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Platelet-endothelial cell adhesion molecule-1 (PECAM-1)—deficient mice
demonstrate a transient and cytokine-specific role for PECAM-1 in
leukocyte migration through the perivascular basement membrane

Richard D. Thompson, Karen E. Noble, Karen Y. Larbi, Ann Dewar, Gordon S. Duncan, Tak W. Mak, and Sussan Nourshargh

Studies with neutralizing antibodies have
indicated roles for platelet-endothelial cell
adhesion molecule-1 (PECAM-1) in leuko-
cyte migration through the endothelium
and the perivascular basement mem-
brane. Because some of these findings
have been contentious, this study aimed
to explore the role of PECAM-1 in leuko-
cyte migration by analyzing leukocyte
responses in interleukin 1 B (IL-18)- and
tumor necrosis factor- o (TNFe)-activated
cremasteric venules of PECAM-1-defi-
cient mice using intravital and electron

microscopy. Although no differences in
levels of leukocyte rolling flux or firm
adhesion were observed, a delay in leuko-

cyte transmigration in response to IL-1 B,

but not TNF «, was detected in PECAM-1—
deficient mice. Electron microscopy
indicated that this delay occurred at the
level of perivascular basement mem-
brane. To address the cytokine specificity
of PECAM-1 dependence, in vitro experi-
ments demonstrated that TNF «, but not
IL-1B, could induce rapid adhesion of
murine neutrophils to protein-coated

surfaces, suggesting that TNF  « elicited
leukocyte transmigration in wild-type
mice via direct stimulation of leuko-
cytes. In summary, the results suggest a
regulatory role for PECAM-1 in leuko-
cyte migration through the perivascular
basement membrane, a role that ap-
pears to be cytokine-specific and asso-
ciated with the ability of the cytokine to
stimulate rapid neutrophil adhesion.
(Blood. 2001;97:1854-1860)
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Introduction

The process of leukocyte recruitment involves a series of coopera-PECAM-1 is a 130-kd glycoprotein composed of 6 C2 immuno-
tive interactions between circulating leukocytes and the endothelgdbbulin domains, a transmembrane portion, and a short cytoplas-
cells over which they passAdhesive interactions between glyco-mic tail. It is expressed by platelets, by most subsets of leukocytes,
proteins expressed on the surface of leukocytes flowing freedynd by endothelial cells, concentrated at interendothelial junctions.
within blood vessels and their specific counterreceptors on endotR&CAM-1 has been shown to support cell-cell adhesion by
lial cells permit leukocytes to slow and subsequently arrest thdiomophilic interactions in a calcium-dependent manner, a process
motion, despite the relatively high shear forces found within thihat appears to be mediated by domains 1 and 2 of the mol&cile.
vascular lumen. This process can be subdivided into a numberfohumber of putative heterotypic ligands for PECAM-1 have also
distinct but overlapping steps, involving different classes of celleen identified, including the integrin,fs'%17 and adenosine
adhesion molecules acting cooperatively with endothelial-celtiphosphate—ribosyl cyclase (CD38)though the in vivo rel
associated stimulating factors, such as platelet activating factor aance of such in vitro observations has yet to be determined and,
certain chemokines. Although our understanding of the moleculiarthe case o, 3, is in contentiort?

events that regulate the first 2 stages, rolling and firm adhesion, hasEarly studies suggested that the role of PECAM-1 was predomi-
increased greatly in recent years, details of the mechanisms thanhtly as an adhesive structure because it shared sequence homol-
allow firmly adherent leukocytes to pass through the endotheliungy with other adhesion molecules, it was capable of mediating
and its associated perivascular basement membrane have yet toddlecell adhesion, and anti-PECAM-1 antibodies could disrupt the
fully determinec? This process, termed leukocyte transmigratiorformation of confluent endothelial monolayers in vitfg°There is

has already been shown to involve representatives from differentreasing evidence, however, that in common with other cell
families of adhesion molecule$including members of thg, adhesion molecules, PECAM-1 has important signaling properties.
integrin family, such as leukocyte-function—associated antigenEhgagement of PECAM-1 can result in up-regulatiof 9f3,, and

(o B2, CD11a/CD18) and Mac-lafyB, CD11b/CD18%® and Bjintegrin function?-22and cellular activation can result in serine
members of the immunoglobulin superfamily, such as intercellular tyrosine phosphorylation of the cytoplasmic tail of PECANA’
adhesion molecules 1 and 2 (ICAM-1, ICAM-2)9 platelet- Phosphorylation of the cytoplasmic tail can allow fleemation of
endothelial cell adhesion molecule-1 (PECAM-1, CD3#fand docking sites for other signaling molecuig® and may lead to
junctional adhesion molecuté. alterations in expressiéfh?®> and/or binding character-istics of
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PECAM-130 Thus, reciprocal signaling mechanisms exist thatamples digested with proteinase K (@@mL), and amplified by means of
allow engagement of PECAM-1 to modulate other cellular prgt reaction mixture containing appropriate murine PECAM-1 primers (1
cesses, such as integrin-mediated adhesive interactions (outsidelh deoxynucleotide triphosphates (0.2 mM), magnesium chloride (2.5
signaling), and also allow cellular events to regulate the binding B*): and Tag polymerase (20 U/mL) in NHuffer. Following amplifica
PECAM-1 to its ligands (inside-out signaling). This combination ofon in a thermoblock (Biometra, Maidstone, United K'.”Qd°m)* the
products were separated by 1% agarose gel electrophoresis; 165-base pair

characterlstlcs—ln'terms of _dlstrlbutlon, b_lndlng, ar_ld S|gnallng—bp) fragment denoted the wild-type gene, and 1500-bp fragment denoted
renders PECAM-1 ideally suited for a role in transmigration.

