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ABSTRACT The alternative pathway of complement is
regulated on the surface of homologous blood cells at the C3
amplification step by the membrane protein decay-accelerating
factor, as well as by the plasma protein factor H. We have
reported elsewhere that platelets from patients with paroxys-
mal nocturnal hemoglobinuria regulate the activity of the C3
convertase C3bBb, even though they lack decay-accelerating
factor. We now report that normal human platelets contain
factor H, which was released from the platelet in response to
complement deposition or thrombin stimulation. Factor H was
localized to the platelet « granules by immunocytochemical
techniques. As determined by a solid-phase radioimmunoas-
say, thrombin-stimulated platelets released =54 ng of factor H
per 10% platelets. The release of factor H in response to
complement or thrombin was inhibited by treating the platelets
with metabolic inhibitors. Such inhibition resulted in a 3-fold
increase in the activity of C3bBb. Platelets that released factor
H bound only half as many molecules of radiolabeled factor B
to platelet-bound C3b than platelets that could not release
factor H. Treatment of platelets with anti-decay-accelerating
factor antibody had no effect on the activity of C3bBb unless the
release of factor H was blocked. Therefore, so far as we know,
human platelets have a unique mechanism for the regulation of
the alternative pathway of complement.

Platelets interact with the complement system in several
specific ways. Thrombin-induced platelet aggregation may be
enhanced in the presence of purified complement compo-
nents C3 and C5-9 (1). Complement also enhances the
platelet-release reaction induced by anti-platelet immuno-
globulin (2). The deposition of complement on the platelet
surface in patients with autoimmune disease may contribute
to the increased destruction of platelets (3, 4). The platelet,
like other blood cells, has evolved mechanisms that protect
it from the effects of the activation of homologous comple-
ment. When membrane attack complexes, C5b-9, are depos-
ited on the platelet surface, the platelet can recover from
complement damage by calcium-dependent exocytosis of
C5b-9 (5).

Blood cells, including platelets, can regulate the early
stages of complement activation. The C3 convertase com-
plex, C3bBb, which forms the amplification step for C3
deposition on the cell surface, can be regulated by three
different proteins: the membrane proteins CR1 (6) and decay-
accelerating factor (DAF) (7), and the plasma protein factor
H (8). All three proteins act to destabilize the C3bBb
complex. CR1 and factor H interact with C3b and act as
cofactors for the cleavage of C3b by factor I (9—-11). DAF has
affinity for the catalytic subunit of the complex, factor Bb (12)
and lacks cofactor activity for factor I. Human platelets
contain DAF (13, 14) but not CR1. Although platelet DAF is
biochemically and immunologically similar to erythrocyte
DAF (13, 15), the ability of platelet DAF to regulate the C3
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convertases of the alternative and classical pathways on the
platelet surface has not been demonstrated. The importance
of DAF in the regulation of the classical pathway C3
convertase on platelets can be inferred from studies demon-
strating that the platelets from patients with paroxysmal
nocturnal hemoglobinuria (PNH) lack DAF and are readily
lysed by complement that has been activated by anti-platelet
antibodies (16).

Sonicates of platelets have been reported to accelerate the
decay of C3bBb from the surface of erythrocytes (17). This
activity could be removed from the sonicates with antiserum
to factor H (17). Studies from this laboratory on the activity
of the alternative pathway C3 convertase on the platelets of
patients with PNH demonstrated that not all patients have the
increased C3bBb activity that might be expected from plate-
lets deficient in DAF (15). In studies reported here we
demonstrate that normal human platelets contain factor H,
which can be secreted from platelet a granules and can
regulate the activity of platelet-bound C3bBb.

