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A B S T R AC T In a variety of immunologic diseases,
fibrin-fibrinogen and immune complexes deposit in
areas of tissue damage. However, the mechanisms
which initiate fibrin-fibrinogen deposition have not
been clarified. We find that the procoagulant activity
of human leukocytes is markedly increased after in-
cubation with immunoglobulin and immune com-
plexes. This procoagulant activity is evident after 4-
24 h incubation in the presence of as little as 0.1 mg/ml
of autologous, isologous, or heterologous IgG. At least
three of the four subclasses of IgG myeloma proteins
are effective. Experiments with purified rabbit and rat
antibodies demonstrate that enhancement of procoag-
ulant activity is significantly greater with soluble
antigen-antibody complexes than with immunoglo-
bulin alone. In contrast, insoluble complexes are less
effective than immunoglobulin alone. Artifacts due to
endotoxin contamination of the IgG preparations
were excluded on the basis of the differential sensi-
tivities of immunoglobulin and endotoxin to heat and
polymyxin B. Evidence is also presented which shows
that enhancement of procoagulant activity involves
the production, rather than a simple release, of leu-
kocyte procoagulant activity in vitro.

INTRODUCTION

Proteins of the coagulation system are found in areas
of tissue damage in a variety of immunologic diseases.
Fibrin-fibrinogen related antigen is present in the
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rheumatoid joint (1), the rejected kidney allograft (2,
3), and the kidney of lupus nephritis (4, 5). A direct
correlation has been found between plasma fibrino-
peptide A concentration and disease activity in
systemic lupus erythematosus (6). In connective tissue
diseases, in acute spontaneous vasculitides (7, 8),
and in several types of immunologically-mediated
nephritis (9, 11), fibrin-fibrinogen related antigen has
been identified at sites of tissue damage. Fibrin-
fibrinogen related antigen accompanies immuno-
globulin and complement deposits in vascular walls
and intercellular spaces. Models of inflammation, such
as the Arthus reaction (12), the immune complex
disease of rabbits, and the nephritis of the New
Zealand Black mouse show fibrin-fibrinogen related
antigen deposition and thrombosis as sequelae of
parenteral immune complex administration or auto-
immune disease.

Leukocyte infiltrates are also present in such lesions,
and recent work suggests that these leukocytes are
capable of developing potent procoagulant activity.
Endotoxin, phyohemagglutinin, and purified protein
derivative have all been reported to enhance genera-
tion of a thromboplasin-like procoagulant activity in
cultures of human leukocytes (13, 14). We have ex-
amined the effect of IgG on generation of procoagu-
lant activity in incubates containing human monocytes
and lymphocytes. Our observations provide evidence
that IgG of all four subclasses markedly stimulates
the production of leukocyte procoagulant and that
soluble antigen-antibody complexes are significantly
more effective than immunoglobulin alone.

METHODS
Isolation and incubation of leukocytes and platelets.

Human venous blood was usually collected in commercially
obtained (Becton-Dickinson Co., Rutherford, N. J.) evacuated
10-ml glass tubes containing 15 mg potassium EDTA.
To exclude artifacts due to the method of blood collection,
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blood was also collected in heparinized (20 U/ml blood)
sterile syringes and the results were similar to those with
blood collected in evacuated glass tubes. The anticoagulated
whole blood was centrifuiged at 220 g for 10 min at 22°C
and buffy coats were removed with a pyrogen-free Pasteur
pipette. These buffy coats were pooled and resuspended
in 0.9% NaCl-1 mMEDTAadjusted to pH 7.4 and washed
twice at 22°C. The cells were then resuspended in 1 vol of
0.9% NaCl-I mMEDTA (pH 7.4) equivalent to 60% of the
original blood volume. 6-ml portions of this suspension were
layered on 3 ml Ficoll-HypaqIie gradients (15) in 15-ml
polyethylene conical tubes and centrifuged for 20 min at
400 g at 22°C. Interface cells were removed, pooled, and
washed once in 0.9% NaCl (pH 7.4) at 22°C, and twice at
4°C in serum-free RPMI-1640 tissue cuilture medium (Grand
Island Biological Co., Grand Island, N. Y.), and adjusted to
1 x 107 leukocytes/ml in a serum-free synthetic tissue culture
medium (RPMI-1640)1 as determined with a Coulter Counter
(Coulter Electronics Inc., Hialeah, Fla.). Leukocyte prepara-
tions contained 6-24% monocytes (mean 10%), 76-94%
lymphocytes (mean 90%), and 0-3% neutrophils, as deter-
mined by light microscopic examination of peroxidase stained
smears (16). The ratio of platelets to leukocytes varied from
0.1:1 to 1.0:1 as determined by light microscopy of wet
mounts. The leukocyte to erythrocyte ratio was greater
than 10:1.

0.1-ml portions of the leukocyte suspension were pipetted
into polypropylene tissue culture tubes containing 0.2 ml
RPMI-1640. 0.1 ml of a test preparation (protein, endotoxin,
or a saline control) was then added, giving a total in-
cubate volume of 0.4 ml and a final leukocyte concentration
of 2.5 x 106/m1. Duplicate tubes for each condition were
incubated for ¼/4-24 h at 37°C in a humidified atmosphere
of 5% CO2 and air. Incubates containing leukocytes and
human immunoglobulin were usuially assayed after 20-24 h.
Incubates containing leukocytes and heterologous antigen-
antibody complexes were assayed after 4-6 h incubation,
when a control incubate with leukocytes and antibody alone
produced a clotting time of 75-85 s in the one-stage assay.
Control incubates containing leukocytes and antigen, but
not antibody, were performed for every experiment with
antigen-antibody complexes. At the end of' the incuibation
period, leukocytes were uniforinly resuspended and assayed
for procoagulanit activity by one-stage or two-stage clotting
tests.