- ’ e S ] the recombinant, PECAM-1-deficient gene.
There is now considerable in vitro and in vivo experimental

evidence supporting a role for PECAM-1 in leukocyte migratiofh avital microscopy

through the endotheliud?:31-33 More recently, certain anti—

PECAM-1 antibodies have also been shown to suppress |eukocg,§§k‘o‘cyte-_endotheliaI cell interac_tions were i_nduced _b)_/ intra;crotal (1S)
migration through the perivascular basement memb¥atfea admmlstratlon.of TNE or IL-1B, with control mice receiving salln.e (IS).
response that appears to be mediated by molecular interactiétntgr the desired interval, most commonly 4 hours, the mice were

. . . anesthetized with ketamine (100 mg/kg intraperitoneally [IP]) and xylazine
different from .the mechanlgms that medlatg PECAM-.l.—dep.end(?% mg/kg IP) and maintained at 37°C on a custom-built heated microscope
transendothelial cell migratioff:3436.3’"Genetically modified mice

- o : stage. The cremaster muscle was exteriorized and prepared for intravital
lacking PECAM-1, although exhibiting nearly normal inflammarmicroscopy as previously describ®dBriefly, following incision of the

tory responses, have also suggested some abnormalities in g61®tum, one testis was gently withdrawn to allow the cremaster muscle to
movement of leukocytes through the perivascular basement mea-incised and pinned out flat over the window in the microscope stage. The
brane, though at present, the dynamics and possible stimutngmaster muscle was kept warm and moist by continuous application of
specificity of this observation is uncle¥rThe aim of the present warmed Tyrodes balanced salt solution.

study was to use a combined experimental approach of intravital Leukocyte‘-endothelial cgll interactions were observed on an upright
and electron microscopy to extend the findings of Duncarfbgl fixed-stage microscope (Axioskop FS) (Carl-Zeiss, Welwyn Garden City,

directly quantifying leukocyte responses within Cytokine-activateldmted Kingdom) fitted with water-immersion objectives. Video recordings

teri | f PECAM-1—deficient mi f . were made with a color video camera (Model C5810-01) (Hamamatsu
cremasteric venules o -—geficient mice, tocusing Olghotonics, Enfield, United Kingdom) and videocassette recorder (Model

responses elicited by |nterleuk|-r81(IL-1B) ahd tUmMor Necrosis AG_Mp830E) (Panasonic, Bracknell, United Kingdom). In most series of
factora (TNFa). We hypothesized that with the use of thissxperiments, the carotid artery ajugular vein were exposed and cannulated
experimental approach to observe leukocyte behavior at tgallow for blood sampling, blood pressure measurement, and administration of
cellular level, subtle defects in leukocyte transmigration in thi@rther anesthetic (sodium pentobarbitone, 3 mg/kg per hour). Total leukocyte
PECAM-1-deficient mice may become more apparent. Indeewyunts were performed on blood samples by means of Kimuref&faifieren-
although they provide additional evidence for a role for PECAM-tial cell analysis was determined in smears prepared in a cytocentrifuge
in leukocyte migration through the perivascular basement mef§tospin-3) (Shandon, Runcorn, United Kingdom) and stained with May-
brane, our findings demonstrate that this PECAM-1-dependéfffnwald/Giemsa stains. Blood pressure was measured by means of an
response is transient and cytokine-specific, supporting Ieukocg{gctronlc pressure transducer (Harvard Apparatus, Edenbridge, United King-
transmigration '”duc?d by ILA but not.TNfo. In _V'tro data Postcapillary venules, 20 to 40m in diameter, were identified for
suggested that the difference observed in the profile of leukocydgq Roliing leukocytes were defined as those moving more slowly than
transmigration elicited by the 2 cytokines was associated with th associated blood flow, and rolling flux was quantified as the number of
ability of TNFe, but not IL-18, to stimulate murine leukocytes.  rolling cells moving past a fixed point on the venular wall per minute,
averaged over 5 minutes. Firmly adherent cells were those remaining
stationary for 30 seconds or longer within a given }0@-segment of

Materials and methods venule. Extravasated leukocytes were those in the perivenular tissue within
50 wm of the 100pm vessel segment under observation. Several vessel
Animals segments (range, 3-5) from multiple vessels (range, 3-5) were studied for

) o each animal. Additionally, in selected experiments, erythrocyte centerline
Mlce dgflClentln PECAM-1 have recently been developed by targeted 98Bocity was determined by means of an Optical Doppler Velocimeter
disruption and backcrossed onto a C57BL/6 backgrdtinéige- and  (vjicrocirculation Research Institute, College Station, TX), which allowed
weight-matched wild-type C57BL/6 mice were purchased from Harlafe\tonian shear rates to be calculated as previously descéibed.

Olac (Bicester, United Kingdom).

