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Platelet endothelial cell adhesion molecule-1 (PECAM-1,
CD31), an adhesion molecule expressed on hemato-
poietic and endothelial cells, mediates apoptosis, cell
proliferation, and migration and maintains endothe-
lial integrity in addition to its roles as a modulator of
lymphocyte and platelet signaling and facilitator of
neutrophil transmigration. Recent data suggest that
CD31 functions as a scaffolding protein to regulate
phosphorylation of the signal transducers and activa-
tors of transcription (STAT) family of signaling mol-
ecules, particularly STAT3 and STATS5. STAT3 regulates
the acute phase response to innate immune stimuli
such as lipopolysaccharide (LPS) and promotes recov-
ery from LPS-induced septic shock. Here we demon-
strate that CD31-deficient mice have reduced survival
during endotoxic LPS-induced shock. As compared to
wild-type controls, CD31-deficient mice showed en-
hanced vascular permeability; increased apoptotic
cell death in liver, kidney, and spleen; and elevated
levels of serum tumor necrosis factor « (TNF-a), in-
terferon y (IFNvy), MCP-1, MCP-5, sTNRF, and IL-6. In
response to LPS in vivo and in vitro, splenocytes and
endothelial cells from knockout mice had reduced
levels of phosphorylated STAT3. These results suggest
that CD31 is necessary for maintenance of endothelial
integrity and prevention of apoptosis during septic
shock and for STAT3-mediated acute phase responses
that promote survival during septic shock. (4Am J
Pathol 2005, 166:185-196)

Platelet endothelial cell adhesion molecule-1 (PECAM-1,
CD31) belongs to the immunoglobulin family of cell ad-
hesion molecules.' CD31 mediates homophilic and
heterophilic binding in hematopoietic and endothelial
cells and also modulates intracellular signaling.*~'°

CD31-mediated adhesion enhances transendothelial
migration of leukocytes to sites of acute inflammation.™
Recent work also suggests that homophilic CD31 binding
between endothelial cells maintains vascular integrity
and prevents prolonged changes in permeability.® Cul-
tured endothelial cells from CD31-deficient mice demon-
strate enhanced transendothelial migration of T lympho-
cytes and prolonged permeability changes in response
to histamine. In experimental autoimmune encephalomy-
elitis (EAE), the animal model of human multiple sclerosis,
CD31-deficient mice develop earlier onset of disease due
to enhanced migration of immune cells into the brain and
spinal cord.

CD31 regulation of intracellular signaling occurs
through recruitment of adapter and signaling molecules
to an immunoreceptor tyrosine activation motif (ITAM) on
the cytoplasmic domain of CD31.67'° By serving a scaf-
folding function, it has been hypothesized that CD31
mediates tyrosine phosphorylation of two members of the
STAT (signal transducers and activators of transcription)
family, STAT3 and STAT5.2 Based on its multiple roles in
cell adhesion, leukocyte migration, and cell signaling, we
reasoned that CD31 would also regulate the acute phase
response (APR). Either infection or tissue injury can trig-
ger the APR.™ In acute infection, binding of pathogen-
associated molecular patterns (PAMPSs) such as lipopoly-
saccharide (LPS) on gram-negative bacteria and
lipotechoic acids on gram-positive bacteria to the Toll-
like family of pattern recognition receptors initiates the
APR.™* Although this innate immune response is neces-
sary to host survival during severe infection, impaired
regulation of the APR can lead to septic shock.' For
example, activation of Toll receptors on macrophages
and other immune cells leads to local release of pro-
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inflammatory cytokines such as interleukin 6 (IL-6)." IL-6
and related cytokines signal through phosphorylation of
the transcription factor, STAT3.'”'® During the APR,
phosphorylated STAT3 (pSTAT3) stimulates transcription
of pro- and anti-inflammatory molecules. In cell-specific
gene knockout models, STAT3 deficiency in hepatocytes
impairs the APR to LPS, and, in mice with STAT3-deficient
monocytes and neutrophils, there is reduced survival
from endotoxic shock.'9:2°

We hypothesized that CD31 maintenance of endothe-
lial integrity and regulation of phosphorylation of STAT3
enhance recovery from endotoxic shock. We here show
that CD31-deficient mice are markedly more sensitive to
LPS-induced shock as compared to wild-type (WT) mice.
In response to LPS, these mice demonstrate reduced
survival, increased vascular permeability and apoptosis
in solid organs, elevated serum TNF-«, IFNy, MCP-1,
MCP-5, sTNFR1, and IL-6 and decreased levels of phos-
phorylated STATS.

Materials and Methods
Mice

Female C57BI/6CR mice (6 to 8 weeks of age) were
obtained from Charles River Laboratories (Wilmington,
MA). CD31-deficient mice on the C57BI/6CR background
were generated and analyzed as described previous-
ly."2" They were bred in our facility at Yale University
and have been backcrossed onto the C57BI6 back-
ground for greater than 10 generations.’

LPS-Induced Endotoxic Shock

LPS (E. coli serotype 055:B5; Sigma Chemical Co., St.
Louis, MO) was administered intraperitoneally (i.p.) at
doses of 200 pug or 600 wg per mouse in 200 ul phos-
phate-buffered saline (PBS). Control mice received PBS.
Clinical status was monitored twice daily for 7 days.

Vascular Permeability

One day after a 200-ug dose of LPS, Evans blue dye was
injected intravenously. One hour later, mice were anes-
thetized with ketamine/xylazine, and intracardiac perfu-
sion was performed with ice-cold PBS. Lung, liver, and
kidney were isolated, and dye was extracted in form-
amide (5 wl/mg of tissue) for 3 days at room temperature.
Absorbance at 650 nm was measured to determine dye
concentration as described.'?

