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Abstract

Heparin-induced thrombocytopenia/thrombosis (HITP) is
thought to be mediated by immunoglobulins that activate plate-
lets in the presence of pharmacologic concentrations of hepa-
rin, but the molecular basis for this relatively common and of-
ten serious complication of heparin therapy has not been estab-
lished. We found that plasma from each of 12 patients with
HITP contained high titer (. 1:200) antibodies that reacted
with immobilized complexes of heparin and platelet factor 4
(PF4), a heparin-binding protein contained in platelet alpha-
granules. Recombinant human PF4 behaved similarly to PF4
isolated from platelets in this assay system. Complexes formed
at an apparent heparin/PF4 molecular ratio of - 1:2 (fresh
heparin) and - 1:12 (outdated heparin) were most effective in
binding antibody. Immune complexes consisting of PF4, hepa-
rin, and antibody reacted with resting platelets; this interaction
was inhibited by a monoclonal antibody specific for the FcyRII
receptor and by excess heparin. Human umbilical vein endothe-
lial cells, known to express heparin-like glycosaminoglycan
molecules on their surface, were recognized by antibody in the
presence of PF4 alone; this reaction was inhibited by excess
heparin, but not by anti-Fc'yRII. Antibodies reactive with hepa-
rin/PF4 were not found in normal plasma, but IgG and 1gM
antibodies were detected at dilutions of 1:10 (IgG) and 1:50
(IgM) in 3 of 50 patients (6%) with other types of immune
thrombocytopenia. These findings indicate that antibodies as-
sociated with HITP react with PF4 complexed with heparin in
solution or with glycosaminoglycan molecules on the surface of
endothelial cells and provide the basis for a new hypothesis to
explain the development of thrombocytopenia with thrombosis
or disseminated intravascular coagulation in patients sensitive
to heparin. (J. Clin. Invest. 1994. 93:81-88.) Key words:
ELISA - glycosaminoglycan * IgG * IgM * flow cytometry

Introduction

Heparin-induced thrombocytopenia (HITP)' associated with
thromboembolism was first described more than 30 years ago
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1. Abbreviations used in this paper: DTAF, dichlorotriazinylamino
florescein; HITP, heparin-induced thrombocytopenia; HUVEC, hu-
man umbilical vein endothelial cells; PF4, platelet factor 4; RCD,
Ringer's citrate dextrose.

( 1, 2). Hundreds ofcases have since been reported and HITP is
now recognized as an important cause ofmorbidity and mortal-
ity in patients receiving heparin therapy (3, 4). HITP differs
from most other forms of drug-induced thrombocytopenia in
that the responsible antibodies activate platelets in the presence
of optimal concentrations of hepanin, rather than merely bind-
ing to platelets to promote their destruction (3-5). This activa-
tion can be blocked in vitro by monoclonal antibodies specific
for the platelet Fc receptor (FcyRII) (6), suggesting that hepa-
nn-induced antibodies somehow interact with heparin to form
platelet-activating immune complexes. However, attempts to
demonstrate such complexes and their binding to intact plate-
lets have yielded negative or equivocal results (3, 7, 8).

The laboratory diagnosis of HITP is made with tests in
which aggregation of platelets is triggered in platelet-rich
plasma or release of radiolabeled serotonin from platelets is
induced by patient serum in the presence of heparin (3, 4).
Recently, Amiral et al. (9) described an assay for heparin-in-
duced antibodies based on their reaction with immobilized
complexes of heparin and platelet factor 4 (PF4), a constituent
of platelet alpha granules (9). In this report, we confirm their
observation and show that the antibodies can be of the IgM as
well as the IgG class. We also describe the binding ofcomplexes
consisting of heparin, PF4, and IgG to resting platelets and
PF4-dependent, but heparin-independent, binding of antibod-
ies to cultured human umbilical vein endothelial cells (HU-
VEC). On the basis of these findings, we propose a new hy-
pothesis for the pathogenesis of HITP and the associated
thromboembolic phenomena.

Methods
Chemicals and reagents. These were obtained from the following
sources: affinity-purified F(ab')2 goat anti-human IgG (-y chain spe-
cific). donkey anti-human IgM (ji chain specific), goat anti-rabbit
IgG (-y chain specific), and donkey anti-goat IgG (H + L chain spe-
cific) labeled with dichlorotriazinylamino fluorescein (DTAF) from
Jackson Immune Research (Westgrove, PA); affinity-purified, alka-
line phosphatase-labeled goat anti-mouse IgG (-y chain specific),
anti-human IgG (-y chain specific), anti-human IgM (,u-chain spe-
cific), anti-rabbit IgG (H + L chain specific). and p-nitrophenyl phos-
phate from Zymed Labs., Inc. (S. San Francisco, CA); rabbit and goat
IgG specific for human PF4 from Celsus Laboratories (Cincinnati,
OH) and Incstar Co. (Stillwater, MN), respectively; heparin-agarose
containing - 792 ttg of heparin/ml of packed gel, ecteola cellulose
(epichlorohydrin triethanolamine cellulose), PMSF, Tween-20, and

