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Monocyte diapedesis through an in vitro vessel wall construct:
inhibition with monoclonal antibodies to thrombospondin
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Abstract: Human peripheral blood monocytes were exa-

mined for migration across an endothelial cell monolayer
in an in vitro vessel wall construct. Few monocytes in-

vaded in the absence of a chemotactic gradient, despite

significant adhesion to the endothelial monolayer.
However, the addition of zymosan-activated human

plasma to the lower compartment, to create a chemotactic
gradient across the vessel wall, resulted in significantly

enhanced monocyte migration. Pretreatment of the mono-

cytes with monoclonal antibodies to thrombospondin

(TSP) dramatically inhibited monocyte diapedesis into

the vessel wall. The same treatment inhibited monocyte

adhesion to endothelial cells in two-dimensional

monolayer cultures as well as in vessel wall constructs (no
chemotactic gradient). Of interest, however, the mono-

clonal antibodies had no inhibitory effect on monocyte

migration into collagen gels devoid of endothelial cells in

response to the same chemotactic gradient, suggesting the

importance of TSP in monocyte-endothelial cell interac-

tions. Monoclonal antibodies to fibronectin and normal
mouse immunoglobulin G did not inhibit migration in

this model of a vessel wall. Furthermore, monoclonal an-

tibodies to TSP showed no inhibition of human

peripheral blood neutrophil migration. Previous studies
have shown that monocytes synthesize TSP and express

this moiety on their surface. The present data suggest that
monocytes may utilize TSP to interact with endothelial
cells lining the vessel wall during diapedesis. J. Leukoc.

Biol. 52: 524-528; 1992.
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INTRODUCTION

Thrombospondin (TSP) is a high-molecular-weight glyco-

protein that is synthesized by platelets and stored in the a

granules [1, 2]. It is released during activation, binds to the

platelet cell surface, and participates in the secondary phase

ofplatelet aggregation [3]. A role for TSP in platelet interac-

tion with monocytes has also been demonstrated [4].

Although this may be due to platelet TSP interacting with

specific TSP receptors on the monocyte surface, monocytes

are also known to synthesize TSP [5, 6] and a role for mono-

cyte TSP cannot be completely ruled out. We demonstrated

that monocyte interaction with squamous epithelial cells was

also dependent on TSP [6]. Monocytes were able to bind to

and kill undifferentiated squamous epithelial cells, which ex-

pressed high levels ofTSP-binding activity. TSP receptor ex-

pression was decreased during differentiation and monocytes

were less effective in binding to and killing these cells. Fur-

thermore, antibodies to TSP inhibited monocyte killing of

the undifferentiated epithelial cells. The present study con-

tinues efforts to understand the role of TSP in monocyte

function. We show here that monoclonal antibodies to TSP

inhibit monocyte adhesion to endothelial cells and migration

through an in vitro construct of a vascular wall.

MATERIALS AND METHODS

Endothelial cells

Human umbilical vein endothelial cells were obtained as

described by Gimbrone [7]. Culture medium consisted of

M199 (Gibco Laboratories, Grand Island, NY) sup-

plemented with 20% pooled human serum, 100 U/ml

penicillin, 50 �g/ml streptomycin, 0.25 �g/ml amphotericin

B, and 75 �g/ml endothelial cell growth supplement (Col-
laborative Research, Boston, MA). In this study only

primary endothelial cell cultures were used.

Monocytes and neutrophils

Human peripheral blood monocytes were isolated from an-

ticoagulated blood (EDTA, 5 mM). The platelet-rich plasma

was separated by centrifugation at 23#{176}C at l25g for 20 mm.
All further procedures were carried out at 4#{176}Cunless other-

wise specified. The pellet was diluted with 1:1 volume Selig-

man’s balanced salt solution lacking magnesium and calcium

(SBSS) and centrifuged at 125g for 20 mm. This procedure

was repeated once again, after the pellet was discharged. The

cells were then resuspended in SBSS containing 0.3 mM

EDTA, layered on top of Ficoll-Hypaque, and centrifuged at

800g for 25 mm at 23#{176}C. The aliquot containing the

mononuclear cells at the gradient interface was diluted with

SBSS and pelleted. The mononuclear cells were then sub-

jected to two sequential incubations in fresh human plasma

containing EDTA to remove monocyte-associated platelets

( 10 ml of plasma was used per 2 x 108 mononuclear cells in

15-ml polyethylene conical tubes for each incubation).