Histology

Wild-type and CD31-deficient C57BL6 were injected with
200 pg of LPS i.p. One day later, mice were anesthetized
with ketamine/xylazine, and intracardiac perfusion was
performed with ice-cold PBS followed by paraformalde-
hyde-lysine-periodate (PLP) fixative. Lung, liver, and kid-
ney were harvested and fixed in PLP overnight. Tissue

was dehydrated through graded ethanol, cleared in xy-
lene, and embedded in paraffin. Five-um sections were
stained with hematoxylin/eosin (H&E).

Cytokine Analysis

Mouse Th1/Th2 Cytokine CBA (BD Biosciences, San
Jose, CA) was performed according to manufacturer’s
instructions (Manual No. 551287) on serum samples ob-
tained by eye bleed from wild-type or CD31-deficient
mice treated with 10 ug/g LPS for 24 hours.

ELISA for mouse TNF-a was obtained from Endogen
(Endogen-Pierce mouse TNF o« ELISA Minikit No. KMT-
NFA) and performed according to manufacturer’s in-
structions (Pierce Biotechnology, Inc., Rockford, IL).

Mouse Cytokine Antibody Array (Kit No. MA6060) (Pa-
nomics, Redwood City, CA) was performed on serum
from mice injected with 10 wg/g LPS for 6, 12, or 24
hours, plus saline controls, according to manufacturer’s
instructions.

Splenocyte Cell Culture

Sex- and age-matched wild-type and CD31-deficient
C57BI6 mice were sacrificed by cervical dislocation and
spleens removed under sterile conditions. Splenocytes
were teased from the spleens by crushing between the
frosted ends of microscope slides in sterile PBS. The
resulting cell suspension was then run through a cell
strainer (Falcon), spun out, and the red blood cells lysed
in ACK buffer (0.15 mol/L NH,CI, 10 mmol/L KHCOg, 0.1
mmol/L Na,EDTA pH 7.2). Lymphocytes were then iso-
lated by gradient centrifugation in LSM (ICN Biomedi-
cals) and plated at 5.5 x 10° cells in 60-mm dishes.
Lymphocytes were then exposed to 0, 10, and 100 ng/ml
LPS (Sigma, E. coli serotype 055:B5) for 24 hours in
Clicks Media (Irvine Scientific) supplemented with 10%
fetal bovine serum (FBS), L-glutamine, pen/strep, and
2-mercaptoethanol. Cells were lysed in 20 mmol/L Tris-
HCI pH 7.5, 150 mmol/L NaCl, 1 mmol/L MgCl,, 1 mmol/L
EGTA, 10 mmol/L Na,P,0O,, 1% Brij-35, Complete Pro-
tease Inhibitors (Roche), 5 mmol/L NaF, 250 wmol/L
NaOV, and 1 mmol/L PMSF, and assayed for protein
content by bicinchoninic acid (BCA) assay (Pierce Bio-
technology, Inc., Rockford, IL). Twenty ug of each sam-
ple was loaded onto 8% SDS-PAGE for immunoblotting
with anti-pY(705) STAT3 and anti-STAT3 (Cell Signaling,
both at 1:1000 in 0.05% T-TBS plus 1% normal donkey
serum, followed by anti-rabbit IgG-HRP conjugate. Sig-
nals were detected with Western Lightning Reagent (Per-
kin Elmer, Boston, MA) on Hyperfim MP (Amersham/
Pharmacia).

Endothelial Cell Culture

Immortalized CD31-reconstituted and CD31-deficient
mouse lung endothelial cells were cultured in Dulbecco’s
modified Eagle’s medium enriched with 10% FBS, L-
glutamine, non-essential amino acids, sodium pyruvate,
HEPES, and B-mercaptoethanol as described.'? Puromy-
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cin was added to the cell medium used to passage the
CDg31-reconstituted cultures. Cells were used between
passages 16 and 22. Endothelial cell cultures were
grown to confluency and then treated with LPS at con-
centrations of 100 and 500 ng/ml for 0.5, 2, 6, 12, and 24
hours. Untreated cells were used as controls. Cells were
pretreated with 1 mmol/L sodium orthovanadate for 15
minutes at 37°C, washed twice with ice-cold PBS con-
taining 1 mmol/L sodium orthovanadate, and scraped
into ice-cold lysis buffer [50 mmol/L Tris, pH 7.4, 100
mmol/L sodium chloride, 0.5% Triton X-100, 0.5% DOC, 1
mmol/L sodium orthovanadate, and Complete Protease
Inhibitor Cocktail Tablets (Roche). Total cellular protein
concentration was determined by BCA assay (Pierce)
according to the manufacturer’s instructions. Lysates (20
ng per sample) were then subjected to immunoblot as
described.

Immunoblotting

Endothelial cell culture lysates were resolved on 8% SDS-
polyacrylamide gels and transferred to polyvinylidene
fluoride membrane (Millipore Corp., Bedford, MA). Blots
were blocked with 5% milk and then incubated overnight
with anti-Py-Stat3 (Tyr 705, rabbit, 1:500) and anti-Stat3
(C 20, rabbit, 1:5000), or with anti-TLR4 (Imgenex, IMG-
579A, rabbit, 1:200, San Diego, CA). After washing with
0.1% TBST, blots were incubated with horseradish per-
oxidase-conjugated goat anti-rabbit IgG (1:10,000) for 1
hour and washed again with 0.1% TBST. Blots were
developed with enhanced chemiluminescence (Western
Lightning, Perkin Elmer) and exposed to high perfor-
mance autoradiography film (Amersham Pharmacia).
Blots were scanned on an Arcus Il scanner (Agfa, Mort-
sel, Belgium) and quantitated using BioMax 1D software
(Kodak, Rochester, NY).