PGE, from Sigma Chemical Co. (St. Louis, MO); FCS and horse
serum from Hyclone Labs. (Logan, UT). The T 1 short peptide I1 mer

of the platelet thrombin receptor (SFLLRNPNDKY) (10, 11) was

synthesized by the peptide core laboratory of the Blood Research Insti-
tute (Milwaukee, WI). Monoclonal antibodies were generously pro-
vided by the following individuals: IV.3 specific for the Fc-YRII recep-

tor from Dr. Clark Anderson (Ohio State University, Columbus, OH),
S12 specific for P-selectin from Dr. Rodger McEver (University of
Oklahoma, Oklahoma City, OK), AP- I specific for glycoprotein lb

Antibody Specificity in Heparin-induced Thrombocytopenia/Thrombosis 81

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/94/01/0081/08 $2.00
Volume 93, January 1994, 81-88



and AP-2 specific for the glycoprotein lIb/ Illa complex from Drs. Rob-
ert Montgomery (Blood Research Institute, Milwaukee, WI) and
Thomas Kunicki (Scripps Research Institute, La Jolla, CA). Recombi-
nant human PF4 was a gift from Dr. Mortimer Poncz (University of
Pennsylvania, Philadelphia, PA).

Two lots of injectable heparin derived from porcine intestinal mu-
cosa (Elkins-Sinn; ESI Pharmaceuticals, Cherry Hill, NJ) were used.
One of these (lot 1) outdated 3 mo before the studies were initiated.
The other (lot 2) carried an outdate ofMay 1996. The specific activity
of the two lots were 169 and 179 IU/mg, respectively. Both had been
stored at 15-30'C according to the manufacturer's instructions, and
their anticoagulant activities, as measured by their capacity to prolong
the partial thromboplastin time, were indistinguishable. A limited num-
ber of studies were also done with porcine heparin from Lyphomed
(Deerfield, IL) and bovine heparin from the Upjohn Co. (Kalamazoo, MI).

Buffers. Ringer's citrate dextrose (RCD) buffer contained 0.108
mol/liter NaCl, 0.038 mol/liter KC1, 0.0017 mol/liter NaHCO3,
0.0212 mol/liter Na3C6H507* 2H20, 0.0278 mol/liter C6HA206,
0.0011 mol/liter MgCl2O 6H20; phosphate buffer (PB) contained
0.02 mol/liter, pH 7.2; PBS contained PB with 0.145 mol/liter NaCl;
PBS-Tw contained PBS with Tween-20, 0.05%.

Patient samples. Plasma samples from 12 patients who developed
thrombocytopenia with or without thrombosis while receiving prophy-
lactic heparin therapy and whose plasma had tested positive in the
serotonin release test for heparin-induced antibodies ( 12) were studied.
The samples were collected within 2 d of the time heparin was discon-
tinued. 10 were anticoagulated with citrate and 2 with EDTA. The
patients, eight women and four men, ranged in age from 51 to 75 yr.
Five patients experienced thrombotic symptoms while receiving hepa-
rin, including deep vein thrombosis, pulmonary embolism, andjugular
vein thrombosis. One patient died from thromboembolic complica-
tions. Each plasma sample was adsorbed with ecteola cellulose equili-
brated in PBS to remove residual heparin that might be present ( 13) by
adding 70 mg ecteola to 1 ml of plasma and incubating for 90 min at
4°C with occasional agitation, and centrifuging at 14,000 g for 1 min.
In preliminary studies in which heparin was added to plasma contain-
ing heparin-induced antibody, we found that this treatment was capa-
ble ofremoving at least 10 U ofheparin/ml, far more than the amount
that might be present after recent heparin therapy. Plasma from pa-
tients with other types of thrombocytopenia were obtained from the
Platelet Antibody Laboratory of The Blood Center of Southeastern
Wisconsin, to which they had been referred for serologic testing.

Isolation ofplatelets. Platelets were isolated from freshly collected
blood anticoagulated with acid citrate dextrose sufficient to produce a
pH of 6.5 and were washed three times in RCD buffer, pH 6.5, contain-
ing 50 ng/ml PGE,. The washed platelets were nonactivated by the
criterion that their mean fluorescence intensity in flow cytometry after
incubation with fluorescein-labeled monoclonal antibody S12 specific
for P-selectin was not significantly different from that of platelets incu-
bated with equal amounts of fluorescein-labeled normal mouse IgG. A
marked increase in S 12 binding occurred when platelets were activated
by the T I short peptide of the platelet thrombin receptor.

