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Plasma Lipoprotein Induction and Suppression of the
Generation of Cellular Procoagulant Activity in Vitro

REQUIREMENTSFORCELLULARCOLLABORATION

GARYA. LEVY, BRADFORDS. SCHWARTZ,LINDA K. CURTISS, and
THOMASS. EDGINGTON,Department of Molecular Immunology, The Research
Institute of Scripps Clinic, La Jolla, California 92037

A B S T R A CT Isolated human plasma very low
density, intermediate density, and high density lipo-
proteins at physiologic' concentrations have been
demonstrated in the preceding report to induce signifi-
cant increases in the procoagulant activity of human
peripheral blood mononuclear cells in vitro, whereas
low density lipoprotein did not. The monocyte was
identified in this study by cellular fractionation and by
direct cytologic assays as the source of this inducible
activity, thus identifying the procoagulant activity as
a monokine. The generation of these lipoprotein-
induced procoagulant monokines was entirely de-
pendent upon the presence of lymphocytes. Isolated
lymphocytes that had been exposed to the stimulatory
lipoproteins could induce monocytes to produce the
procoagulant activity, whereas neither the culture
medium from lipoprotein-stimulated lymphocytes,
homogenates of lymphocytes, nor other cells such as
platelets could substitute for this requirement. The
interaction of the stimulatory lipoproteins with lympho-
cytes was rapid, reaching completion within 30 min,
and was equally effective at either 40 or 37°C. Low den-
sity lipoprotein did not stimulate lymphocytes to in-
duce monocyte procoagulant activity, but did actively
suppress the production of the procoagulant monokines
induced by each of the stimulatory lipoproteins, as
well as bacterial lipopolysaccharide. The monocyte
was identified as the cell sensitive to low density lipo-
protein suppression, and no suppression of lymphocyte
triggering was observed. These observations on the
interaction of plasma lipoproteins with lymphocytes
and monocytes in vitro introduce two new regulatory
events by which plasma lipoproteins influence the
function of cells, and define a regulatory network by
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which certain lipoprotein classes trigger lymphocytes,
which can in turn induce monocytes to express pro-
coagulant activity. Only this latter phase is subject to
lipoprotein suppression by physiologic concentrations
of low density lipoprotein.

INTRODUCTION

A marked increase in both the surface expression by
viable cells and total content of procoagulant activity
(PCA)1 by human peripheral blood mononuclear cells
(PBM) has been observed upon exposure of these cells
in vitro to antigen-antibody complexes (1), allogeneic
cells (2), mitogenic lectins (3), bacterial lipopolysac-
charides (LPS) (4, 5) and proteolytic products of C5 (6).
In the preceding study it was observed that certain
classes of human plasma lipoproteins can also induce
PBM to increase their PCA content or expression.
Very low density lipoprotein (VLDL), intermediate
density lipoprotein (IDL), and high density lipopro-
tein (HDL) were each capable of inducing PCAin PBM
in vitro. In contrast, low density lipoprotein (LDL) was
devoid of such activity.

It was demonstrated that the VLDL-induced PCA
was a classical Factor VII-dependent and Factor X-
dependent tissue thromboplastin, apparently identical
to that induced by LPS and other previously described
stimuli. In contrast, most of the IDL- and HDL-induced
PCAwas independent of Factor X, as well as of Fac-
tors IX and VIII of the intrinsic coagulation path-
way, and of Factor VII of the extrinsic pathway. This
PCA cleaved prothrombin directly in a manner
similar to human Factor Xa, and appeared to represent

1Abbreviations used in this paper: HDL, high density lipo-
protein; IDL, intermediate density lipoprotein; LDL, low
density lipoprotein; LPS, lipopolysaccharide; PBM, periph-
eral blood mononuclear cells; PCA, procoagulant activity;
VLDL, very low density lipoprotein.
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a new inducible cellular prothrombin activator.
Whereas LDL was devoid of stimulatory activity for
PBMcell-derived PCA, it actively suppressed the gen-
eration of PCA by the stimulatory lipoproteins. This
inhibition could be achieved with all the stimulatory
lipoproteins at molar ratios of LDL to stimulus of 1:3
or less.

Direct observation of murine splenic mononuclear
cells incubated with LPS has demonstrated that the in-
duced PCA is localized to macrophages, but that
direct lymphocyte collaboration is required for amplifi-
cation of the endogenous basal macrophage PCAcon-
tent (7). Lymphocytes exposed to LPS induced an in-
crease of PCAassociated with viable macrophages as
well. This collaboration appeared to require direct cel-
lular contact and was not mediated under these condi-
tions by soluble lymphocyte products (7). In a recent
study of human PBM, Edwards et al. (8) have observed
that soluble products of phytohemagglutinin-stimu-
lated T lymphocytes induce PCAin human monocyte-
rich cell fractions. In the present study, we explore the
collaborative cellular requirements for the generation
of plasma lipoprotein-induced, human PBM PCA, a
previously unexplored system. In addition, the site of
action of LDL-mediated suppression of this cellular
PCA is identified.