Platelet-rich plasma was obtained from whole human blood
anticoagulated with 1.5 mg/ml of potassium EDTA after
centrifuigation of the blood collection tubes at 220 g for
10 min at 22°C. The platelets were washed twice at 1,000 g
for 10 min at 22°C in 0.9% NaCl-1 mMEDTA (pH 7.4)
containing a protective cuishion of 2% autologous erythro-
cytes, and twice at 4°C in RPMI-1640, also containing erythro-
cytes. For the final wash, the platelet preparation was centri-
fuged at 1,000g at 4°C for 45 s, and the platelet-rich
supemate was removed. This preparation was free of leuko-
cytes and erythrocytes as determined by light microscopy.
The platelets were counted with a Coulter Counter, and
added to incubates at the indicated concentrations.

Washing and freeze-thawing of incubates. Incubated
leukocytes were washed by the following procedure: tissue
culture tubes containing 0.4 ml of incubate were centrifuged
at 22°C in an Immufuge (Dade Div., American Hospital

I Abbreviationis used in this paper: anti-BSA, purified rat
anti-bovine serum albumin antibody; anti-OA, purified rabbit
anti-ovalbumin antibody; BSA, bovine serum albumin; OA,
ovalbUn1min; RPCA, relative procoagulant activity; RPM1-1640,
a serum-free synthetic tissue cultture mediumn-i.

Supply Corp., Miami, Fla.) at 500g for 2 min and the upper
0.2 ml of mediumn was removed. 0.2 ml of fresh medium
(80% RPMI-1640, 20% normal saline) was added and the
leukocytes were resuspended and centrifuged. This cycle of'
washing and centrifugation was repeated once. After the
final centrifugation, the upper 0.2 ml of wash medium was
assayed by the one-stage test. The leukocyte pellet was
then resuspended in the lower 0.2 ml of wash mediumil
and similarly assayed. For one experiment, leukocyte prepara-
tions were frozen at -20°C after the indicated periods of'
incubatioin. 12 h later they were thawed at 22°C and assayed
for procoagulant activity.

Sterile techniqutes. Sterile reagents and plastieware were
used in all experiments. Protein solutions were sterilized
by filtration with 0.45 gm Millipore filters (Millipore Corp.,
Bedford, Mass.) or by an ultracentrifugation procedure which
clears particles larger than monomeric IgG from the super-
nate (17). A laminar air flow tissue culture hood was utilized
for pipetting procedures. In all experiments bacterial con-
tamination was excluded by light microscopic examination
after the period of incubation. The absence of other indicators
also excluded bacterial growth (e.g., turbidity and excessive
acidity of the culture medium). In the experiments reported
here antibiotics were omitted to facilitate the growth
and subse(quent detection of possible bacterial contaminants.
However, in preliminary experiments with isologous IgG,
antibiotics were added to the incubation medium (strepto-
mycin 0.1 mg/ml and penicillin 100 U/mI). Results in these
preliminary experiments were similar to results reported here.

Purification of immunoglobulins from human sera. IgG
was obtained from commercially prepared human Cohn frac-
tion II (ICN Pharmaceuticals, Inc., Life Sciences Group,
Cleveland, Ohio) and by DEAE-cellulose chromatography
of serum with a 0.015-M sodiuim-potassium phosphate buffer
at pH 8.0. Immunoelectrophoresis of these preparations gave
a single precipitin line with horse antihuman serum. Myeloma
IgG of slow electrophoretic mobility was isolated from serum
by DEAE-cellulose chromatography with 0.01 M sodium-
potassium phosphate buffer at pH 8.0. IgG myeloma pro-
teins of fast y or 8 electrophoretic mobility were isolated
by Pevikon block electrophoresis (Mercer Consolidated
Corp., Yonkers, N. Y.) followed by Sephadex (Pharmacia
Fine Chemicals Inc., Piscataway, N. J.) G-200 gel filtra-
tion. The class and stubelass of myeloma immunoglobulin
were determined by double difftusion in agar with specific
goat antisera. The preparations were dialyzed in 0.9% NaCl
and ultracentrifuged according to the method of Chiller and
Weigle (17) to remove aggregates and possible endotoxin
contaminants. The uppermost 1/3 of IgG solution was removed
and used in experiments on the same day.

Preparation of antibodies, antigen, and antigen-antibody
complexes. Antisera to ovalbumin (OA) were prepared
in rabbits by injection of OA (Nutritional Biochemicals
Corp., Cleveland, Ohio) in complete Freund's adjuvant.
Antisera to bovine serum albumiin (BSA, Armour Pharma-
ceuiticals Co., Chicago, Ill.) were prepared similarly in rats.
Antibodies to these antigens were purified by absorption
to antigen which had been covalently linked to Sepharose
6B, eluted with 0.5 M glycine-HCI buffer at pH 2.8, and
dialyzed into 0.2 M borate buffer adjusted to pH 7.65. Anti-
gen and antibody preparations were then dialyzed in 0.9%
NaCl, ultracentrifuged as above, and utilized for immune
complex formation. Rabbit Purified rabbit antiovalbumin anti-
body (anti-OA) purified in this manner gave a single line
with the mobility of IgG upon imnmunoelectrophoresis with
an antibody to rabbit whole serumil. Freshly prepared com-
plexes were used for each experimenit. Rabbit anti-OA-OA
complexes were f'ormed by adding 4 mg/mI of purified
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antibody to an equal volume of doubling dilutions of antigen
at 0.2-25.6 mg/ml in 0.9% NaCl. Controls containing antibody
alone or antigen alone were prepared by adding an appropriate
volume of 0.9% NaCl to the antibody and antigen prepara-
tions. Immune complexes and controls were incubated for
1 h at 22°C. After a 1-h incubation at 22°C, heavy precipita-
tion of complexes occurred at 20:1 and 10:1 antibody to
antigen (weight:weight ratios). Light precipitation occurred
at 5:1, trace precipitation occurred at 2.5:1 and 1.25:1,
and no precipitation occurred at lesser ratios or in the con-
trols. Rabbit anti-OA was added to leukocyte inctubates at
0.5 mglml, either as antibody alone, soluble complexes,
or suspended insoluble complexes. "Soluble complexes"
refers to those complexes formed at antibody to antigen ratios
of 1.25:1 to 0.156:1. Rat anti-BSA-BSA complexes were
similarly prepared, but the antibody was not uiltracentriftuged
before use.