Purification of PF4. PF4 was purified according to Medici et al.
(14), with minor modifications. 10 U of platelets < 1 d old from ran-
domly chosen whole blood donors was pooled and centrifuged at 400 g
for 10 min to remove red cells. The platelet-rich plasma was pelleted at
1,200 g, washed three times in RCD buffer, pH 6.5, containing EDTA
0.002 M, and resuspended in PBS containing 0.00 1 M CaC12, and
0.00 14 M PMSF in dimethylsulfoxide at a concentration of 1010 plate-
lets/ ml in a total volume of 50 ml. Platelet release was induced with TI
short peptide ( 10, 11 ) at a final concentration of 5 MM for 20 min at
37°C with occasional shaking. The activated platelets were then pel-
leted at 3,000 g for 30 min at 4°C. Ammonium sulfate was added to the
supernatant at 50% saturation and the mixture was incubated at 4°C
overnight. The precipitate was discarded and the final supernatant was
dialyzed exhaustively against PBS at 4°C. The dialyzed supernatant
( 250 ml) was then incubated with 20 ml of packed heparin-Agarose
beads for 4 h at 4VC with gentle stirring. The beads were washed se-

quentially with 3 vol each of 0.145 M PB-NaCl, 0.8 M PB-NaCl (to
remove f3-thromboglobulin and thrombospondin) and resuspended in
1.6 M PB-NaCI to release bound PF4. The final eluate was concen-
trated using the Centriprep 10 (Amicon, Beverly, MA) to a 5-ml vol-
ume, dialyzed against PBS at 40C, and treated for 1 h at 40C with an
excess of ecteola cellulose equilibrated in PBS to remove residual an-
tithrombin-III. The supernatant was then centrifuged, and was shown
to contain a single protein of - 7.8 kD by Coomassie blue stain after
electrophoresis in a 15% SDS-polyacrylamide gel. Identification ofthis
band as the PF4 monomer was confirmed by Western blotting with
rabbit anti-human PF4.

Serotonin release. The serotonin release test was performed as de-
scribed by Sheridan et al. ( 12) with minor modifications ( 15 ). Washed
platelets labeled with ['4C]serotonin were incubated with aliquots of
patient plasma (recalcified and dialyzed) and 0.1 U/ml heparin in
albumin-free Tyrode's buffer containing 0.002 M CaCl2 and 0.001 M
MgCl2 for 60 min at room temperature with gentle agitation. Release of
serotonin at least 3 SD in excess of that obtained with normal plasma
was considered positive. Specificity of the reactions was confirmed by
the absence of release when heparin was absent or was present in high
concentration ( 100 U/mil).

PF4/heparin ELISA. The ratio 6f heparin/PF4 required to pro-
duce complexes capable of binding heparin-induced antibodies was

determined in preliminary studies (see Results). Initial studies were
done with a lot ofheparin that had outdated several months previously
(lot 1). 50-Mi aliquots of PF4 were mixed with heparin at various con-
centrations and incubated overnight at 4°C in the wells ofa polystyrene
microtiter plate (Easywash; Corning, Corning, NY). The trays were

washed three times with PBS-Tw and blocked for 30 min at room
temperature with PBS-Tw, FCS 20%. 50 Ml of plasma diluted 1:10 or
1:50 in PBS was added to each well and incubated for 60 min at room
temperature (RT). After three washes with PBS-Tw, bound IgG and/
or IgM was detected by adding alkaline phosphatase-labeled goat anti-
human IgG or IgM diluted 1: 1,000 in PBS-Tw-FCS (10%), followed by
incubation for 1 h at room temperature, washing four times, and incu-
bation with p-nitrophenyl phosphate substrate for 1 h. The reaction
was stopped with 1 N NaOH and absorbance was read at 405 nm using
650 nm for reference values. Reactions were considered positive when
the mean OD (triplicate determinations) obtained with PF4/heparin
complex was at least 3 SD greater than the value obtained with PF4
alone.

Binding ofIgG and IgM to platelets. Binding of IgG and IgM to
platelets was assayed by flow cytometry as-described previously ( 16),
with minor modifications. In brief, I07 washed platelets from a normal
group 0 donor in 25 Ml PBS-PGE, were aliquoted into polypropylene
microtiter wells (MIC 2000; Dynatech, Chantilly, VA) pretreated with
1% BSA. 25 ,l of plasma alone, plasma plus PF4, plasma plus heparin,
or plasma plus heparin and PF4 together was then added in triplicate to
produce final concentrations of 1:10 plasma, 10 Mg/ml PF4, and 0.05
U/ml heparin. The mixtures were incubated for 60 min at room tem-
perature, washed twice in PBS-PGE,, incubated with 50 Ml DTAF-la-
beled F(ab')2 goat anti-human IgG or donkey anti-human IgM at 1:80
dilution for 30 min at room temperature in the dark. After two addi-
tional washes in PBS-PGE,, the cells were suspended in 1 ml of PBS
and immediately analyzed on a FACStar Plus® flow cytometer (Becton
& Co., Dickinson Mountain View, CA) equipped with a 2-W argon ion
laser. Fluorescein fluorescence was detected through a 530±30-nm
band-pass filter. Logarithmic amplification was used for the forward
scatter, side scatter, and fluorescence signal. Fluorescence and size cali-
brations were done using Fluoresbrite beads (PolySciences, Nices, IL).
Green photomultiplier tube (PMT) voltages were optimized for each
series of studies. The fluorescence histogram was obtained by acquisi-
tion of 10,000 ungated events. Data were analyzed with Lysys II soft-
ware (Becton Dickinson & Co.). Reactions were considered positive
when mean platelet fluorescence intensity exceeded that of controls by
> 3 SD.

