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Interactions of the Platelets in Paroxysmal Nocturnal
Hemoglobinuria with Complement
Relationship to Defects in the Regulation of Complement and to Platelet Survival In Vivo

Dana V. Devine,* Robert S. Siegel,t and Wendell F. Rosse**
*Department of Microbiology and Immunology and $Department of Medicine,
Duke University Medical Center, Durham, North Carolina 27710

Abstract

The blood cells of patients with paroxysmal nocturnal hemoglo-
binuria (PNH) have abnormal interactions with complement.
The activity of the alternative pathway C3 convertase on the
platelets of 9 out of 19 patients with PNHwas elevated. 10
patients had C3 convertase activity within the normal range even
though 80-95% of their platelets lacked the complement regu-
latory protein decay accelerating factor (DAF) that is absent
from the affected blood cells in PNH. PNHand normal platelets
released factor H when C3 was bound to their surfaces. This
may account for the apparent regulation of C3 convertase activity
on platelets that lack DAF. The abnormal uptake of the mem-
brane attack complex of complement by PNHIII erythrocytes
was not seen in PNHplatelets. "'Indium-labeled platelet survival
times were normal in five of eight patients, which suggests that
the lack of the membrane attack complex defect results in normal
platelet survival in PNH.

Introduction

Paroxysmal nocturnal hemoglobinuria (PNH)' is a hemato-
poietic stem cell disorder characterized by an increased sensitivity
of the blood cells to complement-mediated lysis, hematocyto-
penia, and a propensity toward intravascular coagulation (1-3).
The PNHerythrocyte may be abnormal in one or two of its
interactions with complement. PNH II erythrocytes show an
inability to regulate the C3 convertases formed on the cell surface
(4, 5). As a result, these cells are three to five times more sensitive
to complement than normal erythrocytes (6). PNHIII eryth-
rocytes have increased sensitivity to the terminal components
of complement, the membrane attack complex (7). This defect
may actually be twofold. PNHIII erythrocytes are unable to
bear as many membrane attack complexes on their surface as a
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1. Abbreviations used in this paper: CLS, complement lysis sensitivity;
CoVF, cobra venom factor; CoVFBb, complexes formed from CoVF
and activated factor B; DAF, decay accelerating factor, FITC, fluorescein
isothiocyanate; GVB, veronal-buffered saline containing 0.1% gelatin;
PFA, paraformaldehyde; PNH, paroxysmal nocturnal hemoglobinuria.

normal red cell before a lytic pore is created (8). In addition,
when membrane attack complexes are generated in serum, they
readily bind to the surface of PNHIII cells but not to the surface
of normal cells (9, 10). Having both the C3 convertase and ter-
minal complex defects makes the PNHIII red cell 15-25 times
more susceptible to complement lysis than normal red cells (6).

Recently, the PNHerythrocyte (11, 12) as well as the PNH
platelet, monocyte, and granulocytes (13), have been found to
lack decay accelerating factor (DAF), a protein that regulates
both the classical and alternative pathway C3 convertases on
the surface of erythrocytes (14-16). The deficiency of this mol-
ecule seems to be responsible for the defect in the regulation of
the activation of C3 shared by PNHII and PNHIII cells. How-
ever, although PNHII red cells reconstituted with purified DAF
lose their increased susceptibility to complement, PNHIII cells
remain sensitive to the membrane attack complex (17). The
molecular basis for the terminal complex defect of PNH III
erythrocytes remains to be elucidated.

The platelets of patients with PNHare also abnormally sen-
sitive to the lytic action of complement when complement is
activated by platelet-specific antibody (18). The in vivo signifi-
cance of this observation is not clear. Although some patients
with PNHhave a reduced platelet count, generally in the context
of pancytopenia, many have platelet counts well within normal
range. It is not known whether PNHplatelets also have two
defects in complement regulation similar to the erythrocyte. Us-
ing antibody-binding assays, we have measured DAF in the
platelets of 20 patients with PNH. Wehave determined the rel-
ative percentage of abnormal platelets in the total platelet pop-
ulation in these patients and compared this with the relative
percentage of abnormal erythrocytes. Wehave measured the
activity of stabilized alternative pathway C3 convertases formed
on the surface of PNHplatelets as well as the ability of the PNH
platelet to take up membrane attack complexes under the con-
ditions of reactive lysis. To assess the impact of defects in com-
plement regulation on the survival of platelets, "'In-labeled
platelet survival studies have been performed on eight patients
with PNH.