METHODS

Lipoproteins. The plasma lipoproteins were isolated by
differential centrifugation in KBr and characterized as de-
scribed in the accompanying manuscript. The lipoprotein frac-
tions included the VLDL (d < 1.006 g/ml), IDL (d = 1.006-
1.019 g/ml), LDL (d = 1.019-1.063 g/ml), and HDL (d
= 1.063-1.21 g/ml). The preparations were analyzed for pro-
tein concentration by a modification (9) of the method of
Lowry et al. using a bovine albumin standard and stored sterile
at 4°C in lipoprotein buffer (0.15 M NaCl, 0.15 mMEDTA,
0.0005% alpha tocopherol, pH 7.4). LPS contamination of the
lipoproteins was monitored by both limulus and mouse
lethality assays as described (10, 11). Endotoxin contamination
was undetectable at <1 ng/mg of lipoprotein protein.

Cell isolation atnd culture. PBMwere isolated from the
blood of fasting healthy donors by centrifugation over ficoll-
hypaque at 1,400 g and 22°C for 12 min as described (12).
The PBM contained an average of 85% lymphocytes, 12%
monocytes, and 3% or less polymorphonuclear leukocytes as
assessed by cytology, vital uptake of neutral red, and nonspe-
cific esterase stains (13). Platelet contamination of these
PBMaveraged 37 platelets per PBM. This was reduced to
<0.5 platelets per PBMby centrifuging the whole blood at
120 g for 15 min and removing the platelet-rich plasma be-
fore ficoll-hypaque centrifugation. Lymphocytes and mono-
cytes were separated by adherence to plastic in flat bottom,
16-mm Diam, 24-well plates (Costar, Data Packaging, Cam-
bridge, Mass.) in 1-ml volumes in complete medium (RPMI
1640 containing 10% fetal calf serum, 100 U/ml penicillin, and
50 ,ug/ml streptomycin) at 37°C and 6%CO2 for 48-72 h. The
lymphocytes were suspended and removed, and the adherent
monocyte layer was washed with medium. Monocytes were
removed by gentle agitation at 150 rpm on a gyratory plat-
form for 25 min at 22°C in Puck's Saline A (Gibco Labora-

tories, Grand Island Biological Co., Grand Island, N. Y.) con-
taining 3%bovine serum albumin and 3 mMEDTAas previ-
ously described (7). All monocyte populations used were
>98% nonspecific esterase positive and were devoid of plate-
lets, whereas the washed lymphocyte fractions were in all
cases <2% nonspecific esterase positive.

Platelets were isolated from blood drawn into acid-citrate
dextrose. Following centrifugation at 120 g for 15 min, the
platelets were isolated from the platelet-rich plasma by cen-
trifugation at 1,200 g for 15 min and washed twice in RPMI
1640. The isolated platelets were contaminated by PBMat
<0.01%.

PBMat 1 x 106/ml, isolated lymphocytes at 8.5 x 105/ml,
isolated platelets at 2 x 107/ml, or isolated monocytes at
1-1.5 x 105/ml were incubated in complete medium at 37°C
in 5% CO2. In some experiments, incomplete medium (no
serum) was used. Unless otherwise indicated, the cells were
washed twice with RPMI-1640 6 h after the addition of test
material, and cell viability was assessed by trypan blue
exclusion before assay of cellular PCA. Bacterial LPS (Esch-
erichia coli 0111 B4, butanol extracted) was kindly provided
by Dr. David Morrison, Emory University, Atlanta, Ga. and
was used as a positive control at a final concentration of
10 /kg/ml.

PCA. The total cellular content of PCA was quantitated
in a one-stage clotting assay (7). Briefly summarized, the
washed pellets of PBM, platelets, monocytes or lympho-
cytes in 12 x 75-mm polypropylene tubes were frozen at
-70°C, thawed at 37°C three times, and sonicated. The total
PCA content was quantitated as follows. To 0.1 ml of cell
homogenate in a 12 x 75-mm glass tube at 37°C was added 0.1
ml of citrated, normal human, platelet-poor plasma. Then, 0.1
ml of 25 mMCaCl2 was added to initiate the reaction. The
time (seconds) for the initial appearance of a fibrin clot was
recorded. A rabbit brain thromboplastin standard at 36 mgdry
mass/ml (Dade, Div. American Hospital Supply, Miami, Fla.)
was assigned a value of 100,000 mU. Clotting times for 0
and 10,000 mUthromboplastin were 196 and 24 s, respec-
tively. Data are expressed as the mean and standard devia-
tion of replicate assays. Precision of the assay varied from 6.1
to 9.7% (coefficient of variation). RPMI 1640 with or without
10% fetal calf serum, buffer, lipoproteins, and LPS were all
without activity.

