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We previously identified the structural requirement for the inhibitory activity of Leishmanialipophosphoglycan (LPG) to block
endothelial adhesion to monocytes. Here we showed that LPG reduces transendothelial migration of monocytes. LPG pretreatment
of endothelial cells (2uM, 1 h) reduced monocyte migration across endothelial cells activated by bacterial endotoxin (LPS) or
IL-1 B (60 and 46%, respectively). A fragment of LPG (i.e., repeating phosphodisaccharide (consisting of galactosyl-mannose)) and
LPG coincubated with LPG-neutralizing mAb lacks inhibitory activity on monocyte migration. Pretreatment of monocytes with
LPG (2 uM, 1 h) also did not affect monocyte migration through control or LPS-activated endothelial cells. FACS analysis reveals
that LPG treatment blocked the LPS-mediated expression of E-selectin, intercellular adhesion molecule-1, and vascular cell
adhesion molecule-1 on endothelial cells and monocyte adhesion without altering the integrity of the endothelial monolayer. LPG
(2 nM, 1 h) alone was capable of altering the expression and distribution of two junctional adhesion molecules, CD31 and vascular
endothelium cadherin, as well as reversing the effects of LPS on these proteins. The induction of endothelial cells by LPS to
transcribe and release monocyte chemoattractant protein-1 (MCP-1) was significantly reduced by LPG (40—-65%). LPG treatment
of nonactivated endothelial cells also suppressed by 55 to 75% the monocyte migration triggered by a MCP-1 chemoattractant
gradient, and coincubation of LPG with neutralizing mAb abrogated the inhibitory activity. Together, these data point to a novel
anti-inflammatory function of LPG in reducing monocyte migration across endothelial cells via a mechanism of inhibition of
endothelial expression of cell adhesion molecules, modulation of intercellular junctional proteins, and synthesis of MCP-1The
Journal of Immunology, 1998, 160: 1857-1865.

merging data support the contention that lipophosphogly-rophage parasitd_eishmania possesses potent cell inhibitory
can (LPG)? the most abundant glycolipid on the cell sur- activity (1-4). Thus, exposure of human macrophages to LPG sup-
face of the promastigote form of the obligate intramac- presses the induction of ILBLgene expression triggered by bac-
terial endotoxin (LPS)Staphylococcusand TNFe« (5). LPG also

has been shown to exert potent inhibitory effects on other phago-
cyte functions, including chemotaxis, phagocytosis, and oxidative
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report that LPG reduced the attachment and transendothelial m&ir/5% CG,. On the days of the experiments, the wells were washed with
gration of monocytes. Our data further showed that LPG exertednedium 199. For LPS and cytokine treatments, endothelial cells were chal-

its inhibitory effects via decreasing the cell surface expression otenge‘j with LPS (10 ng/ml) or IL4 (5 U/ml), respectively, fod h before
he addition of monocytes. In another group, endothelial cells were prein-

cell adhesion molecules, inhibiting the induction and release of the,pated with LPG (@M, 1 h) in medium 199 before the LPS or cytokine
chemoattactant, MCP-1, as well as modulating intercellular junctreatment. Freshly isolated PBMC (1:510° or 3 x 10° cells) were added

tion proteins. to the upper compartment of the wells containing the endothelial mono-
layers (24- or 6-well plates). Monocyte migration was assessed at the end
; of 1 h at37°C. Residual leukocytes in the upper chamber were removed by
Mate.nals and Methods vigorous pipetting, followed by FACS analysis for CD14 staining. Simi-
Materials and reagents larly, FACS analysis of harvested leukocytes from the lower compartment

The materials and reagents and their respective manufacturers were ¥&s performed.

follows: PMA andSalmonella enteritidi€ PS (endotoxin, L-6011, Sigma
Chemical Co., St. Louis, MO); MCP-1 cDNA (American Type Culture
Collection, Rockville, MD); recombinant human TNE(Cetus Corp., Em-  Following migration, harvested leukocytes from top and bottom chambers
eryville, CA) containing<20 pg/ml of endotoxin determined Hymulus were pelleted and resuspended in 1 ml of medium, andpd@d the cell
amebocyte lysate assay and with a specific bioactivity ob2 #0” U/mg suspensions were cytocentrifuged onto glass slides. Cells were fixed for 20
(1 U of activity is the amount of TNk that induced 50% cytotoxicity of  min with 1% paraformaldehyde in PBS (pH 7.4) containing 1% human
L929 cells); BIOCOAT Leukocyte Traffic Environment and i3 {Becton albumin. Fixed cells incubated with anti-CD14 mAb for 30 min at room
Dickinson Labware, Bedford, MA); RT-PCR kit (Clontech Laboratory, temperature and washed (three times) with PBS were incubated with FITC-
Inc., Palo Alto, CA); UltraPure Agarose (Bethesda Research Laboratoriedabeled goat anti-mouse F(aplgG at room temperature for 30 min with

Inc., Gaithersburg, MD); AmpliTaq DNA polymerase and thermal cycler PBS. Slides were mounted, viewed, and photographed under a phase and
(Perkin-Elmer, Foster City, CA); Phosphorimager analyzer (Molecular Dy-fluorescence microscope.

namics Ltd., Kent, TN); RNA STAT-60 solution (Tel-Test “B,” Friends- ) .

wood, TX); nylon membrane (0.46m pore size, Nytran, Schleicher and FACS analysis of cell adhesion molecules

Schuell, Keene, NH); random priming kit (Boehringer Mannheim GmbH, . . )

Mannheim, Germany), MCP-1 immunoassay kit and mAb against MCP—l&lﬂgOLtggl'aocﬁ”/smvl\;eﬁ_%?ga?mgj gvr't.:.]NI]:F;G(%’L}/r:I)) ?c;“jl ﬁt;TsuﬁtCe d
(Bioscience International, Camarillo, CA); mAb CD14 (Coulter Corp., Hi- Negative contr?)ls in,cluded restin : endothelial cells that received no-treat-
aleah, FL); mADbs against ICAM-1 (HUS/3), E-selectin (H4/18), VCAM-1 me?n Subsequently, endothelial £(J:ells detached by brief collagenase treat-
(BB-12), and HLA class | (W6/32) as previously reported (15, 16); CD31 ment-and eﬂeted% centrifugation (800 rpm, 5 }r/nin) were rgesus ended
(PECAM-1, R&D Systems, Minneapolis, MN); anti-VE-cadherin (cad- 6 x 105/#“) in RP)II\/II medil?m containinp im /ml mAbs a airF\)st
herin 5 mAb; Transduction Laboratories, Lexington, KY); FITC-conju- g g 9