MATERIALS AND METHODS

Materials. Cobra venom factor (18), C3 (19), factor B (20),
factor D (21), factor H (21), C3 nephritic factor (22), and DAF
(7) were purified using described methods. Purified thrombin
was the gift of John W. Fenton II (Albany, NY). Antiserum
to erythrocyte DAF was raised in rabbits in our laboratory.
This antiserum reacted only with DAF by immunoblot
analysis of separated platelet proteins. Polyclonal antisera to
factor B, C3, and factor H were purchased from Calbiochem.
Polyclonal antiserum to factor I and monoclonal antibodies to
factor H and C3d were purchased from Cytotech (San Diego,
CA). IgG fractions of polyclonal antisera to C3 and factor H
were purchased from Atlantic Antibodies (Westbrook, ME).
Monoclonal antibody to C3c was the gift of J. D. Capra
(University of Texas at Dallas) and Gordon Ross (University
of North Carolina at Chapel Hill). Fluorescein-conjugated
F(ab’), rabbit anti-goat IgG or goat anti-rabbit IgG and
peroxidase-conjugated anti-goat or anti-rabbit antisera were
purchased from Jackson ImmunoResearch (Avondale, PA).
Proteins were labeled with %I using the Iodogen method
(23). All other chemicals were purchased from Sigma.

Platelet Preparation. Platelets were prepared by either of
two methods depending on the experiment. For some exper-
iments, blood from healthy volunteers or consenting patients
was anticoagulated in EDTA. The platelet-rich plasma was
isolated after centrifugation at 110 X g and the platelets were
washed by centrifugation into the appropriate buffer. For
other experiments, blood was anticoagulated in acid citrate/
dextrose and the platelets were separated from the plasma
proteins by gel filtration on Sepharose CL-2B (24).

Abbreviations: DAF, decay-accelerating factor; PNH, paroxysmal
nocturnal hemoglobinuria.
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Analysis of Platelet-Bound Complement by Cytofluorom-
etry. Platelets underwent reaction with anti-complement
antibodies or nonimmune serum controls for 30 min at room
temperature, were washed three times in phosphate-buffered
saline (PBS) containing 0.015 M EDTA, and then were
incubated in fluorescein-conjugated anti-IgG of the appro-
priate specificity. Stained platelets were fixed in 1% formalin
prior to fluorescence analysis. Cell-associated fluorescence
was measured using an Ortho S0H cytofluorograph. Details
of the local modifications to this machine can be found in ref.
25. Analysis was restricted to signals from single platelets and
amplifiers were set in a linear mode.

Measurement of C3 Convertase Activity. Purified compo-
nents were used to measure the activity of a C3 nephritic
factor stabilized alternative pathway C3 convertase on the
platelet surface. Platelets (5 X 10%) in Veronal-buffered saline
(5.0 mM sodium barbital/0.15 M NaCl/0.1% gelatin, pH 7.5)
(GVB) containing 0.015 M EDTA underwent reaction for 30
min at 37°C with 1 mg of C3 and cobra venom factor—factor
Bb complexes. These complexes were prepared using puri-
fied cobra venom factor, factor B, and factor D as described
(15). The amount of platelet-bound C3b at this step was
measured by monoclonal anti-C3c antibody binding assay
similar to that described (15). These platelets (PC3b) were
then washed into GVB containing 2.5 mM MgCl, and
exposed to factor B, factor D, and C3 nephritic factor for 10
min at 37°C to create platelet-bound C3 convertase complex-
es. After one wash in GVB containing 2.5 mM MgCl,, 1 mg
of C3 was added to the platelets and they were incubated for
30 min at 37°C. These platelets (PC3bBbC3NeF) were
washed three times in GVB containing 0.015 M EDTA and
assayed for platelet-bound C3b. The determination of mole-
cules of antibody bound per platelet was made from the
specific activity of the iodinated anti-C3c and the platelet
count. Nonspecific antibody binding was defined as the
amount of molecules bound per platelet exposed only to C3
(PC3). A conversion ratio was calculated as follows:

molecules bound/PC3bBbC3NeF — molecules bound/PC3b
molecules bound/PC3b — molecules bound/PC3

Metabolic Inhibition of Platelet Release. The release of
platelets in response to agonists was blocked by treating
platelets with metabolic inhibitors as described by Schmaier
et al. (26). Platelets (5 x 108 were resuspended in PBS
containing 30 mM 2-deoxy-D-glucose, 10 mM bD-gluconic
acid-é-lactone and 15 ug of antimycin A per ml and incubated
for 30 min at 37°C. For experiments using metabolically
inhibited platelets, the inhibitors at the above concentrations
were included in the appropriate buffers. These inhibitors had
no apparent effect on complement activation.