Procoagulant plaque assay. To observe the qualitative
presence of PCA in individual cells and to differentiate be-
tween monocytes and other cells, suspensions of stimulated
and control PBMwere air dried onto glass slides (7), fixed in
buffered formalin-acetone, and stained for nonspecific
esterase (7, 13). The fixed cells were overlaid at 39-40°C with
0.5 ml of a solution of 3.75 parts 2%agarose in saline (Seakem-
Agarose Marine Colloid Division, FMC Corp., Rockland,
Maine), 1.5 parts Hepes-buffered Eagle's minimum essential
medium containing 3.67 g% CaCl2 and 1 part platelet-poor,
citrated, normal human plasma. After 10 min at 37°C, the re-
action was terminated by placing the slides in saline contain-
ing 10 U heparin/ml, and washed with frequent changes for
16-20 h at 370C. A PCA positive cell was identified by the
formation of microscopically visible strands of fibrin suirround-
ing the cell. Monocytes were identified by the presence of
nonspecific esterase red reaction product and lymphocytes by
morphology and the absence of nonspecific esterase. 300
cells were counted per slide, and the results were expressed
as percent positive for PCA for each cell type.

RESULTS

Lipoprotein-induced PCA. Isolated human plasma
lipoproteins possessed differing capacities to induce
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TABLE I
PCA of Cell Subpopulations following Lipoprotein

Stimulation of PBM

Stimulus Total cellular PCA

ug protein/ml mU/106 lymphocytes mU/106 monocytes
Lipoprotein

buffer 48±+10 2,850±550
VLDL 36 50±8 10,450+500
IDL 149 64±10 26,500±1,500
LDL 481 43±6 1,650+400
HDL 273 35±8 21,500±450

1 x 106 PBMwere incubated at 37°C in 5%CO2 in 10% fetal
calf serum fortified RPMI-1640 for 48 h, washed, and incu-
bated with either the lipoproteins or buffer for 6 h at 370C.
Separated lymphocytes (2% esterase positive) and monocytes
(98% esterase positive) were assayed separately for total
PCA content.

PCAwhen they were incubated for 6 h or more with
human PBM. As illustrated in the preceding study, a
representative preparation of VLDL induced little, if
any, increase of PCA expression at concentrations
< 1.5 ,.g protein/ml, but at 80 ,ug/ml induced a maximal
increase of 6.7-fold over basal level. IDL and HDL
were active at 2.5-85 and 30-500 4g protein/ml,
respectively, with >12-fold maximal increases of PCA.
In contrast, LDL at concentrations as high as 1 mg/ml
did not induce PCA.

A

To localize the cellular source of PCA, PBMwere
precultured for 48 h to facilitate adherence, followed by
a further 6-h incubation with the lipoproteins. The ad-
herent and nonadherent cell populations were then
separated and assayed for total PCA content. An in-
crease in PCAabove basal levels was observed only in
the adherent or monocyte population of the VLDL-,
IDL-, or HDL-exposed PBMcultures (Table I). These
cells were 98% positive for nonspecific esterase, a
monocyte marker. The lymphocyte PCA did not in-
crease, and represented <4% of the total PCA of the
original lymphocyte-monocyte mixture. The increase
of PCA could all be accounted for in the monocyte
population derived from the PBM; and it was con-
cluded that the monocyte or a specifically coisolated ad-
herent cell appeared to be the source of the VLDL-,
IDL-, and HDL-induced PCA.

The presence of PCA in individual cells was ana-
lyzed more critically by a cytologic plaque assay. In-
dividual cells were identified microscopically as mono-
cytes by the presence of the red cytoplasmic reaction
product of nonspecific esterase following culture, and
positive for PCAas evidenced by the presence of en-
circling fibrin strands (Fig. 1). In control PBMcultures,
14% of the monocytes and 2%of the lymphocytes con-
tained detectable PCA (Table II). Incubation with
LPS, IDL, and HDL increased the number of PCA
positive monocytes to >80%, with no apparent increase
in the small proportion of PCApositive esterase nega-