Reagents Electron microscopy

The following reagents were purchased: recombinant murinepliad In selected experiments, following the dynamic quantlflca_tlon qf Ieukocytg
responses, the cremaster muscle was removed and fixed in a solution

TNFa (Serotec, Oxford, United Kingdom); ketamine (Ketalar) (Parke- L .
Davis (Eastleigh United Kingdom); gylaziie (Rompun)( (Bayer) I(3ury Scf‘ontamlng_ 2'5% glutaraldehyde .(2'5%)’ S.Od'um cacodylate (50 mM),
Edmunds, United Kingdom): sodium pentobarbitone (SagataI)Ar(Ethohydrocmonc acid (4 mM), and calcium chloride (0.18 mM). Samples were

Mérieux, Harlow, United Kingdom); Tyrodes balanced salts (Life Technolot—hetnh posltflxed n ozmcle:‘md\_/lll oxllg.f @ /0.) an_d, ftollong thy\(/jratloln n
gies, Paisley, United Kingdom); osmium (VIII) oxide (Johnson Mattheylr,ne tacr;o ,me_;e emt_en € "::lrat '.g rceism‘&rlc;rlqjic |c:)rl1|ng. UTt?s;ah§nwere
Royston, United Kingdom); sodium cacodylate (Agar Scientific, Stansteaaf:ae within sections (lum) stained with foluidine blue. ati

United Kingdom): Biotag DNA polymerase (Bioline, London Unitedsections (0.3.m) of the target area were mounted on copper mesh grids and

Kingdom); percoll (Amersham Pharmacia Biotech, Little Chalfont, Uniteat?'ned with granyl_ acetate ‘and _Iead cnrate_. A transmlssmn electron
Kingdom). All other reagents were purchased from Sigma-Aldrich (Poolg?ICrOSCOpe (H'Fa_‘tCh' 700_0) (H|tatch|, Hayes, Umt.Ed Kingdom) was QSEd o
United Kingdom). assess_the position of migrating leukocytes relative to the_ endothellum and
the perivascular basement membrane, as we have previously deséribed.
For each vessel, the number of leukocytes in each of the following positions
was noted: A, within lumen of venule; B, crossing endothelium; C, between
Polymerase chain reaction (PCR) was used to confirm the genotype of mécelothelium and perivascular basement membrane; D, crossing basement

used in this study as follows: genomic material was prepared from tissoeembrane; E, outside venule, but within Bt of it. For each venule, the

Polymerase chain reaction
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fraction of leukocytes that had crossed the endothelium but were still insidg IL-1p
the basement membrane was calculated according to the following equa-
tion: C/(C+ D + E). In each series of experiments, tissue samples from atg,
least 4 animals were analyzed, and at least 3 vessels from each animal wi
studied in detail.
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Blood was collected from donor C57BL/6 animals by cardiac puncture an
anticoagulated with EDTA (10 mM). Following dextran sedimentation, the

: . " . . 1 saine  EEENN Cytokine
neutrophil fraction was purified by centrifugation over a 2-layer percoll

gradient (80% over 64%), a procedure that yielded a leukocyte preparatio% E 7.5 s g 754 -
with greater than 90% neutrophils. The cells were then labeled with the§|§’ §,§’ x
fluorochrome Cell Tracker Orange (3V) (Pharmingen, San Diego, CA), E73 50+ tg 501
and the adhesion assays were performed in triplicate in 96-well plates ¢ 58
precoated with bovine serum albumin (BSA) §8/mL). Murine neutro- 28 254 2E 254
phils (1 per well) were coincubated for 30 minutes with murine TNF £ 8 28
murine IL-18, or formyl-methionyl-leucine-phenylalanine (fMLP) at the =& 00--— dg o0
Wild-type PECAM =/= ~ Wild-type PECAM —/—

concentrations indicated in “Results.” Fluorescence readings were taken

from each well by means of a fluorescence plate reader (Cytofluor 2350%”6 2. Leukocyte responses induced by IL-1 p and TNFe in cremasteric
ehules of PECAM-1-deficient mice. = PECAM-1—-deficient and wild-type mice

(Millipore, Watford, United Kingdom) (excitation at 541 nm and EMISSION, ore treated either with intrascrotal saline or with IL-18 (30 ng) (A) or TNFa (300 ng)
at 565 nm) beforg and after nonadherent neUITOthS had bee‘n washed @ff4 hours before the cremaster muscle was prepared for intravital microscopy.
Neutrophil adhesion was calculated as the ratio of the 2 readings, and th@er and lower panels show leukocyte firm adhesion and transmigration, respec-

data are expressed as the percentage of unstimulated adhesion. tively, from the same experiments. The data represent mean = SEM (n = 5 mice per
group; *P < .05, **P < .01, **P < .001).

Statistical analysis

Data are presented as the meaSEM. Statistical significance was assessed bio 1000 ng), were administered by intrascrotal injection, and 4
means of 1- or 2-way analysis of variance, or Mann-Whithéytest as  hours later, leukocyte responses were quantified as observed by
appropriateP < .05 was considered significant. Analysis was performed witthtravital microscopy. Figure 1 shows the dose-response relation-
Prism 3.0 for Windows (Graphpad Software, San Diego, CA). ship of cytokine-induced leukocyte firm adhesion and transmigra-
tion. Neither IL-13 nor TNFx produced significant changes in
leukocyte rolling flux (data not shown). Overall, Il3appeared to
Results exhibit a greater level of potency in this model (approximately
10-fold), with doses of 30 ng ILfA and 300 ng TNE inducing
comparable effects on leukocyte firm adhesion and transmigration.
These doses were used in all subsequent experiments.