Protein concentrations were determined from optical
densities at 280 nm, with extinction coefficients E 1 em/1%
of 14.3, 7.35, and 6.67 for IgG, OA, and BSA, respectively.

Preparation of substrates. Whole blood anticoagulated
with acid citrate dextrose (18) was used as a source of sub-
strate plasma for one-stage coagulation assays and was ob-
tained from normal donors and patients with Factor VIII-
deficiency or Factor IX-deficiency. Factor VII-deficient
plasma with less than 1% of normal VII activity was ob-
tained commercially (George King Bio-Medical, Inc., Salem,
N. H.). A barium stulfate eluate of normal huiman serum
containing factors VII, IX, X, and traces of thrombin and
prothrombin was prepared as previously described by Nie-
metz and Nossel (19) for use in the two-stage test as a
source of Factor V1II and X.

One-stage assay of )rocoagtliant activity. 0.1 ml ofthe re-
suspended leukocyte incubate was placed into a 12 x 75-mm
glass tube in a 37°C water bath. 0.1 ml of 0.025 NI CaCl2,
followed by 0.1 ml of citrated human plasma were added,
and the clotting time was determined. For most experiments,
plasma from normal donors was tused as the substrate.
In experiments in which procoagulant activity was fuirther
characterized, citrated plasmas from donors with Factor VII,
V7III, or IX deficiency were the substrates used. For every
condition, the contents of duplicate incubation tubes were
each assayed twice, giving a total of four assays. The mean of
all four assays is reported. The results of each tube are also
indicated by the brackets in Figs. 1-5.

Two-stage assay of procoagtulant activity. A more specific
assay for tissue thromboplastin thani the one-stage test with
normal plasma was performed (20, 21). 0.1 ml of the resus-
pended leukocyte incubate wvas added to 0.1 ml of a bariu-m
sulfate eluate of normal hum-an serum. This mixture was
incubated for 5 min in a 37°C water bath and 0.05 ml of
0.025 M CaCl2 was added. After a 1-min incubation, 0.4 ml
of 0.015 M sodiulm citrate was added and 0.1 ml of the re-
sultant mixture was transferred to another tube containing
0.05 ml of an optimal dilution of inosithin. This was fol-
lowed by addition of 0.1 ml of clotting Factor VII-X-
deficient bovine plasma (lot no. 104C 0064, Sigma Chemical
Co., St. Louis, Mo.) and 0.1 ml of 0.025 M CaCl2,
and the clotting time was determined.

Heat test for endotoxin contamination. Immunoglobulin
and endotoxin preparations were diluted to concentrations
appropriate for addition to leukocyte incubates (e.g., 4
x incubate concentration) and pipetted into pyrogen-free
conical glass tubes which were placed in a boiling water
bath for 30 min. Purified endotoxin was obtained from a
commercial source (lipopolysaccharide B, E. coli 0555:B5,
Difco Laboratories, Detroit, Mich.). Crude endotoxin,
generously donated by Dr. David Morrison, was obtained by

aqueous EDTA extraction of E. coli 011 1:B4, as described
by Leive et al. (22). The concentration of crtude endotoxin
was determined by the colitose assay for dioxyhexoses (22).
In initial experiments, heat precipitated protein was resus-
pended by vigorous pipetting and the entire suspension
was added to the cultures. In later experiments, the
precipitated protein was pelleted by centrifuigation at 700g
for 10 min, and the superinate was addecl to cuilttures. Restults
with these two methods were similar.

The procoagulant activity of incubates conitaining heat
denatured IgG was compared to that of inicubates with
undenatured IgG. If the denatured IgG yielded less proco-
agulant activity than 1/4 or 1/10 dilution of the tundenatured
IgG, or the saline control, denaturation was considered
to be 75, 90, or 100% complete, respectively. Preparations
of heated IgG which were less than 75% denatuired by heat
were considered to be heat stable.

Polymyxin B test for endotoxin contamiiinfatiotn. A 0.05-ml
vol of polymyxin B (Aerosporin, Burrouglhs WN7ellcome Co.,
Research Triangle Park, N. C.) at 500 ,ug/ml was added to
0.95 ml of either IgG or endotoxin at fouir to six times
the culture concentration. Before addition to leuikocyte
preparations, the IgG and endotoxin preparations were ex-
haustively dialyzed at 4°C in 0.9% NaCl to remove uinbouind
polymyxin B.