Mononuclear cells were recovered by centrifugation and,

while still suspended in plasma-EDTA, then fractionated us-
ing Nycodenz gradients (Nycodenz monocytes, Accurate

Chemical and Scientific Corporation, Westbury, New York).

The monocyte fraction obtained at the interface was

depleted of all granulocytes and lymphocytes and contained

monocytes ofgreater than 90% purity and greater than 95%

viability. After washing, monocytes were resuspended in

Hanks’ balanced salt solution (HBSS) containing 20% heat-
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inactivated plasma at the specified concentration and kept on

ice until used.

Human peripheral blood neutrophils were also used in

these experiments. Heparinized blood (10 U/ml) was ob-

tamed from healthy adult volunteers. Neutrophils were sepa-
rated by dextran sedimentation and density-gradient cen-

trifugation using Ficoll-Hypaque. The cells obtained were

approximately 98% neutrophils.

Anti-TSP antibodies

Monoclonal antibodies against three different domains of the

TSP molecule were produced as described in past publica-

tions [3, 8, 9]. One ofthe monoclonal antibodies (designated

A2.5) binds to the heparin-binding site ofthe TSP molecule.

The second monoclonal antibody (designated C6.7) binds to

the large globular domain of the TSP molecule at the

COOH terminus and blocks platelet aggregation. The third

monoclonal antibody (designated D4.6) binds to the

fibrinogen-binding domain of the TSP molecule. For these

studies, the three antibodies were mixed in equal concentra-

tions and the total dosage used for the mixture of the three

antibodies was 5-50 jsg. Prior to use, the antibody prepara-
tions were examined for endotoxin contamination using the

Limulus amebocyte lysate assay (E-toxate; Sigma Chemical

Co., St. Louis, MO) and found to contain less than 0.02

ng/ml.

As controls, three commercially available antifibronectin

mouse monoclonal antibodies were used. All were obtained

from Telios Pharmaceuticals (San Diego, CA). The three an-

tibodies were to the heparin-binding site (clone 1), the cell at-

tachment site (clone 2), and the gelatin-binding site (clone 3)

of fibronectin. All were immunoglobulin G (IgG), antibodies

and all three were used at a 1:100 (v/v) final dilution. Normal

mouse IgG served as an additional control.
Both monocytes and neutrophils were preincubated in

HBSS with the indicated antibodies or control IgG at the in-

dicated concentrations for 30 mm at ambient temperature

just before the addition to the vessel wall constructs or colla-

gen matrices.

Construct of the vessel wall model

The vessel wall construct consisted of a monolayer of human

umbilical vein endothelial cells residing on a (rat tail) col-
lagenous matrix. Briefly, 2 mg of hydrated collagen solution

was added to 3-sm (pore size) polycarbonate filters placed in

double-chamber culture dishes (Transwell 3414; Costar,

Cambridge, MA) and allowed to gel. The gels were then

preincubated for 2 h with culture medium and then seeded

with human umbilical vein endothelial cells (5 x 104/well) in

endothelial cell growth medium. The endothelial cells were

allowed to grow for 19-21 days with fresh culture medium

added at 3-day intervals. During this time, the endothelial

cells produced a basement membrane that closely resembled

the naturally occurring vascular basement membrane as in-

dicated by biochemical and ultrastructural criteria. The con-
struction and characterization of the in vitro vessel wall and

its use to investigate neutrophil migration have been

described in detail [10, 11].

Monocyte transmigration through the vessel wall
construct

Monocytes were examined for ability to migrate through the

vessel wall construct under the influence of a chemotactic

stimulus. Monocytes (1 x 106 cells in 1 ml of HBSS contain-

ing 20% heat-inactivated autologous plasma) were added to

the upper (endotheliai cell) surface of the vessel wall con-

struct. To the lower chamber was added either normal hu-

man plasma (600 �d in 3 ml of HBSS) or zymosan-activated

human plasma, prepared as described previously [12], to es-

tablish a chemotactic gradient across the vessel wall con-

struct. The monocytes were allowed to migrate for 4 h, after

which the nonattached cells were removed from the en-

dothelial surface. The endothelial cells were gently washed
three times with an EDTA-containing buffer. The washes

were pooled with the nonattached cells, centrifuged at 300g,

resuspended in 500 �l ofbuffer, and counted in triplicate us-

ing an electronic counter. From this, the number and per-

centage of cells attached to the vessel wall were determined.

