mix in relation to vascular and organ
dysfunction.*8-56-58

In summary, we demonstrated the presence of a receptor for
phosphatidylserine, PSR, on the surface of human microendothelial
cells using both antigen expression and mRNA analysis. While
PSR is not constitutively expressed, its expression can be induced
on the surface of microendothelium by relevant agonists such as
LPS, cytokines, hypoxia, and heme. PSR is involved in mediating
direct interaction of PS-positive erythrocytes with microendothe-
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