Relative procoagu lant activity (RPCA). In determining
RPCA, a standard curve converting one-stage clotting time to
procoagulant activity was uitilized. This cturve was derived
as follows: leukocytes were incubated in the presence of
0.1-1.0 mg/ml of IgG for 4-20 h and then harvested.
Doubling dilutions of the incuibation mixtuire in RPMI
were assayed by the one-stage test. Clotting time for this
test was then plotted against dilution on log-log paper.
The clotting time obtaiined with uindiltutedl leuikocytes was
arbitrarily given a valtue of 100, a 1:1 diltution the value of
50, and so on. Analysis of leukocyte incubates from nine
donors revealed a logarithmic relationshil) between clotting
time and diltution throuigh the range of clotting times en-
countered in most experiments (48-120 s). Since the slopes
of the nine reference cutrves were similar, a standard
curve was drawn with the derived mean slope of -0.184
(SD 0.02). To determine RPCA, the meani of two one-stage
clotting times for a given leukocyte inctubate containing im-
munoglobtilin or other added protein was located on the
standard cuirve, and the coordlinate of procoagtilant activity
read. The average procoagtilant activity of' tVo control in-
cubates without imnmunogloblulin or other additives was ob-
tained similarly. Procoaguliant activity of the test inctubate
was then divided bv activity of the control. This quiotient
expressed RPCA. Thus, in each experiment the control was
assigned an arbitrary RPCA valtue of 1, and the valtues of
other incuibates were designated as multiples of the control.
Procoagtilant activity of the incubates containinlg immuno-
globtulin or other additives was considered to be enhanced
if the RPCA value wvas 2 or greater. In 10 experiments,
the mean RPCA of leuikocytes inctubated for 20 h with
0.1 mg/ml of humain Cohln fraction II was 17.7 (range
= 7-33).

RESULTS

Im?flunoglobiilin enlhanicemizetnt of RPCA: aulg-
mentatiotn by solnible atntigeni-anitibodly complex
formatiot atd dimin titioni bi insoluble complexforna-
tion. The effect of immuitine complex formation on
enhancemeint of letikocyte RPCAwas stuidied by uising
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FIGURE 1 Enhancement of leukocyte procoagulant activity
by soluble antigen-antibody complexes. One-stage assays of
4-h leukocyte incubates containing the agents indicated
on the abscissa are expressed on the ordinate as clotting
time and as RPCA. Anti-OA was present at 0.5 mg/ml
as indicated by the horizontal bracket (left five bars only).
Soluble immune complexes of OA-anti-OA (represented by
the group of three bars on left) were more effective than
antibody alone in triggering enhancement of RPCA. OAand
BSA were no more effective than saline (Sal). Leukocyte
preparations were incubated in duplicate tubes. Each tube
was assayed twice, giving a total of four assays for each
condition. The mean of these four assays is reported. The
results of each tube are indicated by the brackets. Clotting
times were converted to RPCAby using a standard curve.

Control incubates for each experiment (containing saline
without added IgG) were assigned an RPCA value of 1,
and the activities of other incubates were expressed as

multiples of the controls.

solid-phase immunoabsorbed antibody as the source of
purified IgG added to incubates. Like other prepara-

tions of IgG studied, antibody purified in this manner

enhanced RPCA. However, soluble complexes en-

hanced RPCAsignificantly more than antibody alone.
On the other hand, insoluble complexes enhanced
RPCA less than antibody alone. These modulations
of the effects of antibody appeared to be solely
dependent on specific antigen-antibody interaction,
i.e., immune complex formation. Therefore, any signif-
icant contribution of RPCAenhancement by unidenti-
fied contaminants was highly unlikely. Two antigen-
antibody systems, utilizing antibodies from two dif-
ferent animal species and protein antigens from two
additional species, gave similar results.

In these experiments, leukocytes were incubated
with 0.5 mg/ml of purified rabbit antibody, either as

anti-OA alone, as soluble anti-OA-OA complexes, or as

insoluble complexes. After 4-6 h, incubates were har-
vested and assayed for procoagulant activity. Anti-OA
alone enhanced RPCAby an average of fivefold (range:
two to sixfold) in seven experiments. However, in
these same experiments soluble anti-OA-OA com-

plexes increased RPCAadditionally by an average of
3.2-fold (range: 2 to 6-fold increase), as compared to
anti-OA alone, thus yielding a total average RPCAof 16

(range: 6-32) (Fig. 1). In contrast, in four experiments
with suspensions of insoluble complexes (also contain-
ing 0.5 mg/ml anti-OA), RPCA was reduced to an
average of 47% of the value with 0.5 mg/ml of anti-
OA alone (range: 42-60%) (Fig. 2). Controls demon-
strated that enhancement or reduction of RPCAafter
the formation of soluble or insoluble complexes with
OA was not the result of an independent effect of
OA, nor of a nonspecific response to additional protein.
OA alone, incubated with leukocytes in the same
amounts and for the same times used with soluble and
insoluble complexes (0.025 mg/ml to 3.2 mg/ml, 4-6 h)
had no more effect than saline (without anti-OA)
(Fig. 1).

Further evidence that OA was acting by pro-
moting the formation of immune complexes was
provided by demonstrating that BSA had no effect
when added to anti-OA (Fig. 1). However, when BSA
was used as an antigen, it increased the ability of
purified rat anti-BSA to enhance RPCA. Purified anti-
BSA at 0.5 mg/ml enhanced RPCA fivefold in 4-h
incubates. Whenanti-BSA was preincubated with BSA
to form soluble complexes, enhancement of RPCA
increased an additional 2.2-fold yielding a total RPCA
of 11. BSA alone in incubates had no more effect
than saline.