IL-1B8 and TNF « induce leukocyte transmigration through
murine cremasteric venules

Prior to investigating leukocyte responses in PECAM-l—deficieEt Kocvie transmiaration in r nse to IL-1 but not TNE
mice, we characterized the profile of leukocyte responses i <ocyte transmigration in response fo fi.- B, butno “

cytokine-activated cremasteric venules of wild-type mice. Th'%dImInISheoI In PECAM-1-deficient mice

cytokines under investigation, ILBI(3 to 100 ng) and TN& (100 The aim of the present experiments was to investigate leukocyte
responses in cytokine-stimulated cremasteric venules of PECAM-
1-deficient mice compared with wild types. For this purpose,

A lL-1p B TNFa responses were quantified 4 hours postadministration ofl30
2% 4o 2% ng, 1S) or TNFx (300 ng, IS). Prior to the in vivo studies, PCR
§§ §§n o analysis of tail biopsies was used to confirm the genotype of the
it o] - E% 12 * N PECAM-1—deficient mice, as detailed in “Materials and methods”
HE 8¢ (results not shown).
%g 6+ s E 64 In vivo, both cytokines elicited significant and comparable
-g?: g’% increases in leukocyte firm adhesion in wild-type and PECAM-1—
g O- tg 0 deficient mice, but leukocyte transmigration induced by B,-fut
~ - " not TNFx, was significantly lower in the PECAM-1-deficient
587 §27007 animals (Figure 2). This suppression of leukocyte transmigration in
£% 75 5 %” 7.5 the genetically modified mice represented a 67% redudten (01)
E% ool T g ool * in the response when compared with that detected in@k-1
E; ; stimulated venules of wild-type animals. No differences in leuko-
£g 2% g4 25 cyte rolling flux, venular wall shear rates, or blood pressure were
3% ood 3% oo- observed between the 2 strains of mice (data not shown). Further-
T et g T e 30 o0 more, the reduction in leukocyte transmigration could not be
Figure 1. Dose-response relationship of leukocyte responses induced by IL-1 B explalned by differences in systemic leUkOCyte counts as no

and TNF « in murine cremasteric venules.  Wild-type mice were treated either with Signiﬁcant differences in total counts were observed, thOUgh a
intrascrotal saline or with IL-1 (3 to 100 ng) (A) or TNFa (100 to 1000 ng) (B)4hours  greater number of neutrophils were detected in PECAM-1-
before the cremaster muscle was prepared for intravital microscopy. Upper and lower deficient (2 99+ 0.4 X 105/m|_) Compared with Wild-type mice
panels show leukocyte firm adhesion and transmigration, respectively, from the same D . _ .
experiments. The data represent mean = SEM (n = 4 to 5 mice per group; *P < .05, (]-'78i 0.2x 105/m|-) (mean * SEM; n=5 for both groups;

P < 01, **P < .001). P < .05).
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Figure 3. Time course of neutrophil transmigration induced by IL-1 B in 2% g
PECAM-1—-deficient and wild-type animals. PECAM-1—deficient and wild-type b % o b
mice were treated with intrascrotal saline or IL-18 (30 ng) 2, 4, and 24 hours before 22 0
3 .
the cremaster muscle was prepared for intravital microscopy. The data represent © Wild-type PECAM-1-/-

mean * SEM (n = 3 animals for 2- and 24-hour groups and n = 8 for the 4-hour

group; *+P < .001). Figure 5. Proportion of neutrophils trapped between venular endothelial cells

and the perivascular basement membraneinIL-1  B-treated cremasteric venules
from PECAM-1—-deficient and wild-type animals as determined by electron
The reduction in IL-1 B—induced leukocyte transmigration is microscopy. Following in vivo quantification of leukocyte responses 4 hours after
. . intrascrotal administration of IL-1f3, cremaster muscles of both wild-type and
due to a delay in the movement of neutrophils through the PECAM-1-deficient mice were removed and prepared for electron microscopy. The
perivascular basement membrane graph shows the number of neutrophils observed between the venular endothelium
and the perivascular basement membrane, expressed as a percentage of the total
The following series of experiments aimed to determine whetharmber of neutrophils that had passed the endothelial cell junctions. The data

the observed reduction in leukocyte transmigration throughg-1 represent mean + SEM (14 randomly selected vessel segments from 4 mice per
activated cremasteric venules of the PECAM-1-deficient mice ?ZJUP; P09

hours after stimulation) was a result of a delay or a total inhibition

of leukocyte migration. For this purpose, in addition to the 4-Noyqsition were seldom seen in IL%stimulated venules of

in vivo test period, leukocyte transmigration was quantified at Zntro| wild-type mice (Figure 4A). When results were assessed
additional time points, namely 2 and 24 hours postadministration Qﬂantitatively rather than qualitatively, approximately 7 times as

the cytokine. Figure 3 shows that in wild types, at the 2-hour img v heutrophils were trapped in IL32stimulated vessels of
point, there was no significant difference in leukocyte transmigrasz = ap-1—deficient mice. relative to wild-type controls

t'OIr.] m_a_mngacljs 'T‘JeC/tfd W'th |nt|ras<t:)rotal I(I;Bichomparedtyv!th t_é34%t 6.7% vs 4.5%* 1.7% respectivelyP < .05) (Figure
saliné-injected mice. AS previously observed, 4 nours postneClgt -, gych differences were observed in TStimulated

of the _cyto_klne, there was a significant increase in leukocyt essels (25%¢ 9.7% vs 16%= 4.2% for PECAM-1—deficient
transmigration, a response that was further increased at the 24-hour

. . b ) .~ Vs wild-type mice; data represent 13 to 16 randomly selected
time point. Interestingly, although once again a reduction in ssel segments from 4 mice per group)
leukocyte transmigration was observed in the PECAM-1—deficieht g pergroup).
mice at the 4-hour time point, this effect was absent in animals
treated with IL-B for 24 hours, a time point at which the TNFa can rapidly stimulate murine neutrophils in vitro
IL-1B—induced leukocyte transmigration in PECAM-1—deficient .
mice was identical to that observed in wild types. Because Ieukocyte. transmigration |anced by- Bkt pot TNFex