Solid-Phase RIA for Factor H or C3. Monoclonal antibody
to factor H or to C3 was immobilized on polyvinyl chloride
96-well microtiter plates (50 ul of antibody at 8 ug/ml per
well) by incubation at room temperature for 90 min. The plate
was rinsed with PBS and then incubated in PBS containing
1% bovine serum albumin for 45 min to block other protein-
binding sites. Fifty microliters of dilutions of platelet extracts
or supernates from stimulated or unstimulated platelets was
added to the wells and incubated for 45 min. The unbound
protein was rinsed out with PBS containing 1% bovine serum
albumin and 50 ul of %’I-labeled polyclonal anti-factor H or
anti-C3 was added to each well. After a 30 min incubation, the
wells were washed three times and the bound radioactivity
was assessed in a scintillation well-type y counter. A stan-
dard curve was constructed using dilutions of purified factor
H or C3 from 1 ug/ml to 10 ng/ml. The concentration of
factor H or C3 in the platelet samples was determined from
the standard curve. Nonspecific binding was assessed by
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incubating the antigen in wells that were blocked but con-
tained no capture antibody.

Immunoblot Analysis of Complement Proteins Contained in
Platelets. Washed platelets were solubilized in 1% Nonidet
P-40 and the protein concentration was adjusted to 1 mg/ml
as measured by a modified Lowry technique (27). Platelet
proteins (100 ug total protein per lane) were separated on
NaDodSO,/polyacrylamide gel using a 5-15% acrylamide
gradient resolving gel. The proteins were transferred to
nitrocellulose according to the method of Towbin et al. (28).
After blocking unreacted sites with Tris saline containing 3%
bovine serum albumin, the nitrocellulose was incubated
either with nonimmune serum or with antibody to factor H,
factor B, factor I, or C3. The blots were washed in Tris saline
and then incubated in peroxidase-conjugated anti-IgG, which
reacted with the IgG of the species used to raise the first
antibody. Bound peroxidase-conjugated IgG was visualized
using the chromogen 4-chloro-1-naphthol. Positive control
lanes for each antiserum consisted of purified antigen when
available or normal human serum.

Immunocytochemical Localization of Platelet Factor H.
Factor H was localized within the platelet by the method of
Stenberg et al. (29). Briefly, platelet membranes were treated
with 1% saponin in PBS to make the membranes permeable
to antibodies. After incubation in the IgG fraction of either
polyclonal anti-factor H or nonimmune goat IgG diluted in
saponin/PBS, the platelets were washed and reacted with
peroxidase-conjugated anti-goat IgG. After washing out un-
bound antibody, the platelets underwent reaction with 3',3'-
diaminobenzidine and H,0,. The platelets were then fixed in
glutaraldehyde, postfixed in osmium, and processed for
transmission electron microscopy. The material was exam-
ined using a Hitachi 11 electron microscope.

Binding of '**I-Labeled Factor B to Platelet-Bound C3b.
Washed platelets (5 x 10%) were suspended in GVB contain-
ing 0.015 M EDTA and incubated with 1 mg of C3 and cobra
venom factor—factor Bb complexes prepared as described
above to affix C3b to the platelet surface. They were washed
into GVB containing 2.5 mM MgCl, and a sample was
removed to measure platelet-bound C3b. The platelets were
then incubated with 0.5 ug of 25I-labeled factor B and factor
D for 10 min at 30°C. The unbound '?*I-labeled factor B was
separated from the bound protein by centrifugation through
phthalate esters as described (15). Specific binding was
defined as that amount of factor B that was inhibited by the
presence of 25 ug (50X molar concentration) of unlabeled
factor B. The amount of platelet-bound C3b was determined
using the monoclonal antibody binding assay described
above.