B - . ICAM-1 (HU5/3), E-selectin (H4/18), VCAM-1 (BB-12), HLA class |
gated goat F(a, anti-mouse IgG (Caltag Laboratories, Burlingame, CA); W6/32) (CD31 gHec 7), or VE(-cadhgrin (23, 24) (and ingubated at 4°C for

rabbit anti-mouse IgG and APAAP (calf intestine alkaline phosphatase anzé0 min. Unbound mAbs were removed by washing, and secondary Ab
mouse monoclonal anti-alkaline phosphatase immune complex, Dako, Ca | TC-labeled F(ah), goat anti-mouse Ab was added to a final concentra-

?\?g(t:i;'ral‘_a%ﬁz;ats:}ggng[l?,ﬁr?egx:gh%‘cf)hate’ and Vector Blue substrate tion of 10 ng/ml and incubated for 20 min at 4°C. Stained endothelial cells

' 9 ' ’ were washed (twice) with RPMI 1640 medium to remove unbound mAb,

LPG and PGM fixed in 1% paraformaldehyde (in PBS, pH 7.4), and subjected to FACS
analysis.

Cytospin and staining

Intact LPG (m.w., 9.5x 10% 1 M = 10 ug/ml) was purified frorm_eish- ) ) ) )
mania donovan(strain Ld3) as previously described (1, 13, 17). LPG was Assessment of junctional proteins CD31 awtadherin by
free of contaminating protein and endotoxi 10 pg/ml). PGM was ob-  immunohistochemistry and FACS

tained by treating LPG with mild acid (0.02 N HCI, 5 min, 100°C) and was

separated by phenyl-Sepharose column chromatography (13, 18). Endothelial cells grown on petri dishes were pretrea@ed with LPG_,I\(Q
) 1 h) and challenged with LPS (10 ng/ml, 4h). Negative controls included
Endothelial cells and monocytes resting endothelial cells that received no treatment. Endothelial cells were

. . ) air-dried, fixed in 1% paraformaldehyde in PBS, pH 7.4, for 10 min (or in
HUVECs were prepared from umbilical veins by established methods asqtone for 2 min), and stored-a20°C. Both methods yielded comparable

previously described (13). In all experiments, two to four passaged subzegjts for immunohistochemical detection of junctional proteins. Detec-
culture endothelial cells were used. Cells were allowed to remain undisgon method by immunohistochemical was as follows. petri plates warmed
turbed for_ 48 h afte_zr the final passage before use. Endothelial cells werg) .o temperature and hydrated with 30f 2% BSA in Tris-buffered
treated with bacterial LPS (10 ng/ml), ILBL(S or 25 Uml; 2.5 U=1  g4jine fq 1 h were incubated with mAb raised against CD31 or anti-VE-
ng/mi), or TNF (200 U/ml) for 4 h. Before use, endothelial cells were caqherin mAb, fo 1 h at room temperature. Endothelial monolayers
vya_shed extenswe_ly with RPMI. H“”?a” PB'V'.C were isolated fr°".‘ h?.pa'washed (three times) with TBS were then incubated with a 1/25 dilution of
rinized blood by Ficoll-Hypaque gradient centrifugation (19). The viability rappit anti-mouse IgG fol h atroom temperature. Endothelial cells were
of peripheral blood mononuclear leukocytes we5%. The percentage of  \ asheq (three times) with TBS and then incubated with a 1/50 dilution of
peripheral blood monocytes in the PBMC varied between 12 and 20% agpaap in TBS for 30 min at room temperature. APAAP-treated mono-
determined by CD14 staining followed by FACS analysis. layers washed (once) with TBS were incubated with Vector Blue substrate
Adhesion assay of monocyte to endothelium fo_r 30 min. The monolayer, rinseq with tap water, Wa_s_assessed by light
microscopy for the presence of ligand by the deposition of blue color.
Human umbilical vein endothelial cells were grown on fibronectin-pre- Detection of CD31 or VE-cadherin using the immunofluorescence method
coated six-well plates (BIOCOAT Leukocyte Traffic Environment) for 2 to was described above. Using the same immunohistochemical method for the
3 days (20-23). On the day of the experiment fresh medium was replacedtetection of CD31 and VE-cadherin, we adapted the method for an EIA
the cells were treated, or not, with LPG &/, 1 h) and challenged for 4 h  reader spectrophotometer. Briefly, HUVEC were grown on flat-bottom 96-
with endotoxin (10 ng/ml LPS), IL8 (5 U/ml), or TNF« (200 U/ml); and  well plates. Blank wells fixed with 1% paraformaldehyde (in PBS, pH 7.4)
excess agonists were removed by washing (twice). The adhesion ass#&ycubated with immunohistochemical reagents and substrate showed low
involved adding monocytic cells (THP-1 cells,"#s 10ul of 10° cells/ml) absorbance that was subtracted as background. By substituting the Vector
to the endothelial cell monolayer. Adhesion was allowed to proceed for 2Blue substrate wittp-nitrophenylphosphate, the presence of CD31 and
min at 37°C, and the unbound cells were removed by washing (three timesyE-cadherin was detected as absorbance at 405 nm, which reflected a
with medium 199. Adhesion was quantitated by counting the bound cellglirect relationship between the amount of CD31 and VE-cadherin and the
following fixation with 1% paraformaldehyde in PBS (pH 7.4). deposition ofp-nitrophenylphosphate by immune-localized APAAP.