To determine the site of delay of the emigrating leukocytes {§aS Suppressed in PECAM-1-deficient mice (Figure 2), we
IL-1p-stimulated cremasteric venules of PECAM-1—deficieftyPothesized that perhaps in the present murine modeh s
mice, cremaster muscles were further analyzed by electr8ting via stimulation of neutrophils and thus bypassing a require-
microscopy, evaluations that also demonstrated that the migritent for endothelial cell PECAM-1. In this context, we have
ing leukocytes were predominantly neutrophils (approximateRreviously shown that in contrast to responses elicited by@|.-1
95%). Comparison of 4-hour ILg-stimulated cremaster venulesleukocyte transmigration through rat mesenteric venules induced
of PECAM-1—deficient and wild-type mice demonstrated a cledy the chemoattractant fMLP is PECAM-1-independéftHence,
and dramatic difference between their morphologies (Figure 4ie ability of TNFx, compared with IL-B, to stimulate murine
In PECAM-1—deficient mice, neutrophils were frequently obpeutrophils was assessed in an in vitro adhesion assay. As can be
served between the endothelium and the perivascular basengg@n in Figure 6, TNé induced a dose-dependent increase in
membrane, and in a number of vessels, this phenomenoeutrophil adhesion, responses that were comparable to that
resulted in an increase in the thickness of the venular wall liyduced by the chemoattractant fMLP. In contrast, f.4iad no
manyfold (Figure 4B). By contrast, neutrophils “trapped” in thisuch effect.

Figure 4. Electron micrographs of IL-1 ~ B—activated venules
from PECAM-1—deficient and wild-type animals. Follow-
ing in vivo quantification of leukocyte responses 4 hours after
intrascrotal administration of IL-1f, cremaster muscles were
removed and prepared for transmission electron microscopy.
Representative electron micrographs of cremasteric venules
from wild-type (A) and PECAM-1-deficient (B) mice are
shown. E indicates endothelium; N, neutrophil; P, pericyte
and associated perivascular basement membrane. Bar repre-
sents 10 microns.
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140 . PECAM-1-deficient mice, although both cytokines elicited compa-
E fMLP (10°M)  « rable firm adhesion, leukocyte transmigration induced by @l.-1
120+ but not TNFx, was significantly suppressed (67% inhibition).
Additional time-course experiments revealed that this suppression,
detected 4 hours postinjection of the cytokine, was not evident at 24
hours postadministration of ILRL These results suggest that
absence of PECAM-1 results in a delay, as opposed to a total
inhibition, of leukocyte migration through the venular wall. To
determine the stage of leukocyte transmigration at which this delay
occurred, we analyzed 4-hour Il34stimulated cremasteric venules

. ; ] | dhesion of mur s by transmission electron microscopy. These studies demonstrated a
Fluorochrome.labeled purfied mrine newtophis were nocbated win L.1p o TF  SIGNIficant increase in the number of neutrophils within the vessel
at the concentrations shown in wells coated with BSA. The ability of IL-18 () and ~ Wall of PECAM-1—deficient mice, ie, neutrophils that had success-
TNFa« (M) to stimulate firm adhesion is expressed as percentage of adhesion levels fu||y penetrated the endothelium but not the perivascular basement

i i il 0 + 0, i . . . .
e e ot ot onde %41 membrane. Hence, in this clean model of genetic deletion, our
(n = 3; P < .001 for overall difference between the 2 curves; *P < .05 for difference results suggest that PECAM'l_mdependent adhesion pathways
between IL-18 and TNFa at equivalent doses). can compensate for lack of PECAM-1 with respect to leukocyte
transendothelial cell migration, and we provide conclusive evi-
dence for a role for PECAM-1 in neutrophil migration through the
Discusssion perivascular basement membrane. An important aspect of our
findings is that PECAM-1 deletion appears to exert a transient

The final stage in migration of leukocytes from the vascular luméRhibitory effect on neutrophil movement through the perivascular
to the extravascular tissue involves penetration of the vessel w&Rsement membrane, suggesting a regulatory role, as opposed to an
a response involving 2 distinct but sequential cellular eventgbsolute requirement, for PECAM-1 in neutrophil transmigration.
(1) migration of leukocytes across the endothelial cell lining anihese findings are in agreement with the observations of Duncan et
(2) migration of leukocytes through the perivascular baseme®f® and may explain the apparently normal leukocyte infiltration
membrane. Although a number of adhesion molecules have bé@ie inflamed peritoneal and air pouch cavities of PECAM-1—
implicated in leukocyte transendothelial cell migration, very littlgleficient mice that they reported.

is known about the molecular events that mediate the passage offhe mechanism by which PECAM-1 regulates migration of
leukocytes through the perivascular basement membBraie. neutrophils through the perivascular basement membrane remains
PECAM-1 appears to be unique in that in vitro and in vivo evidend@ be clarified. Because PECAM-1 has not been reported to interact
has indicated a role for it in migration of leukocytes across bottirectly with molecules within this structure, it seems likely that
barriers3134.35As these studies have been carried out largely witiis mechanism will depend on the signaling properties of the
the use of anti-PECAM-1 antibodies, an experimental approagtolecule, as we have previously discus&e&or example, the
that has often been subject to criticism related to possible nonsf@lowing explanations are possible:

cific effects of reagent&, the aim of the present study was to use

mice that have been genetically engineered to lack PECAM-1 1At endothelial cell junctions, PECAM-1/PECAM-1 interactions
further elucidate the role of this molecule in leukocyte transmigra-may transduce signals that result in enhanced migration of
tion in vivo. Duncan et &P recently gave details of the normal Nheutrophils through the vessel wall, thus accelerating the process
development of these mice and reported on their normal levels off leukocyte transmigration. Of relevance, using an in vitro flow
leukocyte infiltration in several models of acute inflammation. model, Rainger et & have shown that the migration velocity of
A|th0ugh there was some Suggestion of a defect in |eukocyteneutr0phi|s is significantly greater on PECAM-1-coated surfaces
migration through the perivascular basement membrane, the studgompared with albumin- or ICAM-1-coated plates, demonstrat-
did not address the temporal or stimulus specificity of this ing the ability of PECAM-1 to regulate neutrophil motility.
observation. In light of this, the aim of the present study was to useThe ligation of PECAM-1 at endothelial cell junctions may
intravital and electron microscopy to extend the findings of Duncanfacilitate the movement of neutrophils through the perivascular
et al by investigating leukocyte migration through cremasteric basement membrane by triggering the expression of molecules
venules of PECAM-1-deficient mice at the cellular level. We such asB, integrins that may then aid the direct interaction of
hypothesized that with this experimental approach, a more detailedeukocytes with components of the perivascular basement mem-
analysis of leukocyte behavior could be achieved, and hence morérane such as laminin and collagen IV. In this context, PECAM-
subtle defects in leukocyte migration might be detected andl-dependent interactions can activAieintegrin, as well ag,
quantified. Indeed, although our findings provide conclusive evi-andBs integrin functiong!-23

dence for the involvement of PECAM-1 in neutrophil migratiore The ligation of PECAM-1 may regulate the cell-surface expres-
through the perivascular basement membrane, the role ofion of leukocyte proteolytic enzymes, such as neutrophil
PECAM-1 appears to be as a regulatory molecule in that itselastase, that may facilitate the movement of neutrophils through
requirement is transient and cytokine-specific, mediating neutrothe perivascular basement membrane. Of relevance, neutrophils
phil migration induced by IL-@®, but not TNFe , in this model. are known to express proteolytic enzymes at their leading edge

Intravital microscopy was used to compare and quantify during transendothelial migratidand protease inhibitors have

dynamic leukocyte responses in I32 and TNFR—activated been shown to reduce migration of neutrophils through a
cremasteric venules of PECAM-1—deficient mice. In control wild- basement-membrane-like structure in vitt@he association of
type animals, intrascrotal administration of both cytokines resultedPECAM-1 ligation with cell-surface expression of neutrophil

in increased leukocyte firm adhesion and transmigration. Inelastase is under investigation in our laboratory.
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A surprising finding of our study was that although IB1 phil adhesion. Gamble et“4ldemonstrated that TNF could
induced neutrophil transmigration was suppressed in PECAM-&etivate both human neutrophils and cultured human endothelial
deficient mice, the response elicited by Td\&ppeared to be totally cells to induce their adhesion, though the effect on neutrophils
PECAM-1-independent. As we have previously found that antir#as rapid (5 minutes) and protein-synthesis—independent and
PECAM-1 antibodies can suppress leukocyte transmigration throutjie effect on endothelial cells was slow (4 hours) and dependent
rat mesenteric venules induced by IB-but not by the direct on de novo protein generation. Furthermore, in an in vivo study,
leukocyte chemoattractant fMLIP3>we hypothesized that TNF  the kinetics of neutrophil accumulation in rabbit skin elicited
may be acting as a chemoattractant via stimulation of neutrophilsbg TNFx and IL-18 were very different? Specifically, TNF—
our murine model. Indeed, TN but not IL-18, directly stimu- induced neutrophil accumulation was fast (maximum within
lated the adhesion of murine neutrophils to protein-coated plates3@ minutes), similar to responses induced by the chemoattrac-
addition, local inhibition of protein synthesis can suppress leuktants fMLP or LTB,, and the response elicited by Il31lwas
cyte transmigration induced by ILBLlbut not by TNFx (unpub- slow (maximum within 3 to 4 hours) and protein-synthesis—
lished observations). In combination, these results strongly suggespendent? 48
that TNFy, but not IL-18, can act as a murine neutrophil In summary, with the use of PECAM-1-deficient mice, the
chemoattractant via its ability to stimulate murine neutrophils, arésults of the present study clearly demonstrate a role for
that with respect to some acute inflammatory reactions, tRRECAM-1 as a regulatory molecule in leukocyte migration
principal target cell of TNk for the induction of neutrophil through vessel walls at sites of inflammation. However, our
migration may be the neutrophil itself. This property of T&F findings also highlight the fact that PECAM-1-independent
may be associated with the rapid release of preformed proteinleukocyte migration can occur in a temporal- and/or stimulus-
lipid mediators such as LTBfollowing TNFa—induced neutro specific manner.

References

Springer TA. Traffic signals on endothelium for
lymphocyte recirculation and leukocyte emigra-
tion. Annu Rev Physiol. 1995;57:827-872.

Nourshargh S, Williams TJ. Molecular and cellu-
lar interactions mediating granulocyte accumula-

14.

15.

Albelda SM, Muller WA, Buck CA, Newman PJ.
Molecular and cellular properties of PECAM-1
(endoCAM/CD31): a novel vascular cell-cell ad-
hesion molecule. J Cell Biol. 1991;114:1059-
1068.

26.

Sagawa K, Swaim W, Zhang J, Unsworth E, Sira-
ganian RP. Aggregation of the high affinity IgE
receptor results in the tyrosine phosphorylation of
the surface adhesion protein PECAM-1 (CD31).
J Biol Chem. 1997;272:13412-13418.

tion in vivo. Semin Cell Biol. 1995;6:317-326. Sun QH, DeLisser HM, Zukowski MM, Paddock 27. ShenY, Sultana C, Arditi M, Kim KS, Kalra VK.