Then the leading-front method [13] was used to determine

the distance traversed by the migrating cells in 4 h (five ran-

dom fields per construct at 100 x on an inverted phase

microscope were assessed). In addition, certain cultures were

fixed and cut in cross section, stained with hematoxylin and

eosin, and photographed. In some experiments, neutrophils

were used in place of monocytes. Migration through the yes-

sel wall construct with these cells was studied in exactly the

same way as with monocytes.

RESULTS

Monocyte adhesion to endothelial cells

In the first series of experiments we examined the ability of

monoclonal anti-TSP antibodies to inhibit monocyte adhe-

sion to endothelial cells in monolayer culture. Human

peripheral blood monocytes were obtained as described in
Materials and Methods and then incubated in polypropy-

lene tubes with either the monoclonal antibodies to TSP (50

/.tg total of antibody mixture per 1 x 106 cells in 1 ml of

buffer) or 50 �g of normal mouse IgG. After 30 mm, the cells

and antibody were added to the endothelial cells. The per-

centage of adherent cells was determined 1 h later by remov-

ing and counting the nonattached cells. In the absence of an-

tibody, 57 ± 3% of the cells attached during this period,

whereas only 26 ± 2% attached in the presence of the

monoclonal antibody to TSP. A total of 50 �g of antibody

mixture was the highest amount used. A lower amount (5 �g

total) was used but proved to be ineffective at blocking adhe-

sion (not shown).

Monocyte migration through the vessel wall construct

We next examined monocytes for ability to migrate through

the vessel wall construct under the influence of a chemotactic

gradient. Migration studies were carried out as described in

Materials and Methods. Data from several studies are sum-

marized in Table 1. It can be seen that although there was

little invasion across the endothelial cell monolayer, despite

significant adhesion in the absence of a chemotactic gra-

dient, the inclusion of zymosan-activated plasma in the lower
well produced a strong signal for migration. This was true

not only for monocytes but also for neutrophils. This is not

surprising because the chemotactic peptide produced upon

zymosan activation ofhuman plasma (e.g., C5a) is known to

be chemotactic for both neutrophils and monocytes [12].

Table 1 also shows that preincubation of monocytes with the
anti-TSP monoclonal antibodies (50 �g total) significantly in-

hibited (approximately 50%) monocyte migration through

the vessel wall construct in comparison to a control antibody,

as well as adhesion to the monolayer ( 50%). In other ex-

periments (Table 2), preincubation of monocytes with three
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TABLE 1 . Effects of Monoclonal Antibodies to TSP on Monocyte Migration in the In Vitro Vessel Wall Construct”

Treatment group

Leading front

(sm)

Vessel wall-associated

monocytes
( x 10’)

Vessel wail-associated

monocytes
(%)

Inhibition

(%)

Normal human plasma 75 ± 23 599 ± 35 60 ± 3.5 -

+ anti-TSP 70 ± 20 316 ± 41 32 ± 4.1 49

+ control IgG 72 ± 28 612 ± 51 61 ± 5.1 -1

Zymosan-activated human plasma 405 ± 21 715 ± 26 72 ± 2.6 -

+ anti-TSP 185 ± 10 375 ± 33 38 ± 3.3 54

+ control IgG 411 ± 27 752 ± 5.0 75 ± 5.0 -3

“ Invasion studies were carried out as described in Materials and Methods. Values shown represent means ± standard deviations based on four separate

paired experiments, each with four separate readings per data point. P values (/-test) for control antibody vs. anti-TSP group in nonmigrating and migrat-

ing (zymosan-activated plasma) conditions are < .05 and < .05, respectively.

different antifibronectin monoclonal antibodies alone or in

combination did not inhibit migration. The ability of

monoclonal anti-TSP antibodies to inhibit monocyte migra-

tion is in contrast to their lack of effect on neutrophils. Neu-

trophils treated with the same concentration of anti-TSP

migrated as well as control neutrophils (Table 2). Further-

more, a significant reduction in leading front (five farthest

migrated monocytes) was observed with anti-TSP-treated

cells. Cross sections through a vessel wall construct are

shown in Figure 1. The effect of the chemotactic signal is

shown in Figure 1A, where several mononuclear cells can be

seen to have crossed the endothelial cell monolayer as well as

the basement membrane and are located in the suben-

dothelial collagenous matrix. It can be seen in Figure lB that

fewer of the anti-TSP-treated monocytes have crossed the en-

dothelial cell barrier.