Transendothelial monocyte migration assay Detection of MCP-1

Transendothelial monocyte migration was examined with fibronectin-RT-PCR. Total RNA samples (each 0429) were reversed transcribed to
coated wells (leukocyte traffic environment). The wells were seeded withcDNA using a commercial RT-PCR kit with Moloney murine leukemia
HUVEC at 3% 10° cells in 300ul. The endothelial cells were allowed to virus and standard protocol (25). PCR was conducted as follows. Single-
grow to confluence for 2 days at 37°C in a humidified incubator under 95%stranded cDNA samples (eachub from a 20wl reaction) were added to
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tube containing ful of 10X PCR buffer II, 4ul of 25 mM MgCl,, 1 ul of
10 mM dNTP mix, 2ul of primers (0.5ug/ul; sense and antisense), and
0.5 ul of AmpliTaq polymerase (5 W) and brought to a final volume of
50 wl by distilled water. PCR amplification was conducted on a thermal
cycler by 30 cycles, each consisting of 94°C for 1 min, 60°C for 1 min, and
72°C for 1.5 min. The oligonucleotide primers used for MCP-1 (sense,
5'-CCAATTCTCAAACTGAAGCTCGC-3; antisense, 5CTTAGCTG
CAGATTCTTGGGTT-GTG-3) and B-actin (sense, SATCTGGCAC
CACACCTTCTACAATGAGCTGCG-3; antisense, 5CGTCATACTC
CTGCTTGCTGATCCACATCTGC-3 amplification resulted in PCR
products of 373 and 838 bp, respectively. Each PCR reactiopljl®as
resolved by electrophoresis using 2% SeaKem agarose gel and stained by
ethidium bromide.
Northern analysis. Endothelial monolayers in T75 flasks treated with
LPG and/or inducers of MCP-1 were harvested by collagenase digestion
and gentle scrapping with a rubber policeman and were pelleted by cen-
trifugation (500X g, 5 min). Negative controls included resting endothelial
cells that received no treatment. Total RNA was extracted (RNA STAT-60
solution) by a single step method (26) and quantitated by spectrophotom-
eter. An equal amount of total RNA was resolved on a 1.2% agarose-
formaldehyde denaturing gel and transferred by capillary action onto a [—Tj /
nylon membrane (0.4mm pore size). Membranes were prehybridized and
hybridized with3?P-labeled cDNA (6). MCP-1 or GAPDH cDNA frag- Medium LPS L-1 LPS
ment was excised with restriction enzymes and purified using standard
techniques (5). Purified MCP-1 or GAPDH cDNAs (Qufy) were labeled A5G e PGM
with [«-**P]dCTP using a random priming kit. After hybridization, washed fiGURE 1. LPG reduced transendothelial migration of monocytes. Hu-
mgmbranes were exposed to film and subjecte_d to quantitative analysl%an umbilical endothelial cells grown on fibronectin-precoated membrane-
using a Phosphorlmager. The percent suppression of MCP-1 mRNA was__ . . . )
normalized by the amount of GAPDH in each condition that vasie®%. partmqned wells for 2 to 3 days were placed in frgsh medium, treated, or
EIA. Endothelial cells were treated with LPG M, 1 h) and challenged ~ not with LPG (2uM, 1 h), and challenged fo4 h with LPS (10 ng/ml),
with LPS (10 ng/ml), IL-B (25 U/ml), and TNFe (200 U/ml). Negative  IL-1B (5 U/ml), or TNF« (200 U/ml). As a control for LPG, endothelial
controls included resting endothelial cells that received no treatment. Susells were treated with PGM (M) 1 h before challenge with LPS, or
pernatants were collected at 0, 4, 6, and 24 h and stored/7@tC until LPG (2 uM) was coincubated with an anti-LPG mAb (CA7AE at 1/2000
assay. Endothelial production of MCP-1 was assessed using an immungor 15 min, 37°C) before addition of this mixture to the endothelial mono-
assay kit. The sensitivity of the assay wag0 pg/ml, and the assay was  |ayer. To wells washed with medium 199, PBMC (&510F) were added
shown to be specific; there was no cross-reactivity with f.4L-2, IL-3, to the upper chamber. CD14-expressing cells were monitored by FACS
EQ_AA;\’IT”E_—SS,’g:;;lilolé_);;-rrl\:go;h:g% él‘séz.rgllj‘::f”:;tim cell factor, analysis for the upper and lower chambers or by indirect immunofiuores-
cence microscopy for both chambers, and cell morphology was determined
Statistical analysis by Wright-Giemsa stain for both chambers. LPG treatment suppressed LPS-
and IL-1B-induced transendothelial migration (LPS vs LPG plus Li*S (10;
p = 0.002, by Student’s pairedtest), and IL-B vs LPG plus IL-B (n = 6;
Results p = 0.04, by Student’s pairetest), respectively). In contrast, the PGM frag-

LeishmaniaLPG reduced transendothelial migration of ment @i = 2) and LPG coincubated with anti-LPG mAb ¢ 2) had no
monocytes suppressive activity compared with that of whole LPG.
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Data were analyzed using Student’s paitadst (two tailed).

We used an in vitro assay to monitor transendothelial migration of
monocytes where the migrated monocytes were quantified by

FACS analysis of the CD14 expression. As shown in Figure 1,feWCD14 (data not shown), while the migrated cells in the lower

monocytes migratgd through unstimulqted endothelial cells. Inchamber were predominately CD14-expressing monocytes (data
contrast, endothelial cells stimulated with LPS (10 ng/mi, 4 h)not shown). These observations confirmed the FACS analysis data

p:g?:;;?:]ei\:'?mn;ﬂonf %tzeﬂ'g;ité%nmbznloléf?édng::'?éti?r; :;]Fr); h and indicated that LPG did not appreciably alter CD14 expression.
P ! Y 9 9 To examine the specificity of LPG’s inhibitory effect on mono-

LPS-stimulated endothelial monolayers by approximately 60% ; . .
(n = 10 p = 0.002). LPG-treatment);lone Kadpnpo effect or?basalcyte migration, we evaluated the PGM moiety, a fragment of LPG

migration through control endothelial monolayers (350.5 X shqwn to lack |nh|p|tory activity on monocyte adhes.|o'n to LP_S'
10°/mn?/h; n = 10). Cytokines are potent activators of endothelial activated endothelial cells (13). PGM also lacked inhibitory activ-

cells and also recruit monocytes into the subendothelial stratund® ©n Monocyte migration across LPS-activated endothelial cells,
Endothelial cells stimulated with ILA (5 U/ml, 4 h) enhanced While the native LPG molecule exerted a potent inhibitory effect
monocyte transendothelial migration byl2-fold (Fig. 1). LPG (Fig. 1_). To_ further yalldatg that the inhibitory gctlwty on transen-
treatment suppressed IlBdnduced monocyte migration by dothelial migration is mediated by LPG, we coincubated LPG with
>40% (= 6; p = 0.04). CAT7AE (its blocking mAb). Anti-LPG mAb completely reversed

In parallel to FACS analysis, we assessed the residual cells angPG’s inhibitory activity (1 = 2). To determine whether LPG's
migrated cells for their morphology by phase contrast microscop)jnhibition of monocyte migration is through a direct effect of LPG
and for CD14 expression by fluorescence microscopy. In controPn the endothelial monolayers, we compared LPG treatment of
endothelial cells, cells that were treated with LPG®, 1 h) monocytes to LPG treatment of endothelial cells. Monocytes pre-
alone, or wells treated with LPG and LPS (10 ng/ml), the residualreated with LPG (2uM, 1 h) before addition to endothelial cells
cells in the upper chamber consisted of both monocytes and lymmigrated normally across LPS-activated endothelial cells (Table I).
phocytes (data not shown), and only a few cells (mainly monocyte)n contrast, significant inhibition of monocyte migration through
had migrated into the lower chamber. In contrast, in cells that weré.PG-pretreated and LPS-activated endothelial cells was observed,
stimulated with LPS, few residual cells in the upper chamber hadsuggesting that LPG’s inhibitory effect on transendothelial migra-
the morphology of monocytes, and they did not express surfacéon is exerted through endothelial cells.
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Table I. Effect of LPG treatment of endothelial cells versus monocytes 5-fold above basal adhesion (433 cells/mn?). Pretreatment with
on transendothelial migratich LPG (2 uM, 1 h) inhibited the adhesion to TN&-activated en-
dothelium by 43% 1§ = 3).