Binding ofIgG and 1gMA to HUVEC. HUVEC were isolated from
human umbilical vein cords by collagenase digestion and cultured ( 17,
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18). The cells were grown to subconfluency (85-95% confluent) in
T75 flasks (Corning) in RPMI 1640 (Celox, Hopkins, MN) supple-
mented with 15% horse serum, 100 Aig/ml endothelial cell growth sup-
plement (Collaborative Research Inc., Lexington, MA), and 100 mg/
ml heparin (from porcine intestinal mucosa; Sigma Chemical Co., St.
Louis, MO), 100 U/ml penicillin, and 100 jg/ml streptomycin. Cell
cultures were incubated at 370C in a water-saturated atmosphere of
95% air, 5% CO2, and were used between the second and the fourth
passage. For flow cytometric studies, endothelial cells were detached
from the tissue culture plate with PBS, 10% FCS containing 10 mM of
EDTA, and washed twice with PBS- 10% FBS. 5 X I0 5 cells were resus-
pended in PBS, FCS, NaN3 (0.02%) and were treated with patient
plasma in the presence and absence ofPF4 and heparin as described in
Results. Bound IgG and IgM were assayed as described above for plate-
lets, except that a linear rather than a logarithmic scale was used to
evaluate forward scatter.

Results

Determination of the optimum heparin/PF4 ratio for forma-
tion of complexes recognized by heparin-induced antibodies.
Complexes formed in mixtures containing heparin (lot 1) in
concentrations ranging from 0.01 to 0.5 U/ml and purified
PF4 at concentrations ranging from 5 to 50,gg/ml were immo-
bilized (see Methods) in triplicate in the wells of a polystyrene
microtiter plate and used as targets for heparin-induced anti-
bodies. Results obtained with the plasma ofpatient 1 are shown
in Fig. 1 A. IgG bound readily to complexes formed in mixtures
of 0.05 U/ml heparin and 10 g/ml PF4 or 0.1 U/ml heparin
and 25 jig/ml PF4. However, at a given concentration ofhepa-
rin, doubling of the PF4 concentration or reducing it by 50%
led to complete loss or a marked reduction of reactivity. When
these studies were repeated with fresh heparin from the same
manufacturer (lot 2), complexes optimal for IgG binding were
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formed at higher heparin/PF4 ratios, e.g., 0.3 U/ml heparin
and 10 Aig/ml PF4, or 1.0 U/ml heparin and 25 ,ug/ml PF4
(Fig. 1 B). With complexes formed at greater concentrations of
heparin, IgG binding diminished to an OD of - 0.40, but re-
mained above background even with a ratio of 10 U/ml hepa-
rin per 10 ,ug/ml PF4. The basis for the variable behavior of
different lots of heparin was examined by studying vials of
heparin ofdifferent ages. Each oftwo vials of fresh heparin (lot
2) and six of nine vials that were several months postoutdate
(lot 1) produced a pattern similar to that shown in Fig. 1 B,
whereas three of nine outdated vials produced the pattern
shown in Fig. 1 A. The anticoagulant activities of heparins
from lots 1 and 2 were indistinguishable, as measured by their
abilities to prolong the partial thromboplastin time of normal
plasma (data not shown). Both in-date (expiration 1996) and
outdated ( 1991 ) heparin from the other two manufacturers
(Lyphomed and Upjohn) yielded patterns similar to those
shown in Fig. 1 B. Regardless ofthe lot ofheparin used, binding
of IgG to heparin/PF4 complexes was abolished when heparin
at a concentration of 1.0 U/ml was added to plasma before it
was incubated with the immobilized complexes (data not
shown). Results similar to those shown for patient 1 in Fig. 1, A
and B were obtained with plasma from eight other patients.
Three patients were not studied in this way because only small
amounts of plasma were available. No significant binding to
heparin /PF4 complexes was seen with plasma from 18 normal
subjects. Recombinant human PF4 behaved identically to PF4
isolated from human platelets in this assay (data not shown).

Reactions of plasma from HITP patients, patients with
other types ofthrombocytopenia, and normal subjects with im-
mobilized heparin/PF4 complexes. Heparin/PF4 complexes
formed at a ratio of 0.05 U/ml heparin (lot 1) and 10 ,ug/ml

B

Figure 1. Binding of IgG from
plasma (diluted 1:50) of patient no.
1 to immobilized complexes of

(0.1) PF4/heparin formed at different ra-
tios of the reactants (average of trip-
licate determinations). Concentra-
tion of heparin (IU/ml) is shown in
parentheses. Results shown in A
were obtained with heparin from a
vial several months postoutdate (lot
1) and those in B with freshly pur-
chased heparin outdating in 1996
(lot 2). With lot 1, heparin at 0.05
and 0.1 U / ml reacted with PF4 at
10 and 25 jug/ml, respectively, to
form complexes recognized by anti-
body (A). At a given concentration
of heparin from lot 2, complexes
optimal for antibody binding were

(0.05) formed with about one-sixth the
amount of PF4 required with hepa-
rin from lot 1 (B). PF4 alone, plated
at concentrations ranging from 5 to