In additional experiments, monocytes were examined for

ability to migrate into the collagenous matrix without the en-

dothelial cell monolayer on the surface. These experiments
were carried out exactly the same way as when endothelial

cells were present except that the monocytes were added

directly to the surface of the collagen matrix. As shown in

Table 3, the addition ofa chemotactic signal to the lower well

induced monocyte migration through the collagen matrix.

Furthermore, it can be seen that preincubation of the cells

with monoclonal anti-TSP antibodies did not interfere with

invasion of this matrix.

DISCUSSION

TSP is known to mediate cell-substrate adhesion in a variety

of cells [14-17], and previous studies from other laboratories

[4, 18] and our own laboratory [6, 19] suggest that TSP may

also play a role in monocyte interactions with other cells.

These findings are extended here. The current studies show

that monocyte migration through an in vitro vessel wall con-

struct is significantly inhibited by monoclonal antibodies to

TSP, whereas antibodies to fibronectin do not have this

effect. The same antibodies to TSP also directly inhibit

monocyte adhesion to endothelial cells in monolayer culture.

Significant inhibition was observed when the endothelial cell

monolayers were washed 1 h after addition of the monocytes.
This suggests that failure of the anti-TSP-treated monocytes

to cross the endothelial barrier in the vessel wall construct

may be due, at least in part, to inhibition of adhesion. Adhe-

sive interactions and subsequent migratory events are closely

linked and modulating the adhesion of monocytes to the en-

dothelial cells could be expected to contribute to altered
migration.

How antibodies to TSP act to modulate monocyte migration

through the vessel wall construct cannot be fully ascertained

from the available data. Our working hypothesis is that the
antibodies are effective by virtue of their binding to TSP on
the monocyte surface and blocking subsequent events that

are dependent on the presence of monocyte surface TSP. It

TABLE 2. Effects of Monoclonal Antibodies to Fibronectin on Neutrophil and Monocyte Migration Through Vessel Wall Explants”

Leading f ront (�tm) .
Vessel wall-associated

monocytes

.
Vessel wall-associated

neutrophilsMonocytes Neutrophils

Treatment group (�&m) ( x 10’) ( x 10’) Inhibition

Normal human plasma

+ anti-Fn clone 1 + 2 + 3

10 ± 5

12 ± 6

15 ± 5

14 ± 3

582 ± 43

604 ± 54

61 ± 7

60 ± 5

-

N.S.b

+ anti-Fn clone I 15 ± 3 12 ± 6 599 ± 61 54 ± 4 N.S.

+ anti-Fn clone 2 16 ± 7 14 ± 7 616 ± 32 56 ± 3 N.S.

+ anti-Fn clone 3 15 ± 5 10 ± 3 578 ± 39 72 ± 4 N.S.

+anti-TSP 12±6 20±5 316±41 72±6 P<.05

Zymosan-activated human plasma 412 ± 72 523 ± 55 732 ± 52 762 ± 61 -

+ anti-Fn clone I + 2 + 3 318 ± 66 498 ± 75 735 ± 51 714 ± 63

+ anti-Fn clone 1 400 ± 81 526 ± 72 721 ± 45 749 ± 49 N.S.

+ anti-Fn clone 2 411 ± 49 505 ± 84 706 ± 38 738 ± 36 N.S.

+ anti-Fn clone 3 428 ± 67 492 ± 83 757 ± 58 734 ± 55 N.S.

+ anti-TSP 174 ± 56 515 ± 55 375 ± 33 754 ± 62 P < .05

“ Migration studies were carried out as described in Materials and Methods. Values shown represent means ± standard deviations based on three separate

experiments, each with four separate readings per data point. Clone 1 monoclonal antibody (mAb), to the heparin-binding site; clone 2 mAb, to cell attach-

ment site; and clone 3 mAb, to gelatin-binding site. P values (1-test) for antifibronectin (anti-Fn) and anti-TSP vs. control antibody comparing vessel wall-as-

sociated monocytes are shown.