LPG Pretreatment Percent Inhibition
Endothelial cells 56.0- 9.0 !_PG .altered the .dlstrlbutlon and level of the expression of
Monocytes 75-20 junctional adhesion molecules

2 Monocytes were pretreated with LPG (@M, 1 h) prior to addition to LPS- We next examined the effect of LPG on CD31, an intercellular
stimulated endothelial cells for the migration assay. In other wells, endothelial celljunctional adhesion molecule required for transendothelial migra-

were pretreated with LPG (2M, 1 h) and washed, followed by LPS stimulation (10 tion (31_35) Using EACS. we found that unstimulated endothelial
ng/ml, 4 h) prior to the addition of freshly isolated monocytes. Monocyte migration ! !

from the upper to the lower chamber was monitored by FACS analysis. The percer€llS constitutively express CD31, and LPGy®, 1 h) treatment
inhibition was calculated by 108 [1 — (percent of CD14-positive cells remainingin  resulted in a slight, but inconsistent, shifting of CD31 expression

i upper chaber o LG reteated and L acvated endolhelial ol moniyefata ot shown). Because cytokines have been reported to alter
endothelial cell monolayer)], mean SEM of two separate experiments. the cellular distribution of CD31 without affecting the global ex-
pression (36, 37), we used the immunohistochemistry method to
) . assess the amount and the pattern of CD31 expression (Fig. 4).
LPG decreased the expression of cell surface adhesion Untreated endothelial monolayers showed a diffuse distribution of
molecules and monocyte adhesion CD31 (blue color) on the apical surface with a paucity of CD31
Cell surface adhesion moleculesExpression of cell surface ad- around the intercellular junction seen as clear gaps (FAY. UPS
hesion molecules, including ICAM-1, VCAM-1, and E-selectin, treatment changed the distributed CD31 to the intercellular junc-
on activated endothelial cells is required for transendothelial mition (seen as blue outlines at the cell borders; FA&). 4n contrast,
gration (27-30). Therefore, we determined whether LPG reducetlPG pretreatment alone caused a decrease in CD31 near the in-
monocyte migration by affecting the expression of cell adhesiortercellular junction region but a higher level of CD31 in the apical
molecules. Treatment of endothelial cells with LPS (10 ng/ml, 4 h)surface compared with those in either medium or LPS-activated
consistently up-regulated the cell surface expression of ICAM-1cells. Endothelial cells pretreated with LPG and activated by LPS
VCAM-1, and E-selectin (Fig. 2). Pretreatment of endothelial cellsshowed an intermediate pattern between those of LPG treatment
with LPG (2 uM, 1 h) suppressed the LPS-induced expression ofand LPS treatment. To provide an additional quantitative approach
ICAM-1, VCAM-1, and E-selectin without changes in HLA class to these changes, the immunohistology method used in detecting
I Ag (Fig. 2). The inhibition of adhesion molecule expression by CD31 was adapted for an EIA reader spectrophotometer. Basal
LPG was dose dependent from 0.1 tu® (data not shown). (medium) expression of CD31 was abundant, with an absorbance
Cell adhesion. In parallel with the ability to suppress cell adhe- of 1.200 relative units (Fig.@). LPG treatment decreased CD31
sion molecule expression, we examined whether LPG inhibitedexpression by approximately 10%. The redistribution of CD31 in-
monocyte adhesion to LPS-activated endothelial cells. LPS (1@uced by LPS treatment was detected by immune spectrophotom-
ng/ml, 4 h) consistently yielded &21-fold increase in monocyte etry as a minimal decrease in absorbance. In contrast, endothelial
adhesion (Fig. @) (13). In contrast, endothelial cells pretreated cells pretreated with LPG and challenged with LPS showed a
with LPG showed>95% inhibition of monocyte adhesion (Fig. >30% decrease in CD3h(= 3; p = 0.05, by Student’s test for
3D) (13). LPG did not alter the confluence or the integrity of the LPS vs LPG and LPS).
endothelial cell monolayer (FigB3. We also examined the effect =~ We also examined the effect of LPG on another junctional pro-
of LPG on monocyte adhesion to TNEactivated endothelial tein, VE-cadherin. As shown in Figurd4basal VE-cadherin ex-
cells. TNF« (200 U/ml, 4 h) increased adhesion by approximately pression was present on the apical surface and in the intercellular

HLA Treatment
ICAM -1 VCAM-1 E-Selectin (W6/32) condition
LPG plus LPS
P‘/m\
E
£ l)l\ HA \ LPS
2 W P
5 ;
©
Medium

"\ \ J

123 101 23 101 2 3

Flourescence (log4q )

FIGURE 2. LPG specifically decreased the expression of cell surface adhesion molecules. Endothelial cells treated, or not, wiflaNLPIGh{2and
challenged, or not, with LPS (10 ng/ml, 4 h) were incubated with mAb raised against ICAM-1, VCAM-1, E-selectin, and HLA class I. Immunostained
endothelial cells were analyzed by FACS analysis. LPS induced increased expression of ICAM-1, VCAM-1, and E-selectin, but not HLA class |. LPG
pretreatment decreased the number and the amount of expression of each of the adhesion molecules, but had no effect on HLArexp@#siéh (

PGM in parallel assays had no detectable inhibitory effect on LPS-induced adhesion molecule expnessBndéta not shown).
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FIGURE 3. LPG decreased monocyte adhesion to endothelial cells. Endothelial cells grown on fibronectin-precoated six-well plates were treated, or not,
with LPG (2 uM, 1 h) and challenged, or not, with LPS (10 ng/ml, 4 h). Following washing to remove LPG and LPS, THP-1 cdliwdi® added to

each well, incubated (20 min, 37°C), and washed (three times) to remove unattachedl é4dldium;B, LPG-treatedC, LPS-challenged), LPG-treated

and LPS-challenged (representative of 30 separate experiments). LPS-induced a 21-fold increase in the number of adherent monocytes, wimenLPG trea
reduced the number of LPS-induced adherent monocytes to nearly that found in the medium copditior0). LPG did not alter the integrity of the
endothelial monolayerf andD).