Methods

Buffers, complement components, and antisera. All experiments were
carried out in either veronal-buffered saline (5.0 mMsodium barbital,
0.15 MNaCl, and 0.1% gelatin [pH 7.5]) containing 0.0 15 MEDTA
(GVB-EDTA) or veronal-buffered saline containing 0.15 mMcalcium
chloride and 0.5 mMmagnesium chloride (GVB++) or 2.5 mMmag-
nesium alone (GVB+). Cobra venom factor (CoVF; reference 19), C3
(20), factor B (4), factor D (21), C3 nephritic factor (22), and DAF(15)
were purified using previously described methods. Purified thrombin
was the gift of Dr. John W. Fenton, III (New York Department of Health,
Albany, NY). Antiserum to human erythrocyte DAFwas mised in rabbits
in this laboratory. This antiserum was monospecific on platelets as de-
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termined by Western blot analysis. Goat anti-human factor Hand rabbit
anti-human C3c was purchased from Calbiochem-Behring Corp.,
(LaJolla, CA). Monoclonal anti-human C3c was the gift of Dr. J. Donald
Capra (University of Texas, Dallas, TX) and Dr. Gordon Ross (University
of North Carolina, Chapel Hill, NC). Monoclonal anti-poly C9, which
recognizes a neoantigen expressed by polymerized C9 or MC5b-9 (23),
was the gift of Dr. Ronald J. Falk (University of North Carolina at Chapel
Hill). Fluorescein isothiocyanate (FITC)-labeled affinity-purified F(ab')2
goat anti-rabbit IgG was prepared by Jackson Immunoresearch Labo-
ratories (Avondale, PA) and peroxidase-conjugated rabbit anti-goat was
purchased from BioRad Laboratories, (Richmond, CA). Staphylococcal
Protein A was obtained from Sigma Chemical Co., (St. Louis, MO).
Where applicable, proteins were labeled with 1251 using the Iodogen
method (24).

Platelet preparation. Blood was drawn from normal volunteers or
consenting patients and anticoagulated in EDTA. After centrifugation
at 1 10 g, the platelet-rich plasma was removed and the platelets washed
three times in GVB-EDTA.

Complement lysis sensitivity of patient erythrocytes. The percentage
of abnormal erythrocytes in the blood of patients with PNHwas assessed
using the complement lysis sensitivity (CLS) test (6). This assay measures
the sensitivity of erythrocytes to lysis by antibody and complement. PNH
II erythrocytes have CLS values between 4 and 10. PNHIII erythrocytes
have CLS values > 20.

Determination of DAF-negative platelet populations byflow cytometry.
Washed PNHor normal donor platelets were reacted with rabbit anti-
DAF or nonimmune rabbit serum, washed and then incubated with
FITC affinity-purified F(ab')2 goat anti-rabbit IgG. Stained platelets were
fixed in 1% formalin before fluorescence analysis. Platelets from normal
donors were run with each group of PNHplatelets.

Cell-associated fluorescence was measured using a cytofluorograph
(model 50H, Ortho Diagnostic Systems Inc., Raritan, NJ). Platelets were
illuminated with the 488-nm line of an argon ion laser and the right-
angle light scatter focused onto appropriate fiber optics using a 32X/
0.40 NA objective (E. Leitz, Inc., Rockleigh, NJ) mounted in a carrier
of local design. Fluorescence was measured behind a 515-530-nm band
pass filter. Analysis was restricted to signals from single platelets by gating
the fluorescence signals on the basis of a right angle versus forward scatter
cytogram. The amplifiers were set in linear mode and the data were
analyzed using the software in an Ortho 2140 data handling system. For
statistical analysis of the histograms, two regions were defined. The first,
region 1, represents channels 1-999, to exclude unweighted off-scale data
in channel 1000 from statistical analysis. The lower limits of region 2
are defined by the right shoulder of the histogram of the platelets incubated
with nonimmune rabbit serum and FITC-conjugated second antibody
(negative control).

Measurement of total platelet DAF. To determine whether platelets
contain internal pools of DAF that might affect convertase stability,
Western blot analysis was performed on the platelets of the PNHpatients
in the study. Washed platelets were solubilized in nonreducing SDS
Laemmli polyacrylamide gel electrophoresis sample buffer (0.125 MTris,
4%SDS, and 20% glycerol [pH 6.8]) and 50 ,ug total protein was loaded
per lane. After electrophoresis into 7.5% polyacrylamide gels, the proteins
were transferred onto nitrocellulose paper using the method of Towbin
et al. (25). The nitrocellulose was probed first with rabbit anti-DAF or
nonimmune rabbit serum and second with ['25I]staphylococcal protein
A. The paper was dried and autoradiographed.