Tissue and Culture Lysates

Six wild-type C57BI/6CR (three males, three females) and
six CD31-deficient mice (three males, three females), 7
weeks old, were injected intraperitoneally with 200 ug of
LPS. Animals were sacrificed 24 hours after the injection
and organs harvested. 100 mg of tissue was homoge-
nized in 2 ml of 2X Laemlli buffer (125 mmol/L Tris-HCI,
pH 6.8, 4% SDS, 25% glycerol, bromophenol blue, 2%
BME) containing 1 mmol/L sodium orthovanadate and
protease inhibitor cocktail tablet (40 ul/ml) followed by
brief sonication. After centrifugation at 14,000 rpm, the
supernatant was collected. Fifteen ul of each sample was
resolved on 8% SDS-polyacrylamide gels and transferred
to polyvinylidene fluoride membrane (Millipore) for immu-
noblotting as described.

Sodium Orthovanadate Treatment

Age-matched wild-type and PECAM-1-deficient mice
were sacrificed and spleens harvested. Isolated spleno-
cytes were incubated at 37°C in the presence of 1 ng/ml
IL-6 with and without 1 mmol/L sodium orthovanadate
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(NaQV) for 15 to 30 minutes, followed by two ice-cold
PBS washes and lysis in 20 mmol/L Tris-HCI, pH 7.5, 150
mmol/L NaCl, 10 mmol/L NA,P,O,, 1% Brij, 1 mmol/L
MgCl,, 1 mmol/L EGTA, 1 mmol/L PMSF, 5 mmol/L NaF,
250 pwmol/L NaOV, and Complete Protease Inhibitor
(Roche). Twenty ug of cell lysate were run of 8% SDS-
PAGE gels, and blotted in pY-STAT3 antibody (Cell Signal-
ing) and subsequently stripped and re-probed with SATA3
antibody (Cell Signaling) as per manufacturer’s instructions.
Results were analyzed using Kodak 1D software.

FACS Analysis

Splenocytes were prepared as described, fixed in 2%
PFA, then stained with 0.5 ug of polyclonal anti-mouse
TLR4 (Imgenex) in Hanks’ buffered salt solution plus 1%
BSA for 1 hour on ice, then, following two washes, in
donkey anti-rabbit IgG F(ab')2 PE conjugate (Jackson
Immunoresearch, West Grove, PA). Endothelial cells
were also fixed and stained in 0.5 ug of anti-TLR4 as
above, but the signal was amplified with donkey anti-
rabbit biotin conjugate secondary (Santa Cruz Biotech-
nology, Santa Cruz, CA) followed by a streptavidin PE
conjugate (Caltag Laboratories, Burlingame, CA). Sam-
ples were analyzed on a BD FACScalibur flow cytometer
using BD CellQuest software.

Immunofluorescence

Immortalized PECAM reconstituted and knock-out mouse
lung endothelial cells were cultured in chamber slides
(Lab-Tek, Nalge-Nunc International, Rochester, NY) to
confluence in 0.5% culture media, then fed new 0.5%
culture media for 1 hour, followed by treatment for 24
hours or 5 hours with 100 ng/ml LPS in serum-free con-
ditions. Cell monolayers were fixed for 15 minutes in 2%
PFA at room temperature, followed by three 1% BSA/PBS
washes of 5 minutes each. Monolayers were extracted at
4°C for 10 minutes in 15 mmol/L Tris pH 7.5, 120 mmol/L
NaCl, 25 mmol/L KCI, 2 mmol/L EDTA, 2 mmol/L EGTA,
0.1 mmol/L DTT, 0.5 mmol/L PMSF, and 0.5% Triton
X-100. Following a 1-hour room temperature wash in 1%
BSA/PBS plus 5.5% normal donkey serum, primary anti-
bodies anti-STAT3 or anti-pY(705) STAT3 (both Cell Sig-
naling at 1:500) were added and incubated overnight at
4°C. Samples were washed three more times, 5 minutes
each at 4°C in 1% BSA/PBS, then incubated with Alexa
Fluor 594 anti-rabbit at 1:400 for 1 hour at room temper-
ature. After three more rounds of washes, cells were
mounted in VectaShield +DAPI mounting. A similar pro-
tocol was used to label splenic tissue previously fixed
with PLP and then submitted to frozen sectioning at a
5-um thickness.

Statistics

Results were analyzed using Statview Version 5 Software
(SAS Institute, Inc.) N-way analysis of variance and all
pair-wise multiple comparison procedures (Fisher's
PLSD, Bonferroni/Dunn, and Student-Newman-Keuls
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Figure 1. Decreased survival in CD31-deficient mice treated with LPS.
Kaplan-Meyer curves demonstrate 100% survival of wild-type mice at two
doses of LPS (E. coli serotype 055:B5), 200 ug (A) and 600 ug (B) (1 = 8 for
each dose). In contrast, CD31-deficient mice had 43% survival at 200 ug (7 =
7) and 0% survival at 600 ng (n = 8).

methods). Alternatively, the Student’s t-test was used.
Statistical significance was defined as a P value of <0.05.

Results

Impaired Recovery from Endotoxic Shock in
CD31-Deficient Mice

To assess the differences in response to LPS, wild-type
and CD31-deficient mice were treated with 600 ug LPS
(E. coli serotype 055:B5) and then followed for clinical
signs of sepsis. This dose was chosen because it had
been previously shown to be a sublethal dose in wild-
type C57BL6 mice (data not shown). To our surprise,
although all wild-type mice survived (8 of 8 animals),
there were no survivors (0 of 8) in the CD31-deficient
group 2 days following LPS administration (Figure 1B). At
a lower LPS dose (200 wng), there was 43% survival in the
CDg31-deficient group (3 of 7) and 100% survival among
wild-type animals (8 of 8) (Figure 1A).