RESULTS

The factor H identified in immunoblots of whole lysates of
washed normal platelets had identical electrophoretic mobil-
ity to factor H, which was purified from normal plasma (Fig.
1). Factor H was also detected in immunoblots of the
supernatant fluid surrounding platelets stimulated by throm-
bin (5 units/ml), but not in the supernate from platelets that
were incubated in buffer (Fig. 1). Antisera to factor B, factor
I, and C3 failed to detect the corresponding antigens in
immunoblots of platelet lysates but readily detected their
antigens in electrophoresed serum (data not shown). The
factor H present in platelets was localized to platelet granules
(Fig. 2). The reaction product was seen most intensely in
platelets that were disrupted, presumably because the gran-
ule membranes were better permeabilized.

Using the solid-phase RIA, the level of platelet factor H
released in response to stimulation by thrombin (5 units/ml)
was determined to be 54 + 6 ng of factor H per 108 platelets
in a total of 27 normal donors (Table 1). The amount of
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FiG.1. Immunoblot analysis of platelet factor H. Purified plasma
factor H (lanes 1), 100 ug of lysate from washed platelets (lanes 2),
or the supernates from 5 x 10°® platelets incubated with thrombin (5
units/ml) (lanes 3) or buffer (lanes 4) were electrophoresed in 5-15%
acrylamide gradient NaDodSO,/polyacrylamide gels and transferred
to nitrocellulose paper. The paper was incubated first with normal
goat serum (NGS) or goat anti-factor H antiserum, and then with
peroxidase-conjugated anti-goat IgG. Numbers on left are in kDa.

platelet factor H measured in Triton X-100 extracts of 11
donors was 50 = 9 ng of factor H per 108 platelets. Thrombin-
stimulated platelets from the same donors released 89% of the
factor H measured in detergent extracts. Platelets exposed to
C3, cobra venom factor, factor B, and magnesium released 53
ng of factor H per 10® platelets, while parallel thrombin-
stimulated controls released 69 ng (Table 2). The release of
factor H in response to complement deposition was magne-
sium dependent. The amount of factor H released from
platelets reacted with cobra venom factor—factor Bb com-
plexes and C3 in the presence of EDTA was identical to
platelets incubated in buffer alone. However, magnesium
alone was insufficient to trigger release of factor H. Throm-
bin-stimulated platelets released 3.9 ng of C3 per 108 platelets
as measured by the C3 RIA. There were no more than 4 ng
of C3 per 108 platelets detected in Triton X-100 extracts of
platelets.

Experiments to measure the release of factor H from
gel-filtered platelets demonstrated that while thrombin readi-
ly triggered the release of factor H, 10 uM ADP was unable
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Table 1. Quantitation of factor H released from platelets as
determined by a solid-phase radioimmunoassay

ng of factor H released
per 108 platelets

Mean + 1 SD Range

Supernate from thrombin-

stimulated platelets 53.8 6.1 30-89
(n=27)

Supernate from untreated
platelets (n = 27) 3.0+ 3.1 1-8

Triton X-100-solubilized
platelets (n = 11)

*Thrombin-stimulated factor H release from the same 11 donors was
44.0 = 12.3.

49.5 = 9.2* 30-60

to cause release from gel-filtered platelets. However, 10 uM
ADP was able to induce aggregation in the same preparation
of platelets.

The thrombin-stimulated release of factor H from platelets
could be almost completely blocked by treating the platelets
with 2-deoxy-D-glucose, antimycin A and D-gluconic acid-8-
lactone. The amount of factor H released from 10® thrombin-
stimulated platelets fell from 55 ng to 2 ng after treatment with
the metabolic inhibitors. There was also an increase in the
activity of the C3 convertase on the surface of metabolically
inhibited platelets compared to control platelets that were not
treated with inhibitors (Fig. 3). Fluorescence flow cytometry
demonstrated that factor H could readily be detected on the
surface of platelets bearing C3b. However, when platelets
were treated with metabolic inhibitors prior to deposition of
C3b, factor H was no longer detected bound to the platelet
surface (Fig. 4).