junctions. The distribution of VE-cadherin was modulated by bothLPS-triggered production by pretreatment with LPGu(, 1 h).
LPS and LPG. LPS increased the level and the area of VE-cadheriReak production of MCP-1 was observed & of LPSstimulation,
around the intercellular junction, while LPG treatment led to awith a half-maximal MCP-1 level present by 3 h. LPG treatment
lower amount and restricted area of VE-cadherin expression. Ersignificantly reduced the LPS-induced production of MCP-1 by
dothelial cells treated with LPG and LPS showed an even moré5% (Fig. 6,lower panej n = 6). We also evaluated the effect of
restricted junctional localization of VE-cadherin (data not shown).LPG (2 uM, 1 h) pretreatment on the induction of MCP-1 pro-
We next used immunohistochemistry-coupled spectrophotometrguction by IL-18 (10 ng/ml) and TNF« (10 ng/ml). LPG inhibited
to quantitate the effect of LPG on VE-cadherin expression (Figthe production of MCP-1 in response to lI3-and TNF« by 20
4D; n = 3). VE-cadherin was highest in the control medium con-and 25%, respectivelyn(= 3).
dition (Fig. 4,B vs D). LPS reduced VE-cadherin by 1.4-fold, . T
while LPG reduced VE-cadherin by 1.7-fold. Endothelial cells pre-:\‘/lpc?:,_riE duces monocyte transendothelial migration induced by
treated with LPG followed by LPS challenge showed a 2.4-fold
reduction in VE-cadherin. We next determined whether LPG altered the transendothelial mi-
gration of monocytes induced by a chemotactic gradient generated
LPG blocks endothelial production of the chemokine, MCP-1 by MCP-1. MCP-1 (20 and 50 ng/ml) was added to the lower
The synthesis of MCP-1 by activated endothelial cells has beeghamber, and monocyte migration from the upper to the lower
shown to generate a chemotactic gradient for directed monocytghamber through the nonactivated endothelial monolayer was
migration (38, 39). Figure &, upper panelillustrates the time- monitored. The number of monocytes migrating into the lower
dependent induction of MCP-1 steady state mMRNA. Pretreatmerthamber in response to MCP-1 was dose dependent (Figpgr
with LPG (2 uM, 1 h) abolished the LPS-induced MCP-1 steady Panel). Monocyte migration through LPG-treated endothelial cell
state mMRNA, whileg-actin expression was similar in all treatment Monolayer was significantly reduced by 55 to 75%. The migration
conditions (Fig. B, lower pane). Moreover, Northern analysis ©Of monocytes was solely dependent on MCP-1, because mAb
confirmed the effect of LPG on the induction of MCP-1 gene ex-faised against MCP-1 completely abrogated migration (Figp7,
pression. As shown in Figure% pretreatment with LPG sup- per pane). MOreoVer, the inhibition of MCP-1-induced migration
pressed LPS-induced MCP-1 steady state mRNA. The inhibitioPy LPG required an endothelial cell monolayer because monocyte
of MCP-1 mRNA by LPG &4 h after LPS challenge was approx- Migration through untreated and that through LPG-treated filter
imately 40% that of LPS-activated endothelial cells. LPG had nomembrane were similar (Fig. Tower pane).
effect on a control gene, GAPDH (FigB5. . .
We next examined the effect of LPG treatment on the release of ISCUSSION
MCP-1. Figure 6 @pper pane) illustrates the time-dependent re- Our data indicate thdteishmaniaLPG is capable of suppressing
lease of MCP-1 induced by LPS (10 ng/ml) and the suppression aofnonocyte migration across endothelial cells. The effect of LPG is
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FIGURE 4. LPG altered the distribution
and level of expression of junctional mole-
cules. Endothelial cell monolayers pretreated,
or not, with LPG (2uM, 1 h) were challenged,
or not, with LPS (10 ng/ml, 4 h). The washed
monolayers were air-dried, fixed with acetone,
and following hydration were incubated with
mADb raised against CD31 or VE-cadherin or
with isotypic control mAb. The capture of spe-
cific Abs was detected by an immunohisto-
chemical method using Vector Blue as detailed
in Materials and Methodand visualized under
light microscopy A and B, X400 magnifica-
tion). A, CD31 expression (blue color) by en-
dothelial monolayers (representative of four
separate experiments). Monolayers grown in
medium show a diffuse distribution of CD31
(blue color) throughout the apical surface, with
a paucity of CD31 in the intercellular junction,
shown as clear gaps (filled arrow). LPS treat-
ment resulted in redistribution of CD31 to the
intercellular junction area, shown as blue out-
lines of cell borders (filled arrow), and to a
perinuclear apical area (open arrow). In con-
trast, LPG pretreatment alone greatly de-
creased CD31 expression in the intercellular
junction and produced a higher amount of
CD31 expression and distribution in the apical
surface than that in endothelial cells cultured
in medium or activated by LPSB, VE-cad-
herin expression (blue color) by endothelial
cells (representative of three separate experi-
ments). LPS increased the level and the area
expressing VE-cadherin around the intercellu-
lar junction compared with those in medium-
grown monolayers, while LPG treatment de-
creased the amount and the area of VE-
cadherin expression. To quantitate these
changes, an immunohistologic method was
adapted for detection of CD31 and VE-cad-
herin by an EIA reader spectrophotometer set
for absorbance at 405 ni@, CD31 expression

is expressed as the percent inhibition, using
medium as the control and defined as {1
(OD medium— OD experimental)/OD medi-
um)) X 100. D, VE-cadherin expression is
shown as relative absorbance.