Enhanced Vascular Permeability in Response to
LPS in CD31-Deficient Mice

Our previous studies illustrated that while under baseline,
un-stimulated conditions wild-type and CD31-deficient
mice exhibit similar vascular permeability profiles (both
exhibiting negligible Evans blue extravasation), stimula-
tion by either initiating an inflammatory response (MOG
peptide-induced EAE) or using a vasoactive agent (intra-
dermal injection of histamine) resulted in a pronounced
increase in organftissue-specific permeability in the
CD31-deficient animals compared to their wild-type
counterparts.’? In the current study, 1 day following a
200-ug dose of LPS, vascular permeability was analyzed

by the Evans Blue technique. In surviving mice, LPS

treatment resulted in a greater permeability change in

CD31-deficient lung, kidney, and liver as compared to
wild-type controls (Table 1). These differences were sta-

tistically significant (P < 0.005 for lung, P < 0.008 kidney,
and P < 0.03 for liver).

Table 1. Increased Vascular Permeability in CD31-Deficient
Lung, Kidney, and Liver 24 Hours Following LPS
Treatment (200 wg) as Determined by the
Presence of Evans Blue Dye in Tissues (ODgsy nm)
Wild-Type CD31-Deficient
Organ (Abs. at 650 nm) (Abs. at 650 nm)
Lung 0.139 = 0.026 0.275 = 0.056*
Kidney 0.138 = 0.018 0.219 + 0.031"
Liver 0.227 = 0.024

0.279 = 0.039*

*, P <0.005, t,P<0.008, % P < 0.03.

In the CD31-deficient tissues, there was a significant increase (2-
fold in the lung, 1.6-fold in the kidney, and 1.3-fold in the liver) in
permeability following LPS treatment (n = 6). Abs, absorbance.

Increased Capillary Leak and Apoptosis in
Multiple Organs following LPS Challenge in
CD31-Deficient Mice

One day after a 200-pg dose of LPS, histological analysis
was performed on lung, liver, kidney, and spleen in sur-
viving mice. In all tissues, intense capillary leak was
observed in CD31-deficient mice compared to controls.
Lungs from CD31-deficient mice demonstrated vascular
congestion and edema (Table 1 and Figure 2, C and F).
LPS treatment did not appreciably alter lung morphology
in wild-type mice (compare Figure 2, A and D with Figure
2, B and E).

Examination of the kidneys revealed glomerular and
peri-tubular capillary vascular congestion as well as oc-
casional peritubular endothelial cell karyorexis and kary-
olysis in CD31-deficient mice (Figure 3, C, H, I, N, and O).
While LPS treatment did induce mild congestion in wild-
type mice (Figure 3, B, F, G, L, and M), no evidence of
karyorexis or karyolysis was evident. Confirmation of peri-
tubular capillary endothelial cell apoptosis in CD31-defi-
cient mice was demonstrated by TUNEL staining (Figure 4).

In the liver, vascular congestion, sinusoidal and portal
inflammation was noted in the CD31-deficient mice
treated with LPS (Figure 5C, F, |, and J). Wild-type mice
treated with LPS demonstrated no appreciable hepatic
vascular or sinusoidal congestion (Figure 5, B, E, and H)

compared to untreated wild-type mice (Figure 5, A, D,
and G). The congestion in CD31-deficient mice was more
severe and was associated with sinusoidal and portal
neutrophilic infiltration (Figure 6, | and J).

Examination of the spleens revealed increased vascu-

lar congestion of the red pulp in CD31-deficient mice
following LPS treatment. While LPS treatment did induce
mild congestion in wild-type mice, no evidence of kary-
orexis or karyolysis was evident (Figure 6, A and B).
TUNEL labeling of paraffin sections of splenic tissue har-
vested from control (not shown) and LPS-treated (200 ug

for 24 hours) WT and CD31 KO mice revealed robust

increases in TUNEL-positive cells in the follicular center

regions of spleens harvested from LPS-treated CD31 KO
mice, while in LPS-treated WT mice only modest TUNEL
labeling was noted (compare Figure 6, C and D). A and
B: scale bar, 100 um; C and D: scale bar, 50 um.
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Figure 2. Pulmonary edema and congestion occur in CD31-deficient mice following LPS stimulation. Representative low- (A—C) and high- (D-F) power H&E
micrographs of lungs harvested from age- and sex-matched wild-type control mice (WT), wild-type mice treated with LPS (WT + LPS), and CD31-deficient mice
treated with LPS (CD31 + LPS). Lung tissue harvested from CD31-deficient mice (not shown) appeared indistinguishable from WT control mice (A and D).
Treatment of WT mice with LPS resulted in no appreciable changes in lung morphology (compare A and D with B and E). In contrast, treatment of CD31-deficient
mice with LPS resulted in significant vascular congestion and edema (Table 1 and C and F). Bar, 100 um (A to C); bar, 50 um (D to F.)

Increased Serum Cytokine Levels in
LPS-Treated CD31-Deficient Mice

As expected, cytokine levels in both wild-type and CD31-
deficient mice were below detectable levels before LPS
treatment (Figure 7A, top two panels at the zero (0) time-
point). However, 24 hours following a 200-u.g dose of LPS,

TNF-« levels in the serum as measured by ELISA were
approximately 10-fold higher in CD31-deficient mice as
compared to LPS-treated wild-type mice (Figure 7A). These
results were confirmed by a BD cytometric bead assay (not
shown). This finding prompted us to examine the serum
expression levels of other cytokines and chemokines known
to be dynamically regulated using inflammatory responses.