‘N.S., not significant.
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Fig. 1. Cross section through a vessel wall construct. Monocytes were placed

on the endothelial cell surface and allowed to migrate in response to a

chemotactic signal (A) or treated with antibodies to TSP and then allowed

to migrate in response to the same chemotactic signal (B). Cells were fixed,

sectioned, stained with hematoxylin and eosin, and photographed after 4 h

of migration. X230.

is of interest in this regard that immunofluorescence staining

of blood monocytes reveals very little detectable surface TPS

[ 5, 61. However, TSP biosynthesis and surface expression are

rapidly up-regulated when blood monocytes are incubated in

monolayer culture. Increased expression correlates with the
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A

transition from a monocytoid cell to one with characteristics

of mature macrophages. It has also been shown that TSP

synthesis and expression are up-regulated in U937 cells fol-

lowing phorbol ester stimulation [19]. U937 cells are derived

from an undifferentiated histiocytic tumor. Phorbol ester

stimulation of the undifferentiated U937 cells results in the

acquisition of characteristics reflective of mature monocytes.

Thus, acquisition of surface TSP by monocytes occurs in

parallel with acquisition of the capacity to leave the circula-

a tory system and reside in extravascular compartments. The

present data suggests that the onset of TSP expression may

4 contribute to that capacity.

Alternatively, endothelial cells also express cell surface

TSP [20] as well as TSP receptors [21]. Inhibition of mono-

cyte adherence and migration might be due to antibody

binding to these cells. Possibly, monocyte-endothelial cell in-

teractions involve TSP and TSP receptors on the surface of

a both cells. Additional experiments will be necessary to dis-
tinguish between these possibilities as well as to determine

which domains of TSP are critical mediators of the interac-

tion between monocytes and endothelial cells. From the data

obtained in studies on invasion of interstitial matrices (colla-

gen matrix), one could conclude that the antibodies to TSP

did not simply interfere with the monocytes’ ability to mi-
grate or respond to the chemotactic gradient. It rather seems

that TSP is involved in monocyte-endothelial cell and base-

ment membrane interactions.
The findings presented here indicate that monocyte

(though not neutrophil) migration through an in vitro coun-

terpart of an intact microvessel is influenced by monoclonal

� antibodies to TSP. This suggests a role of TSP in this
process. Whether TSP plays a similar role in vivo is not

known. It is interesting that past immunochemical studies

have localized TSP in vivo to basement membranes at the

dermal-epidermal junction and around blood vessels [22].
Thus, TSP appears to be physically present at sites where it

would be expected if it functioned in monocyte diapedesis.

How, specifically, TSP functions in diapedesis is not known,

but several important events (e.g., initial adhesion, junc-

tional penetration, or interaction with the subendothelial

basement membrane) could be the target. Finally, it is of in-
terest that the same monoclonal antibodies to TSP that were

used here also dramatically reduce monocyte accumulation
in the lungs of rats during the reverse passive Arthus reac-

tion (K. J. Johnson, V. M. Dixit, and J. Varani, manuscript

submitted for publication). This treatment dramatically

reduces lung injury in a model that previous studies have

shown to be dependent on both monocytes and neutrophils

[23]. These data thus suggest the importance of three-

dimensional models of the vessel wall to study regulation of

TABLE 3. Effects of Monoclonal Antibodies to TSP on Monocyte Migration Through Collagen Matrices”

Treatment group

Leading front

(sm)

Collagen matrix-associated
monocytes

( x iO�)

Collagen matrix-associated
monocytes

(%) Inhibition

Normal human plasma

+ anti-TSP

+ control IgG

10 ±

15 ±

10 ±

5

5

5

47 ± 25

32 ± 13

42 ± 20

5 ± 2.5

3 ± 1.3

4 ± 2.0

-

N.S.

N.S.

Zymosan-activated human plasma

+ anti-TSP

+ control IgG

445 ±

450 ±

440 ±

10

15

20

687 ± 44

655 ± 40

666 ± 49

69 ± 4.4

66 ± 4.0

67 ± 4.9

-

N.S.

N.S.

“ Migration studies were carried out as described in Materials and Methods. Values shown represent means ± standard deviations based on four separate

experiments, each with four separate readings per data point. P values (1-test) for control antibody vs. anti-TSP in both normal human plasma and zymosan-

activated plasma were not significant (N.S.) at P < .05.
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inflammation, as two-dimensional systems are unable to de-

tect certain biologically important phenomena. Based on the

data presented here and on our recent in vivo data, we sug-
gest that anti-TSP may function to inhibit the accumulation

and/or functioning of monocytes and, in doing so, inhibit

subsequent monocyte-dependent events that contribute to

the tissue injury observed in the acute inflammatory

response.
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