LIPOPHOSPHOGLYCAN INHIBITS MONOCYTE MIGRATION

LPG/LPS

C CD31 Expression
40

3
g § 30

E
£3
g @ 20
&
£8
810
< 0 . — P

Medium LPG LPS LPG+LPS
D VE-Cadherin Expression

- 0.4 -

E

=
§ 0.3
[=]
g 0.2 4

8

=
£ o
I I B

Medium LPG LPS LPG + LPS




The Journal of Immunology 1863

i B 25000 -
20000
- MCP-1 ! ' . - MCP-1 ]
=
il ~. 15000 -
mw C123 4G #hy -carn >y
LPS S — 10000 -
aa L o LPS
- MCP-1 § f_é 5000 ® LPG plus LPS
5 £ g
- i 0 T T T T T 1
T4 2] 0 4 8 12 16 20 24
- B-actin e I8
F-] - .
o .I..: ) (“_s) Time (hours)
B 3
§-% 5 g2 5
A = 15000
4 0 : “ 3
- Medium LPS
; I
=]
FIGURE 5. LPG decreased LPS-induced endothelial cell expression of © o000 4 y
MCP-1 mRNA. Endothelial cells grown in T25 flasks for 2 to 3 days were 3
pretreated, or not, with LPG and challenged, or not, with LPS. Cells were 5
harvested, and total RNA was isolated for RT-PCR or Northern analysis. In g
initial assays, RT-PCR showed that LPS (10 ng/ml) induced increasing 2o 5000 4
expression of MCP-1 that was time dependéytupper panél. LPG treat-
ment (2uM, 1 h) reduced the expression of MCP-1 steady state mRNA
induced by LPS (10 ng/ml, 2 h), while having no effect @actin steady
state MRNA fA; amplicons of MCP-1 angB-actin are 373 and 838 bp,

respectively). Northern analysis also showed that LPG.N2 1 h) sup- Vedium LPS

pressed LPS-induced (10 ng/ml, 4 h) expression of MCP-1 steady state 1PG
mRNA, Wh”e having no effect on GAPDHE, upper_panela representa-  LGURE 6. LPG suppressed LPS-induced production of MCP-1. Endo-
tive experimentjower paneln = 3 separate experiments). thelial cells were pretreated, or not, with LPG &1, 1 h) and challenged
with LPS (10 ng/ml). Supernatants (50 ml) were removed at the indicated
times and assayed by commercial El@pper panel a representative ex-
solely on endothelial cells and not on monocytes, because LP@2eriment;lower panel MCP-1 measur 4 h after LPS challengg) =
treated monocytes migrated normally across both control and LPS2 003 for LPS vs LPG plus LPS; = 6]).
stimulated endothelial cells. We previously reported that in mac-
rophages LPG inhibited the induction of IL31n response to LPS,
Staphylococcysand TNFea (5). This effect of LPG on macro-
phages may be relevant to evasion of the host immune responé&OCk these three adhesion molecules or their counter-receptors
andLeishmanissurvival within macrophages (1—4). In addition to have been shown to reduce monocyte migration and subsequent
LPG'’s suppression of macrophage activation, LPG inhibited theissue infiltration (27, 28). The ability of LPG to block monocyte
recruitment of monocytes, specifically adhesion to endotheliamigration correlates with LPG suppression of endothelial expres-
cells and transendothelial migration (]_3) These observations inSiOﬂ of these three cell adhesion molecules. It is interesting that
dicate that LPG exerts an array of biologic effects on vascular cell§vhile LPG strongly reduced the cell adhesion molecule expression
in a cell-specific manner. induced by LPS, its inhibitory effects on ILglor TNF-« were less
The mechanism for transendothelial migration of monocytes(data not shown); yet, LPG was capable of significantly inhibiting
across activated endothelial cells has been well characterized afginsendothelial migration triggered by all three agonists. In addi-
involves at least three steps. On arrival to an inflamed area withifion to indicating agonist specificity, these data suggest that addi-
the blood vessel lumen, the rolling monocytes must first undergdional steps required for transendothelial migration may be sup-
firm adhesion (27). The endothelial cell adhesion molecule E-sepressed by LPG.
lectin interacting with CD11/CD18 on leukocytes converts a roll- CD31 is present on endothelial cells, and their expression and
ing cell to one firmly adherent to the endothelium (27). Adherentdistribution have been shown to be modulated by HN-NF-a,
monocytes then engage additional cell adhesion molecules (e.gand LPS (36, 37, 40). Engagement of CD31 expressed in the cell
ICAM-1 and VCAM-1) expressed on activated endothelial cells tojunction is thought to enhance the CD11/CD18 activity of the mi-
crawl and undergo transendothelial migration under the guidancgrating leukocytes and mediate sequential activation and thereby
of a gradient of chemoattractant(s) (27-30, 38, 39). Recent studie®onocyte migration. The critical role of CD31 for cell migration
also point to an intriguing possibility that junctional adhesion mol- was shown by blockade of CD31 by mAbs correlating with reduc-
ecules, namely, CD31 and VE-cadherin, may participate in thdion of monocyte infiltration into inflamed tissues (34). Recently,
migration of leukocytes (23, 24, 31-35). another endothelial junctional molecule, VE-cadherin, has been
Our data suggest that LPG may exert inhibitory effects on monofeported to be present in the intercellular junction, but investiga-
cyte migration via at least three mechanisms. The first mechanisrions linking its role to the mediation of leukocyte transendothelial
is LPG suppression of the LPS-induced expression of cell adhesiomigration are more limited (23). Our studies confirmed and ex-
molecules, namely, E-selectin, ICAM-1, and VCAM-1. These tended prior reports that LPS enhanced the level and the area of
three well-characterized cell adhesion molecules are known to paexpression of both CD31 and VE-cadherin in the cell junction (23,
ticipate in the monocyte migration response (27, 28). mAbs thaB6, 37, 40, 41) (Fig. 4). Interestingly, we found that LPG alone
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40 ~ MRNA expression are consistent with this possibility, and prelim-
inary studies show that LPG similarly induces a nuclear complex
in endothelial cells (J. L. Ho and M. Carvalho, unpublished ob-
servation). On-going studies in our laboratory are directed to de-
lineate the precise molecular mechanisms by which LPG interferes
with the induction of MCP-1.

In summary, our data show that LPG reduces monocyte migra-
tion across LPS-activated and cytokine-activated (H.-&nd
TNF-a) endothelial cells. LPG exerts its inhibitory effect at three
steps required for transendothelial migration: namely, expression
of the cell adhesion molecules E-selectin, ICAM-1, and VCAM-1;
expression of the junctional adhesion proteins, CD31 and VE-cad-
herin; and induction and release of MCP-1. Furthermore, LPG
treatment of endothelial cells suppressed monocyte migration in
response to a chemokine gradient mediated by MCP-1. Together,
our data suggest that LPG is a unique molecule, and delineation of
the mechanisms by which LPG suppresses the expression of me-
diators of inflammation may provide clinically relevant strategies
to block monocyte recruitment and infiltration into sites of
inflammation.
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FIGURE 7. LPG reduced MCP-1-induced monocyte transendothelialperiments and assays for expression of adhesion molecules; Jose Roberto
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partitioned wells for 2 to 3 days were treated, or not, with LP@K2 1 h),  Timothy McCaffrey for photomicroscopy; and Warren D. Johnson, Jr., and

and washed (once). MCP-1 was placed in the lower chamber, and mongroy Silverstein for their continuous support.