: W’e‘v..':
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Figure 3. Renal vascular congestion and endothelial cell apoptosis occur in CD31-deficient mice following LPS stimulation. Representative low- (A—C) and high-
(D—0) power H&E micrographs of kidneys harvested from age- and sex-matched wild-type control mice (WT), wild-type mice treated with LPS (WT + LPS), and
CD31-deficient mice treated with LPS (KO + LPS). Kidney tissue harvested from CD31-deficient mice (not shown) appeared indistinguishable from WT control
mice (A, D, E, J, and K). Treatment of WT mice with LPS resulted in modest glomerular and peri-tubular capillary congestion (compare D, E, J, and K with F,
G, L, and M). In contrast, treatment of CD31-deficient mice with LPS resulted in significant glomerular and peri-tubular capillary vascular congestion and pyknosis
of peri-tubular capillary endothelial cell nuclei (arrow) (H, I, N, and O). Bar, 100 um (A—C); bar, 50 um (D-D); bar, 10 um (J to O).
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Figure 4. Renal peri-tubular capillary endothelial cell apoptosis occurs in CD31-deficient mice following LPS stimulation. Representative low- (A, C, and E) and
high- (B, D, and F) power micrographs TUNEL-stained sections of kidneys harvested from age- and sex-matched wild-type control mice (WT), wild-type mice
treated with LPS (WT + LPS), and CD31-deficient mice treated with LPS (KO + LPS). Kidney tissue harvested from CD31-deficient mice (not shown) appeared

indistinguishable from WT control mice having no TUNEL positivity (A and B). Treatment of WT mice with LPS yielded no TUNEL positivity (compare A and B
with C and D). In contrast, treatment of CD31-deficient mice with LPS resulted in significant TUNEL positivity of peri-tubular capillary endothelial cell nuclei (E

and F). Bar, 100 um (A, C, and E); bar, 50 um (B, D, and F).

A time-course study over a 24-hour period following

LPS treatment revealed increases in several other cyto-

kines including IFNy, MCP-1, MCP-5, IL-6, and sTNFR1
(Figure 7B).

WT WT + LPS KO +LPS
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Figure 5. Hepatic vascular congestion and sinusoidal neutrophilic infiltration
and apoptosis occur in CD31-deficient mice following LPS stimulation. Rep-
resentative low- (A to €) and high- (D to F) power H&E micrographs of livers
harvested from age- and sex-matched wild-type control mice (WT), wild-
type mice treated with LPS (WT + LPS), and CD31-deficient mice treated
with LPS (CD31 + LPS). Liver tissue harvested from CD31-deficient mice (not
shown) appeared indistinguishable from WT control mice (A, D, and G).
Treatment of WT mice with LPS resulted in very modest hepatic vascular and
sinusoidal congestion (compare A, D, and G with B, E, and H). In contrast,
treatment of CD31-deficient mice with LPS resulted in significant hepatic
vascular and sinusoidal congestion, sinusoidal neutrophilic infiltration (C
and F), and portal monocytic and neutrophilic infiltration (I and J) with
occasional neutrophilic apoptosis (J, circle). Bar, 100 um (A-C); bar, 50
pm (D=F); bar, 50 wm (G=J).

Reduced STAT3 Phosphorylation in Spleens
and Cultured Splenic Lymphocytes from
LPS-Treated CD31-Deficient Mice

One day (24 hours) following a 200-mg dose of LPS,
spleens were harvested from wild-type and CD31-defi-
cient mice. Splenic lysates run on 8% SDS PAGE and
pSTATS levels determined following normalization to total

TR -'.ir‘-;f'. .

LRl e d
Figure 6. Splenic congestion and apoptosis occurs in CD31-deficient mice
following LPS stimulation. A and B: Representative low-power micrographs
of spleens from age- and sex-matched wild-type (WT) and CD31-deficient
mice (KO + LPS) treated with LPS. LPS treatment elicited significantly more
congestion in the red pulp of spleens of the KO mice. Bar, 100 um. C and D:
Peroxidase-labeled micrographs of sections of splenic tissue from WT (C)
and CD31 KO (D) animals stained with TUNEL reagent. A robust increase in
TUNEL labeling was noted in CD31 KO animals following treatment with LPS
while no appreciable increase in TUNEL labeling was noted in WT animals.
Bar, 50 um (representative of four experiments).
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Figure 7. LPS treatment elicits significant increases in TNFa and other se-
lected cytokine serum levels in CD31-deficient mice compared to WT mice.
A: ELISA assays showed approximately a 10-fold increase in TNFa levels in
the sera of CD31-deficient mice (233 pg/ml) compared to WT mice (25
pg/mb, n = 8, P < 0.003. B: Higher levels of several cytokines including
INFy, IL-6, MCP-1, MCP-5, and sTNFR1 were noted when sera was assayed
using a Panomics cytokine array assay to assess cytokine profiles over a
24-hour time period of WT and CD31 KO animals treated with LPS. Other
cytokines (VEGF [shown] and TPO, TARC, SCF, RANTES, MIP-3B, MIP-2,
MIP-1A, LEPTIN, KC, IL-9, IL-5, IL-4, IL-3, IL-2, IL-17, IL-13, IL-12, IL-10,
GMCSF, GCSF, EOTAXIN, CTACK, and G6CKINE [not shown]) similarly
assessed did not exhibit any appreciable changes in response to LPS. Data
were accrued from three independent experiments, each run in duplicate.
Results were confirmed using the BD cytodex bead assay (not shown). A
representative series of cytokine arrays illustrating the differences be-
tween the sera harvested from WT and CD31 KO animals following LPS
treatment is included.

STATS. As illustrated in Figure 8, spleens harvested from
CD31-deficient animals exhibited significantly lower
pSTAT3 levels compared to those harvested from LPS-
treated wild-type mice (P = 0.004) (Figure 8A). Similarly,
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following a 24-hour treatment with 10 ng/ml or 100 ng/ml
of LPS, purified splenocytes (T and B lymphocytes) har-
vested from CD31-deficient spleens also displayed re-
duced pSTAT levels compared to splenocytes harvested
from wild-type mice (Figure 8B).

Immunofluorescence staining of frozen sections of
splenic tissue harvested from control and LPS-treated
(200 g for 12 hours) WT and CD31 KO mice revealed
a 3.7-fold increase (P < 0.04) in pSTAT3-labeled nu-
clei in WT spleens following LPS treatment, while no
appreciable change (0.94, P = 0.5) in nuclear local-
ization of pSTAT3 was noted in CD31 KO mice (Figure
8, C to F).