B

FIGURE 1 Plaque assay for demonstration of PCA in individual cells. Panel A contains a fixed
esterase positive cell that was cultured for 6 h in the presence of the lipoprotein buffer control.
Panel B contains a fixed esterase positive cell which is also positive for PCAexpression as evi-
denced by the encircling fibrin strands. Note that the red esterase reaction cannot be differen-
tiated in the black and white photograph.
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TABLE II
Cytologic Analysis of Cellular PCA

PCApositive cells

Esterase negative Esterase positive
Stimulus (lymphocytes) (monocytes)

Lipoprotein
buffer 2 14

LPS 5 86
VLDL 6 44
IDL 8 82
LDL 4 21
HDL 5 93

1 x 106 PBM were cultured with 197,500,929, and 732 ,ug
protein/ml of VLDL, IDL, LDL, or HDL, respectively, for
6 h, and then air dried onto glass slides. The cells were over-
laid with a solution containing agarose, citrated plasma,
and CaCl2, and incubated for an additional 10 min at 37°C.
The slides were washed with heparin-saline overnight, and
stained with nonspecific esterase. 300 cells were counted for
the presence of fibrin strands encircling them (PCA positive).

tive cells which were also cytologically consistent with
lymphocytes. In contrast, only 44% of the monocytes
and few lymphocytes were PCApositive after incuba-
tion with VLDL, and this fraction could not be further
increased. It was noted that there was a modest increase
in PCApositive monocytes following exposure of PBM
to LDL (Table II), though there was a mild decrease in
total monocyte PCAcontent by quantitative assay (Ta-
ble I), suggesting that the mean PCAcontent per cell
must be lower.

When isolated monocytes or lymphocytes were sepa-
rately incubated at 370C for 6 h with each of the lipo-
proteins, there was no increase in PCAabove the basal
level (Table III). Thus, a collaboration between both
cell populations appeared to be required for lipopro-
tein-stimulated amplification of monocyte PCA, since
neither cell population alone could be stimulated
directly to express increased levels of PCA.

TABLE III
Failure of Direct Monocyte or Lymphocyte Amplification

of PCA by Incubation with Lipoproteins

Stimulus Total cellular PCAcontent

,ug protein/ml mU/106 mU/10I
Iymphocytes* monocytes t

Lipoprotein
buffer 42+9 3,150+210

VLDL 36 41+4 4,150+575
IDL 149 37+6 3,745+355
LDL 481 43+5 3,550+510
HDL 273 34+8 2,940+200

* Less than 2%nonspecific esterase positive.
t Greater than 98% nonspecific esterase positive.

Lymphocyte requirement for generation of macro-
phage PCA. To verify the apparent requirement for
cellular collaboration for the amplification of monocyte
PCA, isolated lymphocytes, freed of monocytes by
adherence, were incubated for 6 h with each of the
lipoprotein classes. Then, either the washed lipopro-
tein-stimulated lymphocytes or medium from the lipo-
protein-stimulated lymphocytes were incubated for
another 6 h with isolated monocytes. Only monocytes
incubated with intact lymphocytes which had been in-
cubated with VLDL, IDL, or HDL demonstrated an
increase in PCA, whereas the addition of control
lymphocytes or those exposed to LDL had no effect on
monocyte PCA (Table IV). Similarly, when isolated
monocytes were incubated with each of the lipopro-
teins, washed free of non-cell-associated lipoproteins
and then added to lymphocytes, no increase in PCAwas
observed in either the lymphocytes or the monocytes
(data not shown). This indicated a undirectional col-
laboration between the lymphocyte and the monocyte.

This lymphocyte interaction with monocytes re-
quired intact lymphocytes, since neither the medium
from those cells (Table IV) nor homogenates of lipo-
protein-stimulated lymphocytes substituted for viable
lipoprotein-stimulated lymphocytes (data not shown).
It was concluded that the VLDL-, IDL-, and HDL-in-
duced increase in monocyte PCA required the pres-
ence of the intact lymphocyte. A closer examination
of the PCAobtained from monocytes exposed to LDL
lymphocyte culture supernates (Table IV), suggested
that culture supernates containing LDL may inhibit
the basal level of monocyte PCA; however, this was not
statistically significant.