Enhancement of RPCAby isologous and autologous
IgG: exclusion of endotoxin artifacts with heat and
polymyxin B. To examine the effect of human im-
munoglobulin on RPCA enhancement, several dif-
ferent IgG preparations were studied. Human IgG
derived from multiple donors and pooled (Commercial
Cohn fraction II Mann Research Laboratories, Inc.,
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FIGURE 2 Reduction in leukocyte procoagulant stimulating
effect of antibody by the formation of insoluble antigen-
antibody complexes. One-stage assays of 4-h leukocyte in-
cubates demonstrate that a suspension of insoluble OA-anti-
OA complexes formed at 10:1 antibody to antigen ratio
(middle bar) yields less RPCAenhancement than antibody
alone in saline (Sal) (left bar).
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FIGURE 3 Enhancement of leukocyte procoagulant activity
by autologous IgG: differential effect of heating on IgG and
endotoxin. One-stage assays of 20-h leukocyte incubates con-

taining IgG or purified endotoxin (LPS) at the concentra-
tions indicated on the abscissa are expressed as RPCAand
clotting time. The stippled bars indicate results with IgG or

endotoxin heated at 99°C for 30 min. The open bars indicate
results with nonheated IgG and endotoxin.

NewYork) and unpooled autologous and isologous IgG,
isolated by DEAE chromatography, all enhanced
RPCA. The differential sensitivities of these immuno-
globulins and endotoxin to heat and to polymyxin
B were then examined.

The pooled IgG and three of five unpooled IgG
preparations were 75-100% inactivated by heat. In con-

trast, the ability of endotoxin to enhance RPCAwas un-

changed by heat (Fig. 3). RPCAenhancement with
immunoglobulin was unchanged after polymyxin B
addition. Yet, RPCA enhancement with endotoxin
was greatly diminished or abolished after the addition
of polymyxin B. Preparations of heat stable IgG at 0.5
mg/ml, and purified endotoxin at 10-2 ,ig/ml, yielded
13-fold RPCAenhancement in 20-h leukocyte incu-
bates. Polymyxin B treated IgG yielded 12-fold RPCA
enhancement, whereas polymyxin B treated purified
endotoxin yielded only 1.6-fold enhancement. Since
the purification process can alter the sensitivity
of endotoxin to polymyxin B (23), crude endotoxin,
extracted from viable E. Scherichia coli in an aqueous

buffer, was also treated. Crude endotoxin at 0.56
X 10-3 and 0.56 x 10-5 ,ug/ml enhanced RPCA 7.9-
fold and 2.7-fold, respectively. In contrast, after these
preparations were treated with polymyxin B, they
yielded only 2.7-fold and 1.0-fold enhancement.

Immunoglobulin enhancement of RPCA: de-
pendence on IgG concentration and duration of
incubation. To examine the relationship between
IgG concentration, duration of incubation, and RPCA
enhancement, leukocytes were incubated with dif-
ferent concentrations of IgG and assayed for RPCAafter
1/4, 4, 7 and 20, and 48-h incubation periods. These
experiments demonstrated that RPCA enhancement
was IgG concentration-dependent and incubation
duration-dependent (Fig. 4). A small but measurable
amount of procoagulant activity was also consistently
generated in control leukocyte incubates lacking im-

munoglobulin (Fig. 4). RPCAenhancement with IgG
was not merely due to an effect on leukocyte via-
bility or recovery since after 4 h of incubation, there
was no loss of viability or recovery from the incubates
containing either IgG or saline (99% exclusion of 0.2%
trypan blue and 2.4 x 106 leukocytes/ml recovery at
0 and 4 h). Results after 20 h of incubation were similar.

Evidence that a leukocyte-bound procoagulant
material is produced in vitro. Experiments in which
leukocyte contents were released by freeze-thaw lysis
provide evidence that RPCA enhancement is not
simply due to release of preformed intracellular
procoagulant. Rather, these results suggest that in the
presence of IgG, procoagulant material is produced
in vitro. Lysates of unincubated leukocytes had no
procoagulant activity. Leukocytes incubated without
IgG showed only small amounts of procoagulant ac-
tivity after lysis, equivalent to that of intact cells.
In contrast, leukocytes incubated with IgG showed
even greater activity after lysis than the correspond-
ing unlysed preparations, and considerably more ac-
tivity than lysed preparations not containing IgG (Table
I). Procoagulant production required IgG interaction
with intact leukocytes during the period of incuba-
tion. When leukocytes were lysed before incubation
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FIGURE4 Dependence of leukocyte procoagulant activity on

duration of incubation and concentration of IgG. Leukocytes
were incubated for varying periods with the concentrations
of IgG (human Cohn fraction II) indicated in the graph.
Heat denatured IgG gave the same result as a saline con-

trol without IgG, and demonstrated the absence of endo-
toxin artifacts in this experiment. No additional increase in
RPCA enhancement was observed when incubation was

extended to 48 h.
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TABLE I
Evidence that a Leukocyte-Bound Procoagulant Material

is Produced In Vitro in 5 Va-h Incubates

Incubate contents and clotting
time in seconds

Incubate assayed Saline (control) IgG

0.5 mgtml

Unlysed leukocytes 103 71

Leukocytes incubated and 116 49
then lysed

Leukocytes lysed and then 138 142
incubated

Leukocyte pellet 111 84

Leukocyte-free supernate 123 128

RPMI-1640 medium 142 142

After incubation with IgG (human Cohn fraction II) or saline,
unlysed leukocytes, lysates, and leukocyte-free medium were
assayed by the one-stage test. After centrifugation of unlysed
incubates (500g, 2 min, 22°C), leukocyte-free supernates and
the corresponding leukocyte pellets resuspended in 0.4 ml
of medium were assayed separately. Data are reported as de-
scribed in the Methods section.

and subsequently incubated with IgG for 51/2 h,
there was no increase of procoagulant activity. Simi-
larly, when leukocytes were incubated without IgG,
the addition of IgG immediately before assay had no
effect.