5 10 25 50 50 jg/ml, did not bind IgG (X-X).
PF4 [tgg/ml I Error bars indicate±2 SD.
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PF4, plated, and stored for 90 d at 4VC reacted with antibody as
well as freshly prepared complexes and were used for further
studies. Reactions of plasma (diluted 1:50) from the 12 pa-
tients with HITP against heparin/PF4 complexes prepared at
this ratio are shown in Fig. 2 A and B. Each of the 12 samples
contained IgG antibodies that bound to heparin/PF4 com-
plexes (Fig. 2 A). Three plasmas (nos. 3, 5, and 9) also reacted
with PF4 alone, but less strongly than with the complexes. In
each case, binding of IgG to heparin/PF4 complexes was re-
duced to the level obtained with immobilized PF4 alone by
adding heparin to the wells at a concentration of 0.15 U/ml
before the addition ofplasma (Fig. 2 A). This concentration of
heparin had no effect on the binding of four quinine- or quini-
dine-induced platelet antibodies or four antibodies specific for
the P1 Al alloantigen to immobilized GPIIb/IIIa complex ( 16),
and did not appear to remove immobilized PF4 from the wells
since the binding of goat antibody specific for human PF4 was
unaffected (data not shown). As shown in Fig. 2 B, five of the
plasmas (nos. 2, 3, 5, 6, and 7) also contained IgM antibodies
reactive with PF4/heparin. As with the IgG antibodies, bind-
ing was reduced to the value obtained with PF4 alone by added
heparin. None of 18 normal plasmas used at 1:10 and 1:50
dilutions contained IgG or IgM that bound in significant quan-
tities to heparin/PF4 complexes.

1.25-

E
100

in 1.00
0

t 0.75-

z

J 0.50'
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Plasma from 50 patients with other immune platelet dis-
orders ( 19 with autoimmune thrombocytopenia, 14 with drug-
induced thrombocytopenia, 6 with posttransfusion purpura,
and 11 women who had given birth to an infant with neonatal
alloimmune thrombocytopenia) was also tested in the ELISA.
47 of the 50 samples gave negative reactions for IgG antibody
at 1:1O dilution. The remaining three (two with posttransfu-
sion purpura and one with autoimmune thrombocytopenia)
gave positive reactions inhibitable with excess heparin at 1:1O
but were negative at 1:50. The same three patients gave positive
reactions for IgM antibodies at 1:1O and 1:50, but were nega-
tive at 1:100.

Sensitivity of the ELISA for detection of antibody. Reac-
tions ofthe 12 HITP plasmas at various dilutions in the ELISA
and in the serotonin release test are shown in Table I. At a
dilution of 1:100, only two samples gave positive serotonin
release tests, but the ELISA was positive with all 12 at 1:200
and with 9 at 1:500.

Heparin-inducedIgG, but not IgM antibodies, bind to plate-
lets in the presence ofheparin/PF4 complexes. A mixture of
heparin (lot 1 )/PF4 (0.05 U/ml heparin, 10 ,g/ml PF4) and
patient plasma (diluted 1: 1O) was added to I07 platelets in a
final volume of50 yl and incubated for 60 min at room temper-
ature with occasional shaking. After three washes in PBS, pH

A

12,I
N.C. 1 2 3 4 5 6 7 8 9 10 11 12

Figure 2. Binding of IgG (A) and IgM (B)
from plasma (diluted 1:50 in PBS) of 12 pa-

B tients with heparin-induced thrombocytopenia
to immobilized heparin/PF4 complexes
formed at 0.05 U/ml heparin (lot 1)/10 ,g/
ml PF4 (average of triplicate determinations).
Each ofthe plasma samples deposited signifi-
cant quantities ofIgG on immobilized com-
plexes (hatched bars) relative to immobilized
PF4 alone (A, shaded bars). Addition of0.15
U/ml heparin to plasma reduced the strength
of all reactions (open bars) to the values ob-
tained with immobilized PF4 alone. Average
values for IgG binding obtained with 10 differ-
ent normal plasmas are shown at the left
(NC. ). Binding of IgM under the same exper-
imental conditions is shown in B (hatched

ffL bars). 5 of the 12 plasmas deposited significant
quantities of IgM on heparin/PF4 complexes.

12 Error bars indicate mean + 2 SD. **P < 0.001;
*P<0.01.
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Table I. Relative Sensitivity ofthe Serotonin Release and ELISAs
for Detection ofHeparin-induced (IgG) Antibodies
in 12 Patients with HITP

No. of positive reactions

Assay Undiluted 1:10 1:100 1:200 1:500

Serotonin release 12 12 2 NT NT
ELISA 12 12 12 12 9

NT, not tested.