Immunofluorescence staining of frozen sections of
splenic tissue harvested from control and LPS-treated
(200 pg for 12 hours) WT and CD31 KO mice double-
labeled with anti-Mac-3, to identify splenic macrophages
and monocytes, and anti-pSTAT3 revealed essentially no
appreciable differences in macrophage/monocyte num-
bers (green fluorescence) and macrophage pSTAT3 cel-
lular localization patterns (red fluorescence) among WT
and CD31-deficient mice before and following LPS treat-
ment (Figure 8, G to J) at the time point studied. Essen-
tially no nuclear pSTAT3 localization was appreciated in
Mac-3-positive cells in both WT and KO spleens har-
vested from control and LPS-treated animals at the 12-
hour time point.

Decreased STAT3 Phosphorylation and
Nuclear Localization in Response to LPS in
Immortalized Pulmonary Endothelial Cells from
CD31-Deficient Mice

Endothelial cells are known to express Toll receptors on
their surfaces.?? To assess the effects of CD31 on TLR4
signaling, immortalized lung microvascular endothelial
cells, derived from CD31-deficient mice and these cells
stably transfected and expressing full-length CD31, were
incubated with LPS at a concentration of 100 ng/ml for
0.5, 2, 6, 12 and 24 hours. Cells were then stained for
STAT3 and pSTAT3 expression levels and localization.
As illustrated in Figure 9, A and B, the CD31-deficient
endothelial cells exhibited significantly reduced pSTAT3
levels in the absence and presence of 100 ng/ml LPS.
Further, at each time point examined during a 12-hour
time course, the CD31-deficient endothelial cells exhib-
ited significantly reduced pSTATS3 levels compared to the
cells stably transfected and expressing full-length CD31,
although their total STAT3 levels were essentially identi-
cal (*, P < 0.05).

In addition to exhibiting reduced levels of pSTAT3 in
response to LPS treatment, the PECAM-1-deficient endo-
thelial cells demonstrated minimal pSTAT3 nuclear trans-
location as opposed to the PECAM-1 reconstituted cells,
which exhibited significant nuclear localization of pSTAT3
when assessed by immunofluorescence microscopy
(Figure 9, C to F).
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IL-6 Stimulation of PECAM-1 Expressing Splenic
Lymphocytes Elicits Increased Expression of
PSTAT3 Compared to PECAM-1-Deficient Cells
and Sodium Orthovanadate Inhibition of
Phosphatase Activity in IL-6-Stimulated Splenic
Lymphocytes Elicits Increased Phosphorylation of
STAT3 in CD31-Deficient Cultures

Splenic lymphocyte cultures derived from WT and KO
spleens were stimulated with IL-6 (1 ng/ml) for 15 to 30
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minutes in the absence and presence of sodium or-
thovanadate. In the absence of sodium orthovanadate,
Western blot analyses of lysates revealed marked de-
creases in STAT3 phosphorylation in the IL-6 stimulated
CD31-deficient lymphocyte cultures compared to wild-
type cultures. Interestingly, in the presence of sodium
orthovanadate, the levels of pSTAT3 in the IL-6-stimu-
lated CD31-deficient lymphocyte cultures were found to
be similar to the levels observed in similarly treated wild-
type cultures (Figure 10).

TLR4 Expression in Splenocytes, Splenic
Lysates, Endothelial Cells, and Endothelial Cell
Lysates from WT and CD31-Deficient Mice Is
Essentially Unchanged

In an attempt to further elucidate the mechanism(s) un-
derlying the observed differences in STAT3 subcellular
localization and phosphorylation in WT and CD31-defi-
cient mice, splenocytes from WT and CD31-deficient
mice were analyzed for surface TLR4 expression by
FACS analysis and Western blotting. FACS analysis re-
vealed no appreciable changes in TLR4 expression on
splenocytes and endothelial cells isolated from WT or
CD31-deficient animals in the absence or presence of
LPS (Figure 11). These results were confirmed by West-
ern blot analysis of TLR4 expression (data not shown).

Discussion

We here demonstrated that CD31 modulates the sys-
temic response to LPS and prevents the development of
septic shock by at least three mechanisms: maintenance