Experiments were also performed in which in-
cubates were divided into leukocyte-free supernates
and leukocyte pellets by centrifugation. These experi-
ments show that the enhanced procoagulant activity
is restricted to the leukocyte pellets and that IgG
stimulated activity does not diffuse into the supernate
during incubation. When IgG was not present, super-
nates had more activity than background (medium
alone), though not as much as the corresponding un-
stimulated leukocyte pellets. Incubation with IgG re-
sulted in enhanced activity of the pellets but not of
the supernates (Table I). During the washing of pellets
procoagulant activity was released into the leuko-
cyte-free wash medium (Table I). These results suggest
that procoagulant activity is bound to leukocytes in
5'/2-h incubates, but is dissociated from intact cells
by washing.

Demonstration that myeloma IgG of all four sub-
classes enhance RPCA. Experiments with mono-
clonal IgG proteins demonstrated RPCAenhancement
with all four subclasses of IgG. By utilizing the stand-
ard heat treatment test, the possibility of artifactual
RPCAenhancement due to endotoxin was excluded
in samples of IgG1, IgG2, and IgG3, since more than

90% of the RPCAenhancement with these samples
was abolished by heat. However, heat did not diminish
the activity in two specimens of IgG4 (Fig. 5).
Neither of these IgG4 preparations was available
in sufficient quantity to perform the polymyxin B test.

Enhanced tissue thromboplastin-like activity in
leukocyte incubates containing IgG. The procoagu-
lant generated in these experiments was characterized
by using a two-stage assay for thromboplastin. In each
of two experiments 20-h incubates containing 1 mg/ml
of IgG (Table II), had markedly enhanced thrombo-
plastin-like activity as compared to incubates without
IgG. Assays with Factor VIII, IX, and VII-deficient
substrate plasmas also suggested that thromboplastin
activity in leukocyte incubates was induced by IgG.
After leukocyte incubation, clotting times were
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TABLE II
Enhanced Thronboplastin-Like Activity in 20-h

Leukocyte Incubates Containiitng IgG *

Inctibation tulbe conitentts Clotting timiie in seconds

Letukocytes lg(Ct Onie-stage assay Two-stage assay

2.5 x lO6/tmIl 1 m,g/I,l

+ + 46 55

+ +§ 115 128

+ - 1 16 135

+ 180 177

* Results of one of two similar experiments are given.
4 Human Cohn fraction II.
§ Human Cohn fraction II denatured by heating at 99°C for
30 min.

shortened to a far greater degree in Factor
VIII and Factor IX-deficient plasmas than in Factor
VII-deficient plasma (Table III). Nevertheless, some
shortening of Factor VI I-deficient plasma clotting times
was seen in each of five experiments, suggesting
the possibility that additional procoagulants were
being generated (Table III). Leukocyte preparations
containing IgG failed to show any shortening of clotting
times when assayed with these deficient plasmas be-
fore incubation.

Lack ofprocoagulant activity in incubated platelets.
Since platelets were always present in the leukocyte
incubates, and immune complexes induce the release
reaction in human platelets, an experiment was car-
ried out to demonstrate that the procoagulant measured
by the one-stage test was not produced by platelets
alone. Platelets at 2.5 x 106/ml (and free of demon-
strable leukocytes) were incubated with IgG at 0.5
mg/ml for up to 20 h. No procoagulant activity could
be demonstrated by the one-stage assay beyond that
seen with incubation medium alone.

DISCUSSION

The experiments reported here demonstrate enhanced
generation of a tissue thromboplastin-like procoagu-
lant activity by human leukocytes after incubation
in the presence of IgG and antigen-antibody com-
plexes. Enhancement of procoagulant activity is ob-
served with autologous, isologous, and heterologous
IgG. Experiments with myeloma proteins indicate that
IgGj, IgG2, IgG3, and probably IgG4 are effective.

This enhanced activity appears to be due to immuno-
globulin stimulated production of procoagulant ma-
terial in vitro and not simply to immunoglobulin
triggered release of preformed material. The small
amount of activity generated in incubates lacking im-

munoglobulin was not increased by lytic release
of cell contents. In contrast, lysis of incubates con-
taining immunoglobulin resulted in even greater
activity than with intact leukocytes. Lerner et al.
similarly provided evidence of in vitro leukocyte pro-
coagtulanit produiction by demonstrating that protein
synthesis inhibitors prevented the appearance of a
tissue factor-like activity during experimental thrombo-
sis (24).

The relationship between antigen-antibody complex
formation and enhancement of procoagulant activity
underscores the specific role of immuinoglobulin in
this reaction and excluides artifacts due to contami-
nants such as endotoxin anid procoagulant proteins.
Highly purified rabbit and rat antibodies, like other
IgG, enhance procoagulant activity production. How-
ever, the effect of antibody is potentiated by the addi-
tion of antigen in concentrations appropriate for soltuble
antigen-antibody comiiplex formation. In contrast, the ef-
fect of antibody is diminished by adding antigen in
concentrations appropriate for formation of insoluble
complexes. Antigen itself (BSA or OA) had no effect on
the generation of procoagulant activity in cultured
leukocytes.