7.2, containing 50 ,g/ml PGE,, bound IgG and IgM were
measured by flow cytometry. As shown in Fig. 3 for patient 1,
IgG was deposited on target platelets incubated with patient
plasma under these conditions, but not when platelets were
incubated with plasma alone, plasma and heparin alone, or
plasma and PF4 alone. Platelets activated with thrombin re-
ceptor peptide consistently bound - 30% more IgG than non-
activated platelets (data not shown). Binding of IgG similar to
that shown in Fig. 3 was also observed with plasma from six
other patients (3-5, 7, 8, and 12) when incubated with platelets
in the presence of heparin and PF4. Negative reactions were
obtained with plasma from the remaining five patients. No
binding of IgG to platelets was observed with any of 10 normal
plasmas under the same conditions. In the seven positive reac-
tions, mean platelet fluorescence intensity ranged from 2.75 to

Figure 3. Binding of IgG (fluorescence intensity) to resting platelets
incubated with plasma from patient 1. (A) Plasma alone; (B) plasma
plus 10 ,g/ml PF4; (C) plasma plus 0.05 U/ml heparin (lot 1 ); (D)
plasma plus 10 ,g/ml PF4 and 0.05 U/ml heparin; (E) same mixture
as D against platelets pretreated with monoclonal antibody IV.3
(Fc-yRII receptor specific). Blockade of FcyRII with IV.3 completely
abolished IgG binding. Similar inhibition was obtained with 0.15 U/
ml heparin (not shown). Number of events are plotted on the per-
pendicular axis.

9.5 (average, 5.6) times the value obtained with heparin alone
or PF4 alone. With 10 normal plasmas, this ratio never ex-
ceeded 1.5. IgG binding to platelets from each of the seven
positive plasmas in the presence of heparin/PF4 was totally
inhibited by monoclonal antibody IV.3 at 10 kig/ml (Fig. 3 E),
a concentration sufficient to block platelet FcyRII receptors
(15). However, IgG binding was unaffected by monoclonals
AP- 1 and AP-2 specific for glycoproteins lb and Ilb/IlIa, re-
spectively, at a concentration of 10 ,g/ml. Binding of IgG to
platelets in the presence of heparin/PF4 was rapid and could
be detected even when platelets were isolated immediately after
the incubation was started. Under the same conditions used to
measure binding of IgG to platelets, no binding of IgM was
detected with any ofthe 12 plasmas using an IgM-specific poly-
clonal probe.

Heparin-induced IgG and IgM antibodies bind to cultured
HUVEC in the presence ofPF4 alone. Suspensions of 5 X IO'
HUVEC were incubated with 50 ,ul of patient plasma diluted
1:10 in PBS containing 10 ,tg/ml PF4 for 60 min at 4°C. After
washing three times, bound IgG and IgM were determined by
flow cytometry. As illustrated in Fig. 4 for patient 2, significant
quantities of IgG were deposited on endothelial cells in the
presence (Fig. 4 C) but not in the absence (Fig. 4 A) of PF4.
The IgG binding was abolished when 0.05 U/ml heparin (lot
1) was added to the plasma/PF4 mixture before incubation
with HUVEC (Fig. 4 D) and did not occur with plasma con-
taining heparin alone (0.05 U/ml) (Fig. 4 B). Similar binding

Figure 4. Binding of IgG (A-D) and IgM (E) from plasma of patient
2 to cultured HUVEC. (A) Plasma alone; (B) plasma plus 0.05 U/ml
heparin (lot 1); (C) plasma plus 10 gg/ml PF4; (D) plasma plus
0.05 U/ml heparin and 10 ,ug/ml PF4; (E) binding of IgM from
plasma containing 10 jig/ml PF4. Both IgG (C) and IgM (E) bound
to HUVEC in the presence of PF4 alone. This binding was completely
inhibited by heparin (D). IgM binding was similarly inhibited by
heparin (not shown).
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ofIgG to HUVEC was observed with plasma from the other 11
patients (not shown). No IgG binding was observed with any
of 10 normal plasmas in the presence of PF4. Mean fluores-
cence intensity of HUVEC incubated with the 12 patient plas-
mas containing PF4 ranged from 2.0 to 16.5 (average, 6.4)
times the value obtained with untreated HUVEC or HUVEC
treated with normal plasma containing PF4. With 10 normal
plasmas, this ratio was always < 1.5.

Each of the five plasmas shown to contain IgM antibodies
reactive with heparin/PF4 complexes by ELISA (2, 3, and
5-7) also exhibited IgM binding to HUVEC in the presence of
PF4 (shown for patient 2 in Fig. 4 E) but not in the absence of
PF4. Mean fluorescence intensity of IgM binding to HUVEC
incubated with plasma ofthese five patients ranged from 2.1 to
5.0 (average, 3.22) times control. With 10 normal plasmas and
with plasma from the other 7 patients, this ratio was always
< 1.5. Binding of IgG and 1gM to HUVEC in the presence of
PF4 was unaffected by pretreatment of the target cells with the
Fc-yRII-specific monoclonal antibody IV.3 at 10,ug/ml.

HUVEC incubated with 10 Ag/ml PF4 and then washed
also bound IgG from subsequently added patient plasma, but
not normal plasma (data not shown). This binding was abol-
ished by treating the PF4-treated HUVEC with 0.05 U/ml hep-
arin (lot 1) before adding patient plasma. In these studies, bind-
ing of PF4 to HUVEC was demonstrated by incubating the
PF4-treated cells with goat anti-PF4, followed by DTAF-la-
beled donkey anti-goat IgG and analysis by flow cytometry
(data not shown). When the PF4-coated cells were incubated
with 0.05 U/ml heparin before analysis, no binding of anti-
PF4 antibody was observed.