3. Smith CW. Transendothelial migration. In: Harlan C, Albelda SM, Newman PJ. Individually distinct Endotoxin-induced migration of monocytes and
JM, Liu DY, eds. Adhesion: Its Role in Inflamma- Ig homology domains in PECAM-1 regulate ho- PECAM-1 phosphorylation are abrogated by PAF
tory Disease. New York, NY: W.H. Freeman; mophilic binding and modulate receptor affinity. receptor antagonists. Am J Physiol. 1998;275:
1992:83-115. J Biol Chem. 1996;271:11090-11098. E479-E486.

4. Bianchi E, Bender JR, Blasi F, Pardi R. Through 16. EiAa:\i/ILiHarT}lrnel z,fUherek C.et ?LACD?UZE_ d 28. Jackson DE, Kupcho KR, Newman PJ. Charac-
and beyond [he Wa-ll: Ia.te steps in leukocyte vi-11s aligand for ayBs |ntegr!" involved in ad- terization of phosphotyrosine binding motifs in the
transendothelial migration. Immunol Today. 1997; hesion of leukocytes to endothelium. J Cell Biol. cytoplasmic domain of plateletiendothelial cel
18:586-591. 1995;130:451-460. adhesion molecule-1 (PECAM-1) that are re-

5. Rosen H, Gordon S. Monoclonal antibody to the 17. Buckley CD, Doyonnas R, Newton JP, et al. Iden- quired for the cellular association and activation
murine type 3 complement receptor inhibits adhe- tification of e85 as a heterotypic ligand for CD31/ of the protein-tyrosine phosphatase, SHP-2.
sion of myelomonocytic cells in vitro and inflam- PECAM-1.J Cell Sci. 1996;109:437-445. J Biol Chem. 1997:272:24868-24875.
matory cell recruitment in vivo. J Exp Med. 1987; 18. Deaglio S, Morra M, Mallone R, et al. Human . ) . .
166:1685-1701. CD38 (ADP-ribosyl cyclase) is a counter-receptor 29. Sagawa K K|mur_a T, Swieter M, Siraganian RP‘_

6. Smith CW, Rothlein R, Hughes BJ, et al. Recog- of CD3L, an Ig superfamily member. J Immunol. The protein-tyrosine phosphatase SHP-2 associ-

nition of an endothelial determinant for CD 18-
dependent human neutrophil adherence and
transendothelial migration. J Clin Invest. 1988;82:

19.

1998;160:395-402.

Thompson RD, Wakelin MW, Larbi KY, et al. Di-
vergent effects of PECAM-1 and (3 integrin

ates with tyrosine-phosphorylated adhesion mol-
ecule PECAM-1 (CD31). J Biol Chem. 1997;272:
31086-31091.

1746-1756. blockade on leukocyte transmigration in vivo. 30. DelLisser HM, Chilkotowsky J, Yan HC, Daise ML,
7. Jutila MA, Rott L, Berg EL, Butcher EC. Function J Immunol. 2000;165:426-434. Buck CA, Albelda SM. Deletions in the cytoplas-

and regulation of the neutrophil MEL-14 antigen 20. Albelda SM, Oliver PD, Romer LH, Buck CA. En- mic domain of platelet-endothelial cell adhesion

in vivo: comparison with LFA-1 and MAC-1. J Im- doCAM: a novel endothelial cell-cell adhesion molecule-1 (PECAM-1, CD31) result in changes

munol. 1989;143:3318-3324. molecule. J Cell Biol. 1990;110:1227-1237. in ligand binding properties. J Cell Biol. 1994;124:
8. Lu H, Smith CW, Perrard J, et al. LFA-1 is suffi- 21. Tanaka Y, Albelda SM, Horgan KJ, et al. CD31 195-203.

cient in mediating neutrophil emigration in Mac-1- expressed on distinctive T cell subsets is a prefer- 31. Muller WA, Weigl SA, Deng X, Phillips DM.

deficient mice. J Clin Invest. 1997;99:1340-1350. ential amplifier of B, integrin-mediated adhesion. PECAM-1 is required for transendothelial migra-
9. Issekutz AC, Rowter D, Springer TA. Role of J Exp Med. 1992;176:245-253. tion of leukocytes. J Exp Med. 1993;178:449-460.

10.

ICAM-1 and ICAM-2 and alternate CD11/CD18
ligands in neutrophil transendothelial migration.
J Leukoc Biol. 1999;65:117-126.

Reiss Y, Hoch G, Deutsch U, Engelhardt B. T cell
interaction with ICAM-1-deficient endothelium in
vitro: essential role for ICAM-1 and ICAM-2 in
transendothelial migration of T cells. Eur J Immu-
nol. 1998;28:3086-3099.

22.

23.

Berman ME, Muller WA. Ligation of platelet/endo-
thelial cell adhesion molecule 1 (PECAM-1/
CD31) on monocytes and neutrophils increases
binding capacity of leukocyte CR3 (CD11b/
CD18). J Immunol. 1995;154:299-307.

Varon D, Jackson DE, Shenkman B, et al. Plate-
let/endothelial cell adhesion molecule-1 serves
as a costimulatory agonist receptor that modu-

32.

33.

Bogen S, Pak J, Garifallou M, Deng X, Muller
WA. Monoclonal antibody to murine PECAM-1
(CD31) blocks acute inflammation in vivo. J Exp
Med. 1994;179:1059-1064.

Vaporciyan AA, DeLisser HM, Yan HC, et al. In-
volvement of platelet-endothelial cell adhesion
molecule-1 in neutrophil recruitment in vivo.
Science. 1993;262:1580-1582.