Additional attention was given to excluding artifac-
tual procoagulant activity cauised by contamination
of the htuman IgG preparations with endotoxin. Un-
like purified endotoxin, most preparations of IgG were
denattired sufficiently by heating to 99°C for 30 min
to abolish or markedly reduce their ability to enhance
procoagtulant activity in leukocyte incubates. Thus,
heat lability of an IgG preparation provided evidence
against significant endotoxin contamination. However,
some IgG preparations were resistant to heat denatura-
tion. In experiments with these heat stable immuno-
globulins, the sensitivity of endotoxin to polymyxin
B was utilized to exclude contamination as the cause

TABLE III
Enhanced Procoagtulant Activity in 20-h * Leukocyte

Incubates Containing IgG with One-Stage Assays
with Factor VII, VIII, and IX-Deficient Plasmas

Inctubate contents and
clotting timiie in seconds

Plasma ised in assay Saline (control)

1 mi1g/miil IgG I

Nonnal plasma 134 74

Factor VII-deficient plasma 154 134

Factor VIII-deficient plasma 145 56

Factor IX-deficient plasma 164 75

* Results of a typical experiment are given.
4 Human Cohn fraction II in saline.
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of RPCA enhancement. An EDTA extracted crude
endotoxin and a phenol-purified endotoxin were
studied before and after the addition of polymyxin
B. The crude endotoxin was not subjected to harsh
purification procedures with organic solvents, which
modify the biologic effects of endotoxin in other sys-
tems (24). Therefore, this crude endotoxin more closely
resembles the form of endotoxin one would expect
if bacterial growth contaminated the aqueous buffers
used for IgG preparation. We have found that after
the reaction of both crude and purified endotoxins
with polymyxin B, procoagulant activity enhancement
is abolished or is greatly reduced. In contrast, in the
present experiments, polymyxin B did not reduce
procoagulant activity enhancement by IgG prepara-
tions. These observations indicate that endotoxin arti-
facts do not account for enhancement of procoagulant
activity by the preparations of human IgG which were
resistant to heat denaturation.

The ability of polymyxin B to diminish the RPCA
enhancing properties of endotoxin is not surprising.
The lipid A moiety of endotoxin has recently been
shown to be responsible for enhancing procoagu-
lant activity in leukocyte cultures (25, 26). Other studies
have shown that polymyxin B interferes with certain
lipid A dependent biological effects such as mito-
genicity (24).

It is possible that leukocytes interact with the rela-
tively small numbers of platelets contained in the
incubates. That such interactions may be relevant is
suggested by the work of Niemetz and Marcus (27),
who found that enhancement of procoagulant activity
in leukocyte incubates with endotoxin is further in-
creased by the addition of platelets and human serum.
Indeed, platelets and unidentified serum factors that
are intimately associated with leukocytes may be
carried into incubates and be involved secondarily
in the phenomena reported here. Nevertheless, plate-
lets free of leukocytes did not produce measurable
tissue thromboplastin-like activity in this test system
after incubation with IgG. Similarly, Lerner et al.
were unable to demonstrate enhancement of procoagu-
lant activity in incubates containing leukocyte-free
platelets and endotoxin (14).

The procoagulant activity generated with IgG in
these experiments has tissue thromboplastin-like
properties. In a two-stage assay for thromboplastin,
IgG-containing incubates had enhanced procoagu-
lant activity. Additionally, one-stage assays with Factor
VIII or IX-deficient plasma indicate that a leukocyte
procoagulant is active in the extrinsic, or tissue throm-
boplastin pathway. However, although assays with Fac-
tor -VII-deficient plasma produced considerably less
activity, some effect was seen consistently. Thus, there
is a possibility that procoagulants other than tissue
thromboplastin are generated.

Other studies have demonstrated enhanced tissue
thromboplastin-like procoagulant activity of leukocyte
incubated in the presence of phytohemagglutinin, puri-
fied protein derivative, or endotoxin. IgG can bind to
populations of these same cells through the Fc re-
ceptor of the leukocyte plasma membrane. Like these
other materials, IgG induces the release of a broad
range of biological mediators from leukocytes and
platelets (28). As demonstrated by our experiments,
procoagulant production is an additional effect of IgG
on leukocytes.

At this time the relevance of our findings to
human disease can only be a matter of speculation.
Leukocyte procoagulants may contribute to lesions
caused by soluble immune complexes. Thrombosis
and deposition of fibrin-fibrinogen in areas of vasculi-
tis, synovitis, and nephritis in animal models of im-
mune complex disease, as well as in humans with
diseases such as rheumatoid arthritis, lupus erythem-
atosus, and renal allograft rejection are well docu-
mented. Activation of clotting, subsequent thrombosis,
and fibrin deposition in these lesions may, in part,
result from elaboration of tissue thromboplastin by
infiltrating leukocytes. In inflammatory areas, where
leukocytes and immune complexes are concentrated,
the in vitro conditions described here may be approxi-
mated.

ACKNOWLEDGMENTS

Wegratefully acknowledge the technical assistance of Miss
Jean Rose. We wish to thank Mrs. Anna Milne and Mrs.
Phyllis Minick for help in preparing the manuscript, and
Dr. David Morrison for helpful suggestions.

This work was supported in part by grants nos. AM05693,
AM 07144, HL 15491, HL 16411, Al 11751, and AI 16734
from the National Institutes of Health, and no. 73-253 from the
American Heart Association.

REFERENCES

1. Zvaifler, N. J. 1973. The immunopathology of joint in-
flammation in rheumatoid arthritis. In Advances in Im-
munology. F. J. Dixon and J. G. Kunkel, editors. Academic
Press Inc., New York. 16: 265-336.

2. Braun, W. E., and J. P. Merrill. 1968. Urine fibrinogen
fragments in human renal allografts. A possible mecha-
nism of renal injury. N. Engl. J. Med. 278: 1366-1371.

3. Colman, R. W., W. E. Braun, G. J. Busch, G. J. Dammin,
and J. P. Merrill. 1969. Coagulation studies in the hyper-
acute and other forms of renal allograft rejection. N.
Engl. J. Med. 281: 685-691.

4. Marchesi, S. L., R. G. Aptekar, A. D. Steinberg, H. R. Gral-
nick, and J. L. Decker. 1974. Urinary fibrin split products
in lupus nephritis. Correlation with other parameters of
renal disease. Arthritis Rheum. 17: 158-164.