Discussion

These findings indicate that platelet-activating, heparin-in-
duced antibodies are specific for PF4/heparin complexes and
can be detected in a microtiter plate assay using immobilized
complexes as targets, in confirmation of Amiral et al. (9).
Amiral et al. used a ratio of 0.15 U/ml heparin per 20,g/ml
recombinant PF4 in their studies without specifying why these
quantities were chosen. We found that with fresh heparin (lot
2), and with six ofnine vials ofheparin several months postout-
date (lot 1), target complexes formed at a ratio of - 0.3 U/ml
heparin per 10 ,ug/ml PF4 were most effective in antibody
binding (Fig. 1 B). With three of nine vials of outdated hepa-
rin, a ratio of 0.05 U/ml heparin per 10,ug/ml PF4, similar to
the ratio used by Amiral et al. (9), was optimal (Fig. 1 A). It is
apparent from Fig. 1 that with either lot ofheparin, the ratio of
heparin / PF4 used to form target complexes is important, espe-
cially with vials yielding the pattern shown in Fig. 1 A.

The molecular mass of the human PF4 tetramer is
- 32,000 daltons (19, 20). The PF4 gene has been cloned and
sequenced (21, 22) and the structure of the PF4 tetramer has
been partially characterized (20, 23, 24). Heparin is thought to
bind to lysine-rich domains carried on alpha-helical structures
near the COOH terminus of each PF4 monomer (20, 24, 25).
Assuming a specific activity of heparin of 174 U/mg (see
Methods) and an average molecular mass of 12,000 daltons for
pharmaceutical heparin (25, 26), the molar ratio of heparin/
PF4 required for optimum complex formation with fresh hepa-
rin (lot 2) can be calculated to be - 1:2. With the older lots of
heparin yielding the pattern shown in Fig. 1 A, the correspond-
ing ratio would be - 1:12 assuming the same average molecu-

lar mass for heparin, i.e., no degradation. Recent studies sug-
gest that the heparin binding domains ofthe bovine PF4 tetra-
mer, which is closely homologous to human PF4, can be
saturated by a single molecule ofheparin containing at least 18
monosaccharide residues (- 6,000 daltons) (24). On this
basis, even the largest heparin molecules present in a pharma-
ceutical preparation, e.g., 35,000 daltons, might be expected to
bind no more than five or six PF4 molecules. Loscalzo et al.
(25) found that human PF4 appeared to bind to unfraction-
ated porcine intestinal heparin at a maximum molar ratio of
4:1. In the light of these studies, a heparin/PF4 molar ratio of
- 1: 12 is improbable and it seems likely that the requirement
for higher concentrations ofPF4 to form optimal heparin/PF4
complexes with several of the older heparin preparations re-
flects the need to overcome an inhibitory effect of smaller hepa-
rin fragments that develop during storage. In support of this
possibility, we have found in preliminary studies that heparin
fragments consisting of six or eight saccharide units (Enzyme
Research Laboratories, South Bend, IN) are incapable ofform-
ing complexes with PF4 to which antibody binds.

Studies with more homogeneous heparin preparations
should help to define more precisely the composition of the
heparin/PF4 complexes for which heparin-induced antibodies
are specific. It seems possible that the antibody binding sites are
combinatorial epitopes created by the apposition of heparin
and PF4, analogous to target epitopes consisting of platelet
glycoprotein complexed with quinine hypothesized to explain
the binding of quinine-induced antibodies to the platelet glyco-
protein Ilb/IIla complex (27).

5 of the 12 plasmas we studied contained both IgG and IgM
immunoglobulins recognizing PF4/heparin complexes (Fig. 2
B). To our knowledge, only one example of a possible heparin-
induced IgM antibody has been described previously (28). The
weak binding of antibodies from three patients to PF4 alone
(Fig. 2 A) is currently unexplained, but is consistent with the
possibility that some individuals produce PF4-specific antibod-
ies together with those that recognize heparin/PF4 complexes.
The sensitivity of the microtiter tray ELISA was remarkable, in
that each of 12 plasmas containing heparin-induced antibodies
gave positive reactions at a dilution of 1:200 and 9 were posi-
tive at 1:500, whereas the serotonin release test was positive at a
dilution of 1:100 with only 2 (Table I). It is generally agreed
that serotonin release is more sensitive than the commonly
used platelet aggregation test (3, 11, 29). Further studies are
required to characterize fully the specificity of the ELISA for
the diagnosis of HITP. At a plasma dilution of 1:200, all 12
HITP plasmas were positive for IgG binding, whereas 18 nor-
mal plasmas and 50 plasmas from patients with other types of
immune thrombocytopenia were negative at 1:50. However, 3
of the 50 patient plasmas were positive for IgG at 1:10. Plasma
from the same three patients contained stronger ( 1:50) IgM
antibodies reactive with heparin/PF4 complexes in ELISA. It
is not currently known whether any of these individuals were
previously exposed to heparin. At a dilution of 1:100, only
plasma from patients with HITP gave positive reactions for
IgM. Studies are in progress to optimize the ELISA for sensitiv-
ity and specificity and to define further the clinical significance
of positive reactions. It will be of great interest to learn whether
IgM antibodies, which may not be capable of causing thrombo-
cytopenia (see discussion to follow), signal a primary immune
response in patients at risk to develop HITP and thrombosis.