cytes were added to the upper chamber of the membrane-partitioned well.
Migration was monitored by FACS analysis as detailed in Figure 1. LPG
treatment of the endothelial cell monolayer reduced transendothelial mi-
gration of monocytes in response to MCP-1 (MCP-1- vs LPG-treated en- 1.
dothelial monolayer plus MCP-b, < 0.04;n = 6). Coincubation of LPG

(2 uM) with an anti-LPG mAb (CA7AE at 1/2000 for 15 min, 37°C) and
the addition of this mixture to endothelial monolayer resulted in abrogation
of the LPG inhibitory activity on MCP-1-triggered monocyte transendo- 3.
thelial migration (data not shown). mAb raised against MCP-1 abrogated
MCP-1-mediated migratiorupper pane). LPG had no effect on migration
through a filter membrane, while migration through LPG-treated endothe-
lial cells was reducedigwer vs upper pane).

2.

5.

altered the level of expression and the distribution of both junc-
tional adhesion molecules. Moreover, LPG was capable of revers®:
ing the effects of LPS on the expression and the distribution of both
CD31 and VE-cadherin. These findings suggest a second mechar.
nism by which LPG suppresses the migration process.

It is also recognized that endothelium-derived chemokines, in-g,
cluding MCP-1, play an essential role in recruiting monocytes by
providing a chemotactic gradient and thus are involved in cell
migration (39—-43). Here we present evidence that LPG inhibited 9.
monocyte migration via a third mechanism, that of reducing en-
dothelial cell expression and release of MCP-1. LPS induced g,
time-dependent expression of MCP-1 ovez thh of monitoring.

As shown by RT-PCR and Northern analysis, LPG pretreatment of
endothelial cells attenuated the MCP-1 steady state mRNA in-
duced by LPS, while having no detectable effect @actin or  11.
GAPDH. We also confirmed by EIA that LPG suppressed LPS-
induced synthesis of MCP-1. Although the exact cellular mecha-
nism by which LPG inhibits MCP-1 generation is unclear, our datal2
indicate that LPG has a unique ability to suppress endothelial cel|,
activation. Preliminary data in our laboratory suggest that LPG
treatment activates a novel DNA protein complex binding to
uniquecis-acting elements on the ILglpromoter to suppress tran-
scriptional activity (5). The temporal effects of LPG on MCP-1

‘References

Turco, S. J., and A. Descoteaux. 1992. The lipophosphoglycadreishmania
parasitesAnnu. Rev. Microbiol. 46:65.

McNeely, T. B., and S. Turco. 1990. Requirements of lipophosphoglycan for
intracellular survival ofLeishmania donovaniithin human monocytesl. Im-
munol. 144:2745.

Handman, E., L. F. Schnur, T. W. Spithill, and G. F. Mitchell. 1986. Passive
transfer of leishmania lipopolysaccharide confers parasite survival in macro-
phagesJ. Immunol. 17:3608.

4. Tolson, D. L., S. J. Turco, and T. W. Pearson. 1990. Expression of a repeating

phosphorylated disaccharide lipophosphoglycan epitope on the surface of mac-
rophages infected witheishmania donovaninfect. Immun. 58:3500.
Hatzigeorgiou, D. E., J. Y. Geng, Y. Zhang, S. Turco, B.-x. Zhu, L. Ke,
W. N. Rom, M. J. Fenton, and J. L. Ho. 1996. Lipophosphoglycan ft@ish-
mania donovansuppresses ILfA gene expression in human monocytes via an
unique promoter sequenderoc. Natl. Acad. Sci. USA 93:14708.

Frankenburg, S., V. Leibovici, N. Mansbach, S. J. Turco, and G. Rosen. 1990.
Effect of glycolipids ofLeishmanigparasites on human monocyte activilylm-
munol. 145:4284.

Frankenburg, S., A. Gross, and V. Leibovici. 198@ishmania majoandLeish-
mania donovanieffect of LPG-containing and LPG-deficient strains on mono-
cyte chemotaxis and chemiluminescenggp. Parsitol. 75:442.

Brandonisio, O., M. A. Panaro, R. Marzio, A. Marangi, S. M. Faliero, and
E. Jirillo. 1994. Impairment of the human phagocyte oxidative responses caused
by Leishmanidipophosphoglycan (LPG): in vitro studieBEMS Immunol. Med.
Microbiol. 8:57.

Crawford, G. D., D. J. Wyler, and C. A. Dinarello. 1985. Parasite-monocyte
interactions in human leishmaniasis: production of IL-1 in vittolnfect. Dis.
152:315.

Reiner, N. E., W. Ng, C. B. Wilson, R. McMaster, and S. K. Burchett. 1990.
Modulation of in vitro monocyte cytokine response lteishmania donovani
interferon+y prevents parasite-induced inhibition of interleukin-1 production and
primes monocytes to respond to leishmania by producing both tumor necrosis
factor and interleukin-1J. Clin. Invest. 85:1914.

Carrera, L., R. T. Gazzinelli, R. Badolato, S. Hieny, W. Muller, R. Kuhn, and
D. L. Sacks. 1996Leishmaniapromastigotes selectively inhibits interleukin-12
induction in bone marrow-derived macrophages from susceptible and resistant
mice.J. Exp. Med. 183:515.

Moore, K. J., and G. Matlashewski. 1994. Intracellular infectior&ighmania
donovaniinhibits macrophage apoptosis. Immunol. 152:2930.

Ho, J. L., H.-K. Kim, P. M. Sass, S. He, J. Geng, H. Xu, B.-x. Zhu, S. J. Turco,
and S. K. Lo. 1996. Structure function analysisL&ishmanialipophosphogly-

can: distinct domains that mediate binding and inhibition of endothelial cell func-
tion. J. Immunol. 157:3013.

Pearson, R. D., and A. de Queiroz Soussishmaniaspecies: visceral (kala-
azar), cutaneous, and mucosal leishmaniasis. 199Briinciples and Practice of



The Journal of Immunology

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Infectious DiseasesAth Ed. G. L. Mandell, J. E. Bennett, and R. Dolin, eds. 29
Churchill Livingstone, New York, pp. 2428-2442.

Lo, S. K., D. T. Golenbock, P. M. Sass, A. Maskati, H. Xu, and R. L. Silverstein.
1997. Engagement of the Lewis X antigen (CD15) results in monocyte activation.
Blood 89:307.