11. Newman PJ. The biology of PECAM-1. J Clin In- lates integrin-dependent adhesion and aggrega-
vest. 1997;99:3-8. tion of human platelets. Blood. 1998;91:500-507. 34. Liao F, Huynh HK, Eiroa A, Greene T, Polizzi E,
12. Muller WA, Randolph GJ. Migration of leukocytes 24, Zehnder JL, Hirai K, Shatsky M, McGregor JL, Muller WA. Migration of monocytes across endo-
across endothelium and beyond: molecules in- Levitt LJ, Leung LL. The cell adhesion molecule thelium and passage through extracellular matrix
volved in the transmigration and fate of mono- CD31 is phosphorylated after cell activation. involve separate molecular domains of PE-
cytes. J Leukoc Biol. 1999;66:698-704. Down-regulation of CD31 in activated T lympho- CAM-1. J Exp Med. 1995;182:1337-1343.
13. Martin-Padura I, Lostaglio S, Schneemann M, et cytes. J Biol Chem. 1992;267:5243-5249. 35. Wakelin MW, Sanz MJ, Dewar A, et al. An anti-
al. Junctional adhesion molecule, a novel mem- 25. Newman PJ, Hillery CA, Albrecht R, et al. Activa- platelet-endothelial cell adhesion molecule-1 anti-

ber of the immunoglobulin superfamily that dis-
tributes at intercellular junctions and modulates
monocyte transmigration. J Cell Biol. 1998;142:
117-127.

tion-dependent changes in human platelet
PECAM-1: phosphorylation, cytoskeletal associa-
tion, and surface membrane redistribution. J Cell
Biol. 1992;119:239-246.

body inhibits leukocyte extravasation from mes-
enteric microvessels in vivo by blocking the
passage through the basement membrane. J Exp
Med. 1996;184:229-239.

¥20z dunr g0 uo 3senb Aq Jpd'G8101.0908U/2922L9L/¥581/9/L6/)pd-al01ie/pOO|q AU SUONEDIIgNdYSE//:d})Y WOIj papeojumog



1860 THOMPSON etal

36.

37.

38.

39.

Liao F, Ali J, Greene T, Muller WA. Soluble do-
main 1 of platelet-endothelial cell adhesion mole-
cule (PECAM) is sufficient to block transendothe-
lial migration in vitro and in vivo. J Exp Med.
1997;185:1349-1357.

Nakada MT, Amin K, Christofidou-Solomidou M,
et al. Antibodies against the first Ig-like domain of
human PECAM-1 that inhibit PECAM-1 depen-
dent neutrophilic adhesion block in vivo neutro-
phil recruitment. J Immunol. 2000;164:452-462.
Duncan GS, Andrew DP, Takimoto H, et al. Ge-
netic evidence for functional redundancy of plate-
let/endothelial cell adhesion molecule-1 (PECAM-
1): CD31-deficient mice reveal PECAM-1-
dependent and PECAM-1-independent functions.
J Immunol. 1999;162:3022-3030.

Ley K, Bullard DC, Arbones ML, et al. Sequential
contribution of L- and P-selectin to leukocyte roll-
ing in vivo. J Exp Med. 1995;181:669-675.
Kimura |, Moritani Y, Tanizaki Y. Basophils in

41.

42.

43.

44.

bronchial asthma with reference to reagin-type
allergy. Clin Allergy. 1973;3:195-202.

Damiano ER, Westheider J, Tozeren A, Ley K.
Variation in the velocity, deformation, and adhe-
sion energy density of leukocytes rolling within
venules. Circ Res. 1996;79:1122-1130.

Andrew DP, Spellberg JP, Takimoto H, Schmits R,
Mak TW, Zukowski MM. Transendothelial migra-
tion and trafficking of leukocytes in LFA-1-defi-
cient mice. Eur J Immunol. 1998;28:1959-1969.

Rainger GE, Buckley C, Simmons DL, Nash GB.
Cross-talk between cell adhesion molecules
regulates the migration velocity of neutrophils.
Curr Biol. 1997;7:316-325.

Cepinskas G, Sandig M, Kvietys PR. PAF-
induced elastase-dependent neutrophil transen-
dothelial migration is associated with the mobili-
zation of elastase to the neutrophil surface and
localization to the migrating front. J Cell Sci.
1999;112:1937-1945.

45.

46.

47.

48.

BLOOD, 15 MARCH 2001 - VOLUME 97, NUMBER 6

Delclaux C, Delacourt C, D'Ortho MP, Boyer V,
Lafuma C, Harf A. Role of gelatinase B and elas-
tase in human polymorphonuclear neutrophil mi-
gration across basement membrane. Am J Respir
Cell Mol Biol. 1996;14:288-295.

Gamble JR, Harlan JM, Klebanoff SJ, Vadas MA.
Stimulation of the adherence of neutrophils to
umbilical vein endothelium by human recombi-
nant tumor necrosis factor. Proc Natl Acad Sci

U SA. 1985;82:8667-8671.

Rampart M, De Smet W, Fiers W, Herman AG.
Inflammatory properties of recombinant tumor
necrosis factor in rabbit skin in vivo. J Exp Med.
1989;169:2227-2232.

Rampart M, Fiers W, De Smet W, Herman AG.
Different pro-inflammatory profiles of interleukin 1
(IL-1) and tumor necrosis factor (TNF) in an in
vivo model of inflammation. Agents Actions. 1989;
26:186-188.

20z aunr g0 uo jsenb Aq jpd'G81010908U/2922.L91/¥581/9/.6/4Ppd-0]o11e/pO0|qAeU SUOKED!IgNAYSE//:d)Y WOl papeojumoq