The optimal lymphocyte-to-monocyte ratio for PCA
induction was examined by adding increasing numbers
of viable lymphocytes to a constant number of mono-

TABLE IV
Amplification of Monocyte PCA by Incubation with

Lipoprotein-stimulated Lymphocytes

Lymphocyte culture* Monocyte inductioni

Stimulus Culture medium Lymphocytes

,ug protein/ml mUPCAI106 monocytes
Lipoprotein

buffer 2,300±500 1,950+400
VLDL 36 2,650+600 12,550±400
IDL 149 3,500+ 1,000 31,500±+1,200
LDL 481 1,850±400 1,450_250
HDL 273 2,450+600 28,500±+1,400

* 8.5 x 105 lymphocytes in 1 ml complete medium for 6 h
at 37°C.
t 1 x 105 monocytes were cultured for 6 h with the culture
medium from the lymphocytes, or with 8.5 x 105 viable
washed lymphocytes that had been exposed to the lipo-
proteins.
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cytes, followed by addition of the lipoproteins. Al-
though the induced level of PCAdiffered for different
lipoprotein stimuli, an increase in the PCAcontent was
observed for all stimulatory lipoproteins at lymphocyte-
to-monocyte ratios >2:1 and maximal PCA was ob-
served at lymphocyte-to-monocyte ratios >5:1 (Fig. 2).

The temperature dependence of the lipoprotein-
lymphocyte interaction for induction of PCAwas ex-
amined in an indirect two-stage assay. In the first stage,
8 x 105 lymphocytes were incubated with each of the
lipoproteins for 30 min at either 370 or 40C and then
washed twice at the same temperature. In the second
stage, the lymphocytes were incubated with 1.2 x 105
adherent monocytes for 6 h at 370C. Following removal
of the lymphocytes, the monocytes were assayed for
PCAcontent. VLDL, IDL, and HDLwere equally ef-
fective lymphocyte activators at either 40 or 37°C (Fig.
3), indicating that the interaction of the stimulatory
lipoproteins with the lymphocytes was not tempera-
ture dependent. This was in contrast to the observation
that lymphocytes exposed to LPS at 40C were unable
to collaborate with monocytes in the generation of in-
creased PCA. This suggested a difference in the nature
of the lymphocyte interaction with the stimulatory lipo-
proteins as contrasted with LPS.

In addition, we investigated the potential role of
platelets in the induction of monocyte PCA. Platelets
were present in the isolated PBMat 35-40 platelets
per mononuclear cell, and after 72 h of culture the iso-
lated lymphocyte preparations contained -4 platelets
per lymphocyte. The possibility that platelets exposed
to these lipoproteins contributed to the induction of
monocyte PCA was examined by first depleting the
blood of platelets before isolation of the PBM. After 72
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FIGURE 2 Requirement for lipoprotein-triggered lympho-
cytes. Increasing numbers of lymphocytes (1-8 x 105) were
added to 1 x 105 monocytes in 1-ml cultures. VLDL, IDL,
LDL, and HDL were added at 180, 740, 2,405, and 1,360
,ug protein/ml, respectively, and the cells cultured for 6 h at
370C. The washed monocytes were assayed for total PCA
content as described.
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FIGURE 3 Effect of temperature on the triggering capability
of lymphocytes by lipoproteins or LPS. 8.5 X 105 lymphocytes
were cultured in complete medium at either 37°C (panel A) or
4°C (panel B) with either buffer or LPS, or VLDL, IDL, LDL,
and HDLat 190, 748, 1,740, and 1,975 ,utg protein/ml, respec-
tively, for 30 min. The lymphocytes were then washed and
added to 1.2 x 105 monocytes for an additional 6 h of culture
at 37°C before assay of the total monocyte PCAcontent.

h of culture, the lymphocyte preparations contained
<0.2 platelets per lymphocyte. These lymphocytes
were then incubated at 37°C for 30 min with each of the
lipoproteins in the presence or absence of freshly iso-
lated platelets from the same individual. In the second
stage, the washed lymphocytes and/or platelets were
incubated with 1 x 105 adherent monocytes for 6 h at
37°C. Following removal of the lymphocytes and/or
platelets, the monocytes were assayed for PCAcontent
(Table V). Platelets did not substitute for lymphocytes,
nor did they interfere with the lymphocyte requirement
for LPS-, VLDL-, IDL-, or HDL-triggered induction
of monocyte PCA.

TABLE V
Platelets Will Not Replace the Lymphocyte Requirement

for Monocyte PCAExpression

Lymphocyte/ Monocytes incubated with*
platelet cultures

Lymphocytes
Stimulus Lymphocytest Platelets§ and platelets'

,sg/ml mUPCA/10' monocytes

LLB 3,400+0 1,950±490 3,150±640
LPS 10 26,500±4,240 2,880±600 22,750±1,160
VLDL 50 14,750±4,600 1,650±490 18,500±2,210
IDL 50 29,500±3,540 2,150±640 36,000±8,490
LDL 200 1,500±420 2,280±320 2,230+1,100
HDL 500 24,500±710 2,500±710 22,000±8,490