Figure 8. Splenic lysates and splenic lymphocytes harvested from CD31-
deficient mice exhibit decreased pSTAT3 levels compared to WT mice fol-
lowing LPS stimulation. A: The top panel represents quantitation of the
relative pSTAT3 levels (sex- and age-matched averages of five and five CD31
KO animals treated with LPS and harvested 24 hours later) of splenic tissue
harvested from wild-type (WT) and CD-31-deficient (CD31 KO) animals,
normalized to total STAT3 (P < 0.004). The KO spleens exhibit a 75%
decrease in pSTAT3 compared to WT spleens. The bottom panel is a
representative Western blot of pSTAT3 and STAT3 from one WT and one
CD31 KO animal of the group tested. B: The top panel represents the
quantitation of the relative pSTAT3 levels of lymphocytes harvested from the
spleens of WT and KO mice and cultured in vitro for 24 hours in the absence
and presence of 10 and 100 ng/ml LPS. The lymphocytes harvested from
CD31 KO spleens exhibit a significant decrease in pSTAT3 compared to WT
splenic lymphocytes in the absence of LPS and at both LPS concentrations,
normalized to total STAT3. The bottom panel is a Western blot of pSTAT3
and STAT3 from the lymphocytes harvested from a WT and a CD31 KO
animal. C-F: Immunofluorescence micrographs of 6-um frozen sections of
splenic tissue from WT (C) and CD31-deficient (KO) (D) animals stained
with pSTAT3 (red fluorescence) and DAPI (blue fluorescence). A 3.7-fold
increase (P < 0.04) in pSTAT3 labeling was noted in WT animals following
treatment with LPS (compare C and D) while no appreciable increase in
PSTAT3 labeling was noted in CD31 KO animals (0.95, P = 0.45) (compare
E and F) (representative of three experiments). G- J: Immunofluorescence
micrographs of 6-um frozen sections of splenic tissue from WT (G and I) and
CD31-deficient (KO) (H and J) animals stained with pSTAT3 (red fluorescence)
and Mac-3 (green fluorescence) revealed essentially no differences in macro-
phage pSTAT?3 localization before (G and H) or following (I and J) LPS treat-
ment. The increased pSTAT3 nuclear expression noted in the WT LPS sample (I)
is manifested as red to yellow fluorescence due to the intensity of the fluores-
cence. Essentially no nuclear pSTAT3 localization was appreciated in Mac-3-
positive cells as evidenced by the lack of any pSTAT3 nuclear staining in the cells
expressing green fluorescence in their cytoplasm (insets).
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Figure 9. Immortalized pulmonary endothelial cells derived from CD31-
deficient mice exhibit decreased levels of p-STAT3 in response to LPS
exposure in vitro. A: Top, representative Western blot of KO lung endothe-
lial cells revealed decreased levels of pSTAT3 compared to PECAM-1-recon-
stituted cells (RC), although both cell types expressed approximately equal
amounts of total STAT3. Following stimulation with 100 ng/ml LPS, unlike the
increases noted in the RC cells, the KO cells exhibited a significantly blunted
PSTAT3 response. Bottom, average of five independent experiments illus-
trating the blunted pSTAT3 response in KO cells (*, P < 0.0 5). B: Western
blot analysis of KO lung endothelial cells and PECAM-1-reconstituted cells
stimulated with 100 ng/ml LPS over a 12-hour time period revealed de-
creased levels of pSTAT3 in KO endothelial cells compared to PECAM-1-
reconstituted (RC) endothelial cells, although both cell types expressed
approximately equal amounts of total STAT3 (n = 5; *, Pvalue < 0.05). Cto
F: Immortalized pulmonary endothelial cells derived from CD31-deficient
mice exhibit decreased nuclear localization of pSTAT3 in response to LPS
exposure in vitro. Immunofluorescence microscopy of cultured PECAM-1-
reconstituted endothelial cells (RC) (C and E) and KO endothelial cells (D
and F) in the absence (C and D) and presence (E and F) of LPS revealed no
appreciable nuclear localization of pSTAT3 in both cell types in the absence
of LPS (C and D). In contrast, the presence of nuclear pSTAT3 was noted in
RC cells but was significantly reduced in KO cells following LPS treatment (E
and F). Bar, 50 um.

of endothelial integrity, modulation of STAT3 phosphory-
lation, and modulation of apoptosis.

A prior study in the mouse EAE model revealed that
initiation of central nervous system (CNS) inflammation in
CD31-deficient mice caused enhanced, prolonged
breakdown of the blood-brain endothelial barrier as com-
pared to wild-type mice.'® These changes led to in-
creased CNS vascular permeability and earlier onset of
clinical disease. Similar to the findings in EAE, we here
showed that a systemic inflammatory challenge with LPS
also causes enhanced vascular leak in CD31-deficient
mice that contributes to increased mortality.

As determined by the Evans Blue technique and his-
topathology of lung, liver, and kidney, this alteration of
endothelial integrity occurred within 24 hours of an LPS
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Figure 10.1L-6 stimulation of PECAM-1 expressing splenic lymphocytes
elicits increased expression of pSTAT3 and sodium orthovanadate inhibition
of phosphatase activity in IL-6 stimulated splenic lymphocytes elicits in-
creased phosphorylation of STAT3 in CD31-deficient cultures. WT and KO
splenic lymphocyte cultures were stimulated with IL-6 (1 ng/ml) for 15 to 30
minutes in the absence (WT and KO lymphocytes) and presence of Sodium
orthovanadate (WT and KO lymphocytes + NaOV). In the absence of
sodium orthovanadate, Western blot analyses of lysates revealed marked
decreases in STAT3 phosphorylation in the IL-6 stimulated CD31-deficient
lymphocyte cultures (open bars) compared to wild-type cultures (shaded
bars). In the presence of sodium orthovanadate, the levels of pSTAT3 in the
IL-6 stimulated CD31-deficient lymphocyte cultures were found to be similar
to the levels observed in similarly treated wild-type cultures (averages of two
independent experiments).

challenge. This role for CD31 is, therefore, not specific to
the blood-brain endothelial barrier, and its expression in
other solid organs appears necessary to prevent severe
inflammatory injury. Its effects also appear to be impor-
tant very early in the inflammatory response. In immediate
hypersensitivity reactions induced by histamine, CD31-
deficient mice and cultured endothelial cells exhibit pro-
longed permeability changes compared to wild-type
cells.’?

These results are consistent with the hypothesis that
CD31 is involved in the timely restoration of interendothe-
lial junctional integrity following an inflammatory stimulus
but is not necessary for maintenance of endothelial in-
tegrity in the normal quiescent state.'®2® Although CD31
also mediates leukocyte adhesion and facilitates trans-
endothelial migration in some vascular beds, other adhe-
sion molecules appear to compensate for the absence of
CD31 in knockout animals. Further, its effects on vascular
integrity do not appear to be duplicated by other molecules.