Lo, S. K., A. Cheung, Q. Zheng, and R. L. Silverstein. 1995. Induction of tissue
factor on monocytes by adhesion to endothelial céllsmmunol. 154:4768.
Orlandi, P. A., and S. J. Turco. 1987. Structure of the lipid moiety of #igh-
mania donovanlipophosphoglycand. Biol. Chem. 262:10384.

Turco, S. J., S. R. Hull, P. A. Orlandi, S. D. Shepherd, S. W. Homans,

R. A. Dwek, and T. W. Rademacher. 1987. Structure of the major carbohydrate32.

fragment of thd_eishmania donovaripophosphoglycarBiochemistry 26:6233.
Ho, J. L., B.-x. Zhu, S.-h. He, Bao Du, and R. Rothman. 1994. Interleukin-4

receptor signaling in human monocytes and U937 cells involves the activation of33.

phosphatidylcholine specific phospholipase C: a comparison with chemotactic
peptide, FMLP receptotd. Exp. Med. 180:1457.
Rival, Y., A. Del Maschio, M. J. Rabiet, E. Dejana, and A. Duperray. 1996.

Inhibition of platelet endothelial cell adhesion molecule-1 synthesis and leuko-35.
36.

cyte transmigration in endothelial cells by the combined action of T\&Rd
IFN-7y. J. Immunol. 157:1233.
Muller, W. A., and S. A. Weigl. 1992. Monocyte-selective transendothelial mi-

gration: dissection of the binding and transmigration phases by an in vitro assay37.

J. Exp. Med. 176:819.

Takahashi, M., U. Ikeda, J. |. Masuyama, S. I. Kitagawa, T. Kasahara, M. Saito,
S. Kano, and K. Shimada. 1994. Involvement of adhesion molecules in human
monocyte adhesion to and transmigration through endothelial cells in Kitne.
erosclerosis 108:73.

Del Maschio, A., A. Zanetti, M. Corada, Y. Rival, L. Ruco, M. G. Lampugnani, 39.

and E. Dejana. 1996. Polymorphonuclear leukocyte adhesion triggers the disor-
ganization of endothelial cell-to-cell adherent junctiofisCell Biol. 135:497.

Salomon, D., O. Ayalon, R. Patel-King, R. O. Hynes, and B. Geiger. 1992.40.

Extrajunctional distribution of N-cadherin in cultured human endothelial cells.
J. Cell Sci. 102:7.

Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, 41.

J. A. Smith, and K. Struhl. 199Turrent Protocols in Molecular Biologylohn
Wiley and Sons, Inc., New York, pp. 15.1.1-15.1.5.

Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extractmal. Biochem. 162:

156.

Malik, A. B., and S. K. Lo. 1996. Vascular endothelial adhesion molecules and43.

tissue inflammationPharmacol. Rev. 48:213.
Springer, T. A. 1995. Traffic signals on endothelial for lymphocyte recirculation
and leukocyte emigratiorAnnu. Rev. Physiol. 57:827.

30.

31.

34.

38.

42.

1865

. Bittinger, F., H. Kohler, M. Wagner, M. Otto, I. Hermanns, and C. J. Kirkpatrick.
1995. Comparative studies on vascular endothelium in vitro. lll. Effects of cy-
tokines on the expression of E-selectin, ICAM-1, and VCAM-1, by cultured
human endothelial cells obtained from passagedghobiology 63:83.

Lee, C. H,, Y. A. Reid, J. S. Jong, and Y. H. Kang. 1995. Lipopolysaccharide-
induces differential cell surface expression of intercellular adhesion molecule-1 in
cultured human umbilical cord vein endothelial cefidiock 3:96.

Newman, P. J., M. C. Berndt, J. Gorski, G. C. 2d. White, S. Lyman, C. Paddock,
and W. A. Muller. 1990. PECAM-1 (CD31) cloning and relation to adhesion
molecules of the immunoglobulin gene superfam@igience 247:1219.

Albelda, S. M., W. A. Muller, C. A. Buck, and P. J. Newman. 1991. Molecular
and cellular properties of PECAM-1 (endoCAM/CD31): a novel vascular cell-
cell adhesion moleculel. Cell Biol. 114:1059.

Muller, W. A., S. A. Weigl, X. Deng, and D. M. Phillips. 1993. PECAM-1 is
required for transendothelial migration of leukocytésExp. Med. 178:449.

Muller, W. A. 1995. The role of PECAM-1 (CD31) in leukocyte emigration:
studies in vitro and in vivoJ. Leukocyte Biol. 57:523.

Newman, P. J. 1997. The biology of PECAMJL.Clin. Invest. 99:3.

Romer, L. H., N. V. McLean, H. C. Yan, M. Daise, J. Sun., and H. M. De Lisser.
1995. IFN<y and TNF« induce redistribution of PECAM-1 (CD31) on human
endothelial cellsJ. Immunol. 154:6582.

Stewart, R. J., T. S. Kashxur, and P. A. Marsden. 1996. Vascular endothelial
platelet endothelial adhesion molecule-1 (PECAM-1) expression is decreased by
TNF-a and IFN+y: evidence for cytokine-induced destabilization of messenger
ribonucleic acid transcripts in bovine endothelial cellsimmunol. 156:1221.
Rollins, B. J. 1996. Monocyte chemoattractant protein 1: a potential regulator of
monocyte recruitment in inflammatory diseastol. Med. Today 2:198.

Randolph, G. J., and M. B. Furie. 1995. A soluble gradient of endogenous mono-
cyte chemoattractant protein-1 promotes the transendothelial migration of mono-
cytes in vitro.J. Immunol. 155:3610.

Henninger, D. D., J. Panes, M. Eppihimer, J. Russell, M. Gerritsen,
D. C. Anderson, and D. N. Granger. 1997. Cytokine-induced VCAM-1 and
ICAM-1 expression in different organs of the moudeImmunol. 158:1825.

Smith, C. W. 1993. Transendothelial migrati@urr. Top. Microbiol. Immunol.
184:201.

Gunn, M. D., N. A. Nelken, X. Liao, and L. T. Williams. 1997. Monocyte che-
moattractant protein-1 is sufficient for the chemotaxis of monocytes and lympho-
cytes in transgenic mice but requires an additional stimulus for inflammatory
activation.J. Immunol. 158:376.

Flory, C. M., M. L. Jones, B. F. Miller, and J. S. Warren. 1995. Regulatory roles
of tumor necrosis factos- and interleukin-B in monocyte chemoattractant pro-
tein-1 mediated pulmonary granuloma formation in the Aah. J. Pathol. 146:
450.