* 1 x 105 monocytes (98% esterase positive) containing <1
platelet/monocyte were incubated with lymphocytes and/or
platelets for 6 h at 370C and the reisolated monocytes were
assayed for total PCAcontent.
t 8 x 105 lymphocytes (2% esterase positive) containing <0.2
platelets/lymphocyte.
§ 2 x 107 platelets.
"8 x 105 lymphocytes plus 2 x 107 platelets.
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LDL inhibition of PCAexpressiont. The cellular na-
ture of the LDL-mediated inhibitory activity was also
examined using indirect two-stage assays. In the first
stage, the isolated lymphocytes were incubated with
maximal stimulatory concentrations of either VLDL,
IDL, or HDL at 50, 50, and 500 ,ug/ml, respectively,
either alone or in the presence of LDL for 6 h at 37°C.
In the second stage, the washed viable lymphocytes or
culture medium from the lymphocytes were incubated
with 1 x 105 adherent monocytes for anl additional 6 h at
37°C. Following removal of the lymphocytes, the
monocytes were assayed for their PCA content. The
presence of 200 ,g LDL/ml, a concentration which will
inhibit PBMgeneration of PCA(see preceding manu-
script for dose relationships), had no effect on the
VLDL, IDL, or HDL stimulation of the lymphocyte,
and full expression of monocyte PCA was olbserved
when intact lymphocytes were added (Table VI). Cul-
ture media from the lipoprotein-stimulated lympho-
cytes did not stimulate PCAexpression, and this was
consistent with the previous observation (Table IV)
that only intact lymphocytes that had been exposed to
the appropriate lipoproteins could stimulate monocyte
PCA expression. However, the amount of PCA ob-
tained by adding the lymphocyte culture medium (data
not shown) was in most cases less than basal level
(buffer only), suggesting again that the LDL present
in this culture medium could act at the level of the
monocyte.

To test this directly, lipoprotein- or LPS-stimnulated
lymphocytes were added to LDL-exposed monocytes
using a similar two-stage assay. The first stage involved
the incubation at 370C of isolated lymphocytes with 50,

TABLE VI
LDL Does Not Inhibit PCA Expressioni by

Suppressing Lymphocyte Functiont

Stimulus Lymphocyte culture* LDL Total monocyte PCAt

pgIml ,ug/lml mUIJO' cells
Lipoprotein

buffer 3,375+75
Lipoprotein

buffer 200 2,650+250
VLDL 50 19,250+ 1,750
VLDL 50 200 13,000+2,000
IDL 50 20,000+3,000
IDL 50 200 19,250+2,750
HDL 500 17,000+3,000
HDL 500 200 18,000±1,000

* 8.5 x 105 viable lymphocytes were incubated in 1 ml of
complete medium for 6 h, washed, and placed in fresh
medium before addition to the monocytes. No loss of lympho-
cyte viability was observed during the culture period.
t1 X 105 monocytes in 1 ml ctultured for 6 h with 8.5 x 105
lymphocytes. The monocytes were recovered for assay of
total PCA.

50, 500, and 10 ,ug/ml of VLDL, IDL, HDL, or LPS,
respectively. At the same time, 1 x 105 isolated mono-
cytes were incubated at 37°C with 200 ,ug/ml LDL.
After 6 h, both the lymphocyte and the monocyte cul-
tures were washed free of non-cell-associated lipopro-
teins, the cell viability was assessed, and during the
second stage the cultures were cultured together for an
additional 6 h at 37°C for generation of monocyte PCA.
Greater than 78% suppression of both lipoprotein and
LPS amplification of PCA was observed (Table VII),
even though the monocytes were fully viable by ref-
erence to dye exclusion. The lack of cytotoxicity was
further indicated by the lack of effect of LDL on
lymphocytes that were triggered with the other classes
of lipoproteins (Table VI). It was concluded that LDL
is active in this system by suppressing monocyte ex-
pression rather than by inhibiting lymphocyte stimula-
tion of cellular PCA induction.

DISCUSSION

The present studies define a new in vitro regulatory
network in which the synthesis of procoagulant mole-
cules by monocytes can be induced by certain plasma
lipoproteins via the lymphocyte, and directly sup-
pressed by another. The complexity of this system is
suggested by the observation that the PBM are re-
covered from blood where they are exposed to these

TABLE VII
LDL Inihibits PCA Expression by Directly

Suppressing Alonocyte Futnction

Lymphocytes*
Monocytes I

Stimulus LDL Total monocyte PCA

AgIml ltgIml mUI10' cells motnocytes
Lipoprotein

buffer - 2,630+250
Lipoprotein

buffer 200 1,850+70
LPS 10 25,750+3,890
LPS 10 200 5,500+990
VLDL 50 15,250+1,060
VLDL 50 200 3,150+350
IDL 50 22,750±1,77()
IDL 50 200 2,350+640
HDL 500 29,750±177
HDL 500 200 4,500+1,420