In addition to changes in vascular permeability, we
also observed impaired phosphorylation of STAT3 in
CD31-deficient mice and cultured splenocytes and en-
dothelial cells. The regulation of the APR by STAT3 is
complex because it mediates transcription of pro- and
anti-inflammatory genes.'2° However, work in cell-spe-
cific knockout mice suggests that its anti-inflammatory
effects are physiologically dominant and are important in
the termination of the APR. Mice deficient in STAT3 in
macrophages and neutrophils demonstrate increased
mortality in LPS-induced shock associated with in-
creased production of pro-inflammatory cytokines such
as TNF-a and IL-6.2° Macrophages and neutrophils from
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Figure 11.TLR4 expression of WT and CD31-deficient splenocytes and
endothelial cells remains constant and does not change following LPS treat-
ment. Representative FACS analyses of WT (A) and KO (B) splenocytes in
the absence and presence of LPS; KO (C) and PECAM-1 reconstituted (D)
lung endothelial cells and KO (E) and WT (F) brain endothelial cells illus-
trating essentially no differences in TLR4 expression. This was confirmed by
Western blot analyses (data not shown).

these mice are not responsive to the immune-suppres-
sive cytokine, IL-10. In STAT3-deficient hepatocytes, LPS
does not induce a subset of IL-6-responsive, acute phase
genes that may be important in recovery from endotoxic
shock.™ Our findings of dysregulated cytokine induction
in PECAM-1-deficient mice following LPS challenge are
consistent with the data presented in this report and our
previous data,®?* suggesting that PECAM-1 serves as a
scaffolding on which STAT isoforms are differentially
phosphorylated, providing a regulatory mechanism of
STAT signaling; and on which the phosphatase SHP-2,
known to be involved in IL-6 signaling, can be seques-
tered, modulating its activity. Indeed, inhibition of phos-
phatase activity (by sodium orthovanadate) during IL-6
stimulation of lymphocytes elicits a blunting of the de-
phosphorylation of pYSTAT3 in CD31 KO splenocytes,
resulting in pSTATS3 levels in the CD31 KO splenocytes
that more closely approximate those of the WT spleno-
cytes (% pSTAT3 relative to WT = 14.3% *+ 5.56 without
sodium orthovanadate versus 70.1% = 13 with the addi-
tion of sodium orthovanadate) (Figure 10). Thus, we hy-
pothesize that CD31-mediated regulation of endothelial
integrity and STAT3 phosphorylation state occur through
its role as a scaffolding molecule (Figure 12).

Junctional complexes formed by transmembrane mol-
ecules including as VE-cadherin maintain endothelial in-
tegrity and associate with the cellular cytoskeleton
through the intracellular protein B-catenin. Many vasoac-
tive agents are known to elicit tyrosine phosphorylation of
several junctional components including B-catenin. This
phosphorylation leads to dissociation of VE-cadherin and
B-catenin and to breakdown of the adherens junctional
complex. CD31 binds tyrosine phosphorylated p-catenin
and stimulates its dephosphorylation by also binding the
phosphatase SHP-2, thus serving as a scaffolding, bring-
ing both the tyrosine phosphorylated B-catenin and
SHP-2 into close proximity and facilitating the dephos-

eerrerst

Figure 12. Current working model of the role of PECAM-1 as a modulator of
cytokine expression. PECAM-1 facilitates down-regulation of LPS-induced
IL-6-mediated cytokine induction by modulating the localization and activi-
ties of SHP-2 (WT). In the absence of PECAM-1, SHP-2 binds and dephos-
phorylates STAT3 rendering it unable to translocate to the nucleus and
initiate the down-regulation of cytokine expression, which may potentiate
sustained cytokine expression in CD31 KO animals.

phorylation of the phosphorylated B-catenin.®” 1924 The
dephosphorylated B-catenin would then be available to
bind VE-cadherin which leads to the reassembly of the
junctional complex and barrier integrity 68
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Additionally, CD31 also facilitates the phosphorylation
of STAT3. STAT3 in its dephosphorylated form is thought
to bind to the cytoplasmic tail of CD31 and become
tyrosine phosphorylated there by an undefined kinase
which binds to the Y686 ITAM tyrosine.®'® Phosphory-
lated STAT3 would then dissociate from the complex and
be transported to the nucleus to regulate gene transcrip-
tion. This model suggests that CD31 functions as a res-
ervoir/binding site for sequestration, activation, and/or
phosphorylation/dephosphorylation of molecules such as
B-catenin, FAK, SHP-2, and STAT3.67810:24.25 Exactly how
this dynamic binding and activation occurs temporally fol-
lowing an inflammatory stimulus remains unclear but differ-
ential phosphorylation/dephosphorylation of the PECAM-1
ITAM tyrosines Y663 and Y686 and selected serine resi-
dues have been shown to be involved.6~8910.23.24

Additionally, we have found that splenocytes, splenic
tissue, and cultured endothelial cells harvested from CD31-
deficient mice exhibit no appreciable changes in TLR4 ex-
pression compared to WT cells and tissues (Figure 11).

Our findings of increased splenocyte, endothelial cell,
and PMN apoptosis in tissues and cells derived from
PECAM-1-deficient mice following LPS treatment is con-
sistent with published findings.'®11:26-2° Several of
PECAM-1’s known binding partners including B- and
y-catenin, SHP-2, and STAT3 and 5 are known to be
involved in apoptotic and cell survival signaling path-
ways.® These data suggest that PECAM-1 may serve
as a modulator of apoptotic/survival pathways via its
scaffolding/binding properties, perhaps being regulated
by differential tyrosine and serine phosphorylation/
dephosphorylation.

Within the context of its ability to participate in the
maintenance endothelial integrity, the modulation of
STAT3 phosphorylation and apoptosis, CD31 can be
considered as a negative regulator of systemic and or-
gan-specific inflammatory responses (Figure 12). lts role
is independent of the nature of the initial immune stimu-
lus. It can be induced systemically by an innate immune
stimulus such as LPS or by an organ-specific autoim-
mune response initiated by the adaptive immune system
as in EAE. Additional work is required to elucidate the
independent and possibly interdependent roles of CD31-
mediated regulation of SHP-2, B-catenin, and STAT3 dur-
ing inflammation.'®3° Since selected kinases and phos-
phatases bind to CD31 through its ITAM domain,
modulation of tyrosine phosphorylation of this domain
represents a potential therapeutic target, and further study
is needed to determine the feasibility of that approach.
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