Blocking factor H release by treatment with metabolic
inhibitors also affected the binding stoichiometry of C3b and
125]_|abeled factor B (Table 3). When the platelets were able
to release factor H, the ratio of molecules of factor B bound
to molecules of C3b was 0.40. Treatment with metabolic
inhibitors resulted in a factor B/C3b ratio of 0.96. Under the
conditions of these experiments, there were 2-3 X 10!
molecules of platelet-bound C3b, 3 x 102 molecules of
125]_labeled factor B, and 1.1 X 10'2 molecules of factor H.

FIG. 2. Immunocytochemical localization of platelet factor H. Washed platelets were treated with saponin and reacted first with the IgG
fraction of goat anti-factor H (A) or nonimmune goat IgG (B) and then with peroxidase-conjugated anti-goat IgG. (x17,000.)
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Table 2. Quantitation of factor H released from platelets
exposed to complement

ng of factor H released
per 10® platelets,
mean = 1SD (n = 3)

Supernate from platelets
incubated with

Cobra venom factor-factor Bb

complexes,* C3, 2.5 mM MgCl, 53 +113
Thrombin (5 units/ml) 69 + 25.7
GVB containing 2.5 mM MgCl, 4+ 20

*Cobra venom factor—factor Bb complexes were formed and che-
lated prior to the addition of platelets and C3.

This last number was calculated using 53 ng of factor H per
108 platelets.

The treatment of normal platelets with anti-DAF failed to
alter the activity of the C3 convertase, although this antise-
rum completely blocked DAF activity on normal erythro-
cytes (data not shown). In three experiments, the conversion
ratio for platelets treated with normal rabbit serum (5.4 = 2.3)
was not significantly different from the conversion ratio of
platelets bearing saturating amounts of anti-DAF (4.9 + 2.6).
However, when platelets were treated with metabolic inhib-
itors to block factor H release and then incubated with
anti-DAF, the activity of the C3 convertase increased by
27-61% (n = 3).

DISCUSSION

Previous studies from our laboratory indicated that platelets
from patients with PNH, which are deficient in DAF, are still
able to regulate the activity of platelet-bound C3 convertase
complexes (15). This is unlike the PNH erythrocyte in which
the DAF deficiency results in a marked increase in C3bBb
activity (20). Since the work of Kenney and Davis (17)
suggested that platelets contain factor H, we postulated that
platelet factor H might regulate the activity of the alternative
pathway C3 convertase. We have confirmed that platelets
contain a protein identified by antiserum to factor H (17). In
addition, we have shown that this protein has similar elec-
trophoretic mobility to plasma factor H.

Normal donor platelets released an average of 54 ng of
factor H per 108 platelets in response to thrombin stimulation.
This value represents 0.05% of the plasma concentration of
300 wg/ml (30). This fraction is similar to that of other
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Fi1G. 3. The effect of the treatment of platelet with metabolic
inhibitors on the activity of the alternative pathway C3 convertase.
C3 convertase activity was assessed using purified complement
proteins and a monoclonal anti-C3c binding assay. Convertase
activity is expressed as the conversion ratio defined in the text.
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FiG. 4. Cytofluorometric analysis of anti-factor H binding to
platelets. Platelets were incubated with metabolic inhibitors (curve
B) or buffer (curve C) prior to exposure to cobra venom factor—factor
Bb complexes and C3. The platelets were fixed in paraformaldehyde
and reacted with either goat anti-factor H or normal goat serum. The
binding of anti-factor H to platelets incubated in metabolic inhibitors
or buffer but not exposed to complement is shown in curve A.
Cytograms of normal goat serum binding to all cell groups were
coincident with curve A.

inhibitor proteins that are found both in platelets and in
plasma, including C1 inhibitor (26). It is unlikely that the
factor H measured by RIA represents protein that is non-
specifically bound to the platelet or trapped in the platelet
open canalicular system. The C3 RIA performed on the same
platelets never detected >4 ng of C3 per 10® platelets even
though the plasma concentration of C3 (1.5 mg/ml) is 5 times
that of factor H.