* 8.5 x 105 isolated lymphocytes were cultured in 1 ml for
6 h at 37°C with LPS or stimulatory lipoproteins and washed
before addition to the monocyte cultures.
I 1 x 105 isolated monocytes were incubated at 37°C for 6 h
in the presence or absence of LDL, washed, and then cultured
with LPS or lipoprotein-stimulated lymphocytes for an
additional 6 h at 37°C. Monocytes were reisolated before
assay of total PCA. No loss of monocyte viability was detected
by culture in the presence of LDL.
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lipoproteins. Yet, they appear to be in a basal or latent
state since they respond to new lipoprotein exposure
and initiate the reaction in vitro. Wehave demonstrated
in the preceding study that not only is there an increase
in the total cellular content of PCA, but that -14%
of the total cellular activity is expressed by viable cells
following a 6-h incubation with either VLDL, IDL, or
HDL, suggesting that the biologically responsible
molecules are secreted or exposed on the surface of vi-
able cells. In this study, the cellular pathways for this
phenomenon were examined. Lipoprotein stimulation
of PBMfollowed by separate assay of the lymphocyte
and monocyte populations indicated that the monocyte
was the source of virtually all the induced PCA.
Lymphocyte PCA, though detectable, was <2% of
the basal monocyte PCAand <0.2% of the IDL- and
HDL-induced monocyte PCA. Cytologic examination
of individual cells in the plaque assay unequivocally
identified the monocyte, i.e., nonspecific esterase posi-
tive cell, as the major source of both basal and induced
PCA. In no instance were >8%of the esterase negative
cells positive for PCA, while 14%of the basal and up to
93%of the stimulated esterase positive cells generated
PCA. The majority of monocytes expressed this activity,
and thus it was not the product of a minor cellular sub-
population of adhere-nt cells.

With the monocyte identified as the source of the
VLDL-, IDL-, and HDL-induced PCA, we investi-
gated further whether the monocyte was autonomous
with respect to this function. Direct lipoprotein stimu-
lation of isolated monocytes resulted in no increase of
PCA, whereas in the presence of lymphocytes, cellular
PCAwas increased. The requirement for lymphocyte
participation was directly indicated by incubating
lymphocytes with the stimulatory lipoproteins, adding
the washed lymphocytes to isolated monocytes, and ob-
serving full expression of monocyte PCA. Platelets, the
major contaminant of the lymphocyte preparations,
could not substitute for lymphocytes nor did they ap-
pear to influence the lymphocyte induction of mono-
cyte PCA. A minimum ratio of lymphocytes to mono-
cytes of 2:1 was required, whereas maximum induction
occurred at ratios >5:1. The collaboration seemed to
require direct contact by intact cells since neither the
culture medium from, nor the cell homogenates of
VLDL-, IDL-, and HDL-stimulated lymphocytes were
effective.

The ability of various classes of plasma lipoproteins
to interact with peripheral blood lymphocytes has been
reported. Ho et al. (14) have described the existence
of a high affinity receptor on normal human lympho-
cytes which binds LDL but not HDL, and is involved in
regulating the intracellular supply of cholesterol. How-
ever, this high affinity receptor for LDL is not fully
expressed on freshly isolated lymphocytes (13).
Curtiss and Edgington (15) have demonstrated that

lymphocytes also possess a saturable surface receptor
for a specific minor subset of plasma lipoproteins con-
tained with the IDL fraction, termed LDL-In. This im-
munoregulatory lymphocyte receptor, which is distinct
from the LDL receptor, also does not bind human HDL
and requires preculture of the lymphocytes in lipopro-
tein-deficient serum for full expression. High affinity
VLDL and/or HDL binding to lymphocytes has not
been established, although some studies have indi-
cated that HDL and VLDL interact with various cell
surfaces (16, 17). The relationship of these previously
described plasma lipoprotein interactions with
lymphocytes to those described in this study is as yet
unknown. The temperature requirements for the inter-
action of the stimulatory plasma lipoproteins with the
lymphocyte indicated that freshly isolated lymphocytes
were fully functional in this system after only a 30-min
exposure at 4°C. This suggests that these lipoproteins
need only interact with the lymphocyte for a short
period of time, and that the lipoprotein-initiated signal
for triggering lymphocytes is both rapid and inde-
pendent of temperature.