5. Kanyerezi, B. R., S. K. Lwanga, and K. J. Bloch. 1971.
Fibrinogen degradation products in serum and urine of
patients with systemic lupus erythematosus. Arthritis
Rheum. 14: 267-275.

6. Cronlund, M., J. Hardin, J. Burton, L. Lee, E. Haber,

556 H. Rothberger, T. S. Zimmerman, H. L. Spiegelberg, and J. H. Vaughan



and K. J. Bloch. 1976. Fibrinopeptide A in plasma of
normal subjects and patients with disseminated intra-
vascular coagulation and systemic lupus erythematosus.

J. Clin. Invest. 58: 142-151.
7. Schroeter, A. L., P. W. M. Copeman, R. E. Jordan,

W. M. Sams, Jr., and R. K. Winkelmann. 1971. Immuno-
fluorescence of cutaneous vasculitis associated with sys-
temic disease. Arch. Dermatol. 104: 254-259.

8. Sams, S. M., Jr., E. G. Thorne, P. Small, M. F. Mass, R. M.
McIntosh, and R. E. Stanford. 1976. Leukocytoclastic
vasculitis. Arch. Dermatol. 112: 219-226.

9. Vassali, P., and R. T. McCluskey. 1971. The pathogenic
role of the coagulation process in glomerular diseases
of immunologic origin. In Advances in Nephrology.
J. Hamburger, J. Crosnier, and M. H. Maxwell, editors.
Year Book Medical Publishers, Inc., Chicago. 1: 47-63.

10. Berger, J., H. Yaneva, and N. Hinglais. 1971. Immuno-
histochemistry of glomerulonephritis. J. Hamburger,
J. Crosnier, and M. H. Maxwell, editors. Year Book
Medical Publishers, Inc., Chicago. 1: 11-46.

11. Kincaid-Smith, P. 1972. Coagulation and renal disease.
Kidney Int. 2: 183-190.

12. Paronetto, F., Y. Borel, A. Miescher, and P. Miescher.
1967. Localization of complement, immunoglobulins and
fibrinogen in skin sites of tuberculin reaction, passive
cutaneous anaphylaxis and Arthus reaction. In Immuno-
pathology Vth Intemation Symposium. Miescher, P. A.,
and P. Grabar, editors. Grune & Stratton, Inc., NewYork.
317-324.

13. Rickles, F. R., J. A. Hardin, F. A. Pitlick, L. W. Hoyer,
and M. E. Conrad. 1973. Tissue factor activity in lympho-
cyte cultures from normal individuals and patients with
hemophilia A. J. Clin. Invest. 52: 1427-1434.

14. Lemer, R. G., R. Goldstein, and G. Cummings. 1971.
Stimulation of human leukocyte thromboplastic activity
by endotoxin. Proc. Soc. Exp. Biol. Med. 138: 145-148.

15. Boyum, A. 1968. Isolation of mononuclear cells and granu-
locytes from human blood. Scand.J. Clin. Lab. Invest. 21:
77-89.

16. Kaplow, L. S. 1965. Simplified myeloperoxidase stain
using benzidinedihydrochloride. Blood. 26: 215-219.

17. Chiller, J. M., and W. 0. Weigle. 1971. Cellular events

during induction of immunologic unresponsiveness in
adult mice. J. Immunol. 106: 1647-1653.

18. Masouredis, S. P. 1972. Clinical use of whole blood. In
Hematology. W. J. Williams, E. Beutler, A. J. Erslev, and
R. W. Rundles, editors. McGraw-Hill Book Company,
New York. 1308-1319.

19. Niemetz, J., and H. L. Nossel. 1969. Activated coagula-
tion factors: In vivo and in vitro studies. Br.J. Haematol.
16: 337-351.

20. Nemerson, Y. 1968. The phospholipid requirement of
tissue factor in blood coagulation. J. Clin. Invest. 47:
72-80.

21. Niemetz, J. 1972. Coagulant activity of leukocytes.J. Clin.
Invest. 51: 307-313.

22. Leive, L., V. K. Shovlin, and S. E. Mergenhagen.
1968. Physical, chemical and immunological properties
of lipopolysaccharide released from Escherichia coli
by Ethylenediaminetetraacetate. J. Biol. Chem. 243:
6384-6391.

23. Morrison, D., S. J. Betz, and D. M. Jacobs. 1976.
Isolation of a lipid A bound polypeptide responsible
for LPS initiated mitogenesis of C3H/HEJ spleen cells.

J. Exp. Med. 144: 840-846.
24. Lerner, G., R. Goldstein, and G. Cummings. 1972. Syn-

thesis of tissue factor by leukocytes during in vitro
thrombus formation. Fed. Proc. 31: 247. (Abstr.)

25. Rickles, F. R., and P. D. Rick. 1976. Structural features
of S. Typhimurium lipopolysaccharide (LPS) required for
activation of monocyte tissue factor. Fed. Proc. 35: 804.
(Abstr.)

26. Niemetz, J., and D. C. Morrison. 1976. Role of lipid
A on the procoagulant activity of leukocytes. Fed.
Proc. 35: 804. (Abstr.)

27. Niemetz, J., and A. J. Marcus. 1974. The stimulatory
effect of platelets and platelet membranes on the pro-
coagulant activity of leukocytes. 1974. J. Clin. Invest.
54: 1437-1443.

28. Becker, E. L., and P. M. Henson. 1973. In vitro
studies of immunologically induced secretion of media-
tors from cells and related phenomena. In Advances in
Immunology. F. J. Dixon, and H. G. Kunkel, editors.
Academic Press Inc., New York. 17: 93-193.

Leukocyte Procoagulant Activity: Enhancement of Production by IgG 557