The localization of factor H to platelet granules by im-
munocytochemical staining and electron microscopy further
suggests that factor H is a specific platelet protein. Experi-
ments which demonstrate that thrombin, but not ADP,
triggered the release of factor H from the granules indicate
that these are a granules (31).

The release of factor H from platelets in response to
complement deposition is less complete than release in
response to thrombin. In addition, the release triggered by
complement required the presence of magnesium while
thrombin triggered platelet release in the presence of EDTA.
This may reflect the potency of thrombin as a platelet agonist.

The release of factor H was blocked by treating the
platelets with metabolic inhibitors. This inhibition was seen
both in the factor H radioimmunoassay, where thrombin did
not trigger release from metabolically inhibited platelets, and
in cytofluorometry experiments in which no factor H was
detected on the surface of metabolically inhibited platelets
bearing C3b. In experiments to assess the functional activity
of C3bBb, the inhibition of factor H release resulted in an
increase in the activity of the platelet-bound C3 convertase.
That platelet factor H was capable of disrupting C3bBb was
seen in experiments using radiolabeled factor B. The binding
of factor B to platelet-bound C3b was nearly 1:1 when factor
H release was blocked, but when the platelet could release
factor H in response to complement deposition, there were
less than half as many factor B molecules bound to C3b.

Table 3. The effect of metabolic inhibition of platelets on the
binding of '*’I-labeled factor B to platelet-bound C3b

Molecules of

Molecules 125].]abeled
Platelets of C3b per factor B per Ratio of
incubated with platelet* platelet* factor B/C3b
Metabolic
inhibitors 5604 + 967 5114 = 628 0.92
Buffer 4118 + 138 1686 + 249 0.41

*Values are means = 1 SD (n = 3).



Immunology: Devine and Rosse

The inhibition of DAF activity using anti-DAF antibody
had no effect on the activity of the platelet-bound alternative
pathway C3 convertase. However, if the platelets were
prevented from releasing factor H, then the effect of inhib-
iting DAF with anti-DAF was reflected in an increase in the
C3 convertase activity.

These studies indicate that platelets have a mechanism for
the regulation of the aiternative pathway of complement not
found in erythrocytes. In settings where the platelet either
lacks DAF—i.e., PNH—or DAF is unable to effectively
regulate the activity of C3bBb, the release of factor H can
regulate platelet-bound C3bBb. Although the plasma con-
centration of factor H is 300 ug/ml, the release of factor H
from the platelet « granules may produce a local increase in
factor H concentration either at the platelet surface or within
a thrombus. High local concentration is suggested by the
ability of platelet factor H to disrupt a C3 nephritic factor-
stabilized C3 convertase. Such convertases are highly resis-
tant to plasma factor H unless the factor H concentration is
quite high (8). It is also possible that platelet factor H is more
active than plasma factor H. Increase in activity has been
reported for plasma factor H treated with proteases (32),
which are also present in platelets (33).

Triggering the platelet release reaction in vivo may severely
shorten the lifespan of the platelet as well as cause platelet
aggregation and the release of platelet products that partic-
ipate in coagulation reactions. The release of factor H may
function to regulate more than C3bBb on the releasing
platelet. Platelet a granules also contain factor D, the serine
protease that cleaves factor B to its active form. Platelet
factor D apparently can inhibit the binding of thrombin to the
platelet surface (34). The simultaneous release of factor H
may function to inhibit the localized activation of comple-
ment by the alternative pathway caused by both the gener-
ation of C3b by thrombin (1) as well as high local concen-
trations of factor D.
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