In striking contrast to the VLDL, IDL, and HDL
stimulatory lipoproteins, LDL did not induce mono-
cyte PCA when it was incubated with either PBM,
platelets, isolated lymphocytes or isolated monocytes.
Instead, LDL was capable of actively suppressing the
cellular PCA induced by the other lipoprotein classes.
This suppression could be accomplished with molar
ratios of LDL-to-stimulatory lipoproteins of 1:3 or less,
and suggested that LDL was not active in this in vitro
system by interacting either directly with the stimula-
tory lipoproteins, or with the stimulated lymphocyte.
This interpretation was further supported by the fact
that the monocyte appeared to be the only site of LDL-
mediated suppression. Viable lymphocytes exposed to
either VLDL, IDL, or HDL in the presence of LDL
were viable and fully functional when they were
washed and added to monocytes. Only exposure of
monocytes to LDL resulted in suppression of PCA
amplification. This LDL-mediated suppression of
monocyte function was not the result of a cytotoxic re-
action and did not require the continued presence of
non-cell-associated LDL during either monocyte acti-
vation by the stimulated lymphocyte or the subsequent
6-h culture period for full PCAexpression.

Macrophages are capable of taking up and degrading
modified LDL (18), and it has been reported that hu-
man PBMpossess receptors for both native and modi-
fied LDL (19). Inhibition of one type of macrophage
effector function by LDL has been reported. Chap-
man and Hibbs (20) have demonstrated that plasma
LDL, but not HDL inhibits the tumoricidal capability
of activated peritoneal macrophages. Yamazaki et al.
(21) have also shown that LDL, but not HDL iso-
lated from cell-free ascites fluids can inhibit macro-
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phage-mediated cytolysis. A suppressive activity of
normal mouse serum identified by its ability to inhibit
a primary in vitro plaque-forming cell response has
been described (22). This inhibitory activity acts
directly on the adherent cell, and it, too, may be
eventually identified as a serum LDL.

Although the mechanistic details of LDL suppres-
sion of monocyte PCAsynthesis following exposure to
lipoprotein-stimulated lymphocytes are not yet known,
suppression is general in that LPS-triggered lympho-
cytes were also unable to stimulate LDL-suppressed
monocytes to generate PCA (Table VII). Thus, LDL
inhibition of selected pathways of monocyte activation
or differentiation other than those described here may
be a general phenomenon. If heightened macrophage
cytolytic activity and the amplification of monocyte
PCAshare commonor parallel pathways of macrophage
or monocyte activation, then the studies of Chapman
and Hibbs (20) may suggest a possible mechanism for
the LDL-mediated inhibition we have described. In
their studies, the inhibitory activity of LDL for macro-
phage tumor cell lysis could be mimicked by tem-
porarily increasing the cholesterol content of the
macrophage plasma membrane by incubating the
macrophages with cholesterol-phospholipid lipo-
somes. These studies imply that the neutral lipid con-
tent, especially the free cholesterol content of LDL,
may be the biologically active constituent. Changes in
membrane fluidity resulting from transfer of free
cholesterol from LDL to the monocyte membrane
could possibly account for functional inhibition of

II
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FIGURE 4 A two-phased diagramatic representation ofthe ob-
served cellular events of plasma lipoprotein induction and
suppression of cellular PCA expression. In the first phase,
lymphocytes (L) are exposed to a lipoprotein stimulus. In the
second phase, monocyte PCA is generated. Monocytes stimu-
lated by VLDL-triggered lymphocytes (L*) express tissue
thromboplastin or tissue factor (M*), whereas monocytes ex-
posed to IDL- or HDL-triggered lymphocytes (L**) express a
direct prothrombinase activity (M**). LDL directly inhibits
the expression of both types of monocyte PCA, yet has no ef-
fect on lymphocyte triggering.

monocyte PCAexpression, but this will require direct
analysis.

In this and the accompanying report we have described
a series of cellular events involving two circulating cell
types and four classes of circulating plasma consti-
tuents, which can regulate the in vitro induction and
suppression of two types of PCA. This complex network
of cellular events has been summarized in Fig. 4. Since
all the components of this in vitro system circulate to-
gether in vivo, it would appear that these events might
occur in vivo; however, both lymphocytes and mono-
cytes as isolated are in a latent or uninduced state.
The influence of other plasma proteins, recovery
periods following exposure, as well as other influences
on the latency of this regulatory network might explain
this apparent dichotomy. A number of such issues must
be resolved in order to understand these apparent dif-
ferences between the lack of induction of lymphocytes
in vivo by exposure to the stimulatory lipoproteins and
their rapid recovery in vitro. The complete elucidation
of this cellular pathway promises to provide new
perspective perhaps not only in the genesis of throm-
botic diseases, but also in regard to the complex regu-
latory and functional roles of cells of the reticuloendo-
thelial system.
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