In the presence of PF4 and heparin at an optimum ratio,
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heparin-induced IgG antibodies from 7 of the 12 patients
bound in significant quantities to resting target platelets (Fig.
3). This binding occurred rapidly (within seconds) and was
completely inhibited by monoclonal IV.3 specific for the plate-
let Fc-yRII receptor. No detectable IgG binding occurred in the
presence of heparin alone. Activated platelets, which express
increased numbers of Fcy receptors (30), bound more IgG
than nonactivated platelets. The most plausible explanation for
these findings is that the IgG binds to heparin/PF4 to form
immune complexes which, in turn, bind to platelet FcyRII.
Failure of IgM antibodies to bind under similar conditions
would be expected, since platelets are not known to carry a
receptor for IgM Fc. It is not apparent why plasma from five
patients failed to exhibit IgG binding to platelets. Two of the
nonbinding plasmas contained both IgG and IgM antibodies,
and it seems possible that they formed mixed aggregates of IgG
and IgM incapable ofbinding to platelet Fc~yRII. Alternatively,
platelets expressing high levels of Fc-yRII may be required to
detect immune complex binding with plasma of some pa-
tients (31 ).

Human endothelial cells express proteoglycan molecules
consisting of a protein core to which is attached sulfated oligo-
saccharides with heparin-like properties (32). Only a small
fraction of these molecules regulate the activity of antithrom-
bin III, but all probably react with PF4 (32). Binding ofPF4 to
endothelial cell proteoglycans (33, 34) is thought to account
for its rapid clearance from the circulation after intravenous
injection (35-37). Our studies demonstrate that binding of
PF4 to HUVEC creates a target for heparin-induced IgG and
IgM immunoglobulins (Fig. 4). Cines et al. (38) described the
binding ofheparin-induced antibodies to HUVEC monolayers
in the absence ofadded PF4 and concluded that the antibodies
are specific for heparan sulfate on the cell surface, but these
findings were not reproduced by another group (39). None of
the 12 plasma samples that we studied deposited IgG or IgM on
HUVEC in the absence ofadded PF4. In their studies, Cines et
al. (35) used 50% serum that had been absorbed to remove
heparin, but may have contained significant amounts of PF4
released from platelets in the clotting process. Platelets in 1 ml
ofnormal blood contain - 6 ,g PF4 (20, 37), and its release in
the clotting process could produce a serum PF4 level in the
range of 10 ,g/ml, about the concentration we found optimal
to promote binding of antibody to HUVEC. Even in a throm-
bocytopenic patient, significant quantities of PF4 are likely to
be present in serum. It seems possible that the findings ofCines
et al., can be explained by PF4 contributed by serum to their
reaction mixtures.

On the basis ofthese findings, it is possible to propose a new
model for the pathogenesis of heparin-induced thrombocyto-
penia and thrombosis. Under normal conditions, only minute
quantities (- 3 ng/ml) of PF4 are found in human plasma
(37). However, significant amounts of PF4 are normally asso-
ciated with endothelial cell proteoglycans (32). After intrave-
nous injection of heparin, the plasma level of PF4 increases
1 5-30-fold and remains elevated for several hours, apparently
because PF4 is mobilized by the injected heparin from endothe-
lial cells (35-37). In most circumstances, heparin/PF4 com-
plexes that circulate after heparin injection are of no clinical
significance. In a patient with IgG antibodies specific for these
complexes who is treated with heparin, however, the following
sequence of events can be envisioned. (a) Minimal activation
of circulating platelets by heparin alone (40, 41), or by im-

mune complexes consisting of heparin, PF4, and IgG, leads to
release of PF4 from platelet alpha-granules in a complex with
chondroitin sulfate (42, 43); (b) circulating heparin displaces
the chondroitin sulfate to form heparin/PF4 complexes (20,
44); (c) antibodies bind to heparin/PF4 to form immune com-
plexes in close proximity to the platelet surface; (d) these bind
to platelet FcyRII receptors, activate platelets, and release
more PF4; (e) the additional PF4 released reacts with heparin
and IgG to form new immune complexes, promoting further
platelet activation-and causing thrombocytopenia; (f) PF4 re-
leased from platelets in excess of the amount that can be neu-
tralized by available heparin binds to heparan sulfate on endo-
thelial cells to create targets for antibody, leading to antibody-
mediated endothelial injury and a predilection to thrombosis
or disseminated intravascular coagulation. IgM antibodies, be-
cause oftheir greater capacity for complement activation, may
be more destructive to endothelial cells than those of the IgG
class.

Further studies will be required to test the validity of this
model and its implications for the diagnosis and treatment of
heparin-induced thrombocytopenia/thrombosis. Our findings
provide added support for the use of inhibitors of platelet func-
tion in the treatment of patients with HITP. The demonstra-
tion that antibody binds only to heparin/PF4 complexes
formed at certain ratios ofheparin /PF4 suggests the possibility
that in vitro studies may lead to the identification ofagents that
act therapeutically by disrupting or preventing the formation
of complexes capable of binding antibody.
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