Measurement of nephritic factor-stabilized C3 convertase activity.
To measure the activity of an alternative pathway C3 nephritic factor-
stabilized C3 convertase on the platelet surface, 5 X 108 platelets in
GVB-EDTAwere first incubated with 1 mg C3 and CoVF-factor Bb
complexes (CoVFBb) for 30 min at 37°C. The CoVFBbcomplexes were
prepared by incubating 50 Mg CoVF in 5 mMMgCl2 with 50 Mg factor
B and sufficient crude factor D to convert all the factor B to Bb. The
magnesium was chelated with EDTAbefore adding the CoVFcomplexes
to the platelets. After a 30-min incubation, these platelets (PC3b) were
washed in GVB-EDTAthree times and a sample removed to measure
platelet-bound C3b. The PC3b were then washed into GVB+and exposed

to factor B, factor D, and C3 nephritic factor for 10 min at 370C. After
one wash with GVB+, the platelets were incubated with 1 mgC3 for 30
min at 370C. After three washes with GVB-EDTA, these platelets
(PC3bBbC3NeF) were assayed for platelet-bound C3b.

A radiolabeled monoclonal antibody-binding assay was used to
measure the amount of C3b deposited on the platelet surface under the
above conditions. Equal volumes of '25I-labeled anti-C3c and washed
platelets were incubated for 30 min at room temperature. Aliquots of
the platelet and antibody suspension were centrifuged through phthalate
esters (Fisher Scientific Co., Pittsburgh, PA) (1.5 parts butyl phthalate/

1 part bis [2-ethylhexyll phthalate) to separate bound from unbound
antibody. Nonspecific antibody binding was defined as that antibody
binding to platelets exposed only to C3, but not CoVFcomplexes in the
first step (PC3). The determination of molecules of antibody bound per
platelet was made from a knowledge of the specific activity of the antibody
and the platelet count. A conversion ratio was calculated as follows:

molecules bound/PC3bBbC3NeF - molecules bound/PC3b
molecules bound/PC3b - molecules bound/PC3

Measurement of platelet factor H release. 5 X 108 washed platelets
in GVB+were incubated with 1 mgC3, 50 Mg factor B, and crude factor
D for 30 min at 37°C. Immediately after washing three times in PBS,
the platelets were resuspended in I ml PBS containing 1% paraformal-
dehyde (PFA) and incubated at room temperature for 1 h. After washing
three times in GVB-EDTA to block unreacted aldehyde groups, the
platelets were stained for flow cytometry as described above using goat
anti-factor H or rabbit anti-C3c (both from Calbiochem-Behring Corp.)
and the appropriate FITC-conjugated second antibodies. Control platelets
were prepared using PFA-fixed platelets that had been exposed to com-

plement components. Controls for antibody binding were performed
using nonimmune sera.

Thrombin-stimulated factor H release was assessed by treating plate-
lets at 5 X 108/ml in GVB-EDTAwith 100 U/ml thrombin for 20 min
at 37°C. The platelets were then fixed in PFA and stained as described
above.

Quantitation of platelet factor H. The amount of factor H released
by thrombin-stimulated or detergent-solubilized platelets was measured
by a radioimmunoassay described in detail elsewhere (Devine, D. V.,
and W. F. Rosse, manuscript in preparation). Briefly, microtiter plate
wells were coated with a monoclonal antibody to human factor H (Gen-
zyme Corp., Boston, MA), supernates from thrombin-stimulated platelets
or Triton X-100-solubilized platelets were added to the wells. After
washing the plate, '25l-labeled polyclonal anti-factor H was added to
each well. The bound cpm were measured using a scintillation well-type
gammacounter. The amount of factor H per 108 platelets was determined
by comparison with a standard curve prepared using purified serum

factor H.
Uptake of membrane attack complexes from serum. Wewere inter-

ested in determining if the platelets from patients with PNHtake up
membrane attack complexes under the conditions of reactive lysis as do
PNHIII erythrocytes. CoVFBb complexes were prepared exactly as de-
scribed above. 5 X 108 platelets in GVB-EDTAwere incubated with
CoVF complexes and EDTA-chelated normal human serum (9 parts
serum/l part 0.2 MEDTA [pH 7.2]) for 30 min at 37°C. After three
washes in GVB-EDTA, platelet-bound C5b-9 was assessed by '25I-labeled
monoclonal anti-poly C9 binding as described above. The t test was

used for statistical analysis of antibody-binding studies (26).
"'In-labeled platelet survival studies. Platelet survival studies were

performed on patients after obtaining written informed consent. The
protocol was approved by the Duke University Medical Center Human
Research Committee. Briefly, platelets were isolated and labeled according
to the method of Thakur et al. (27), as modified by Heaton et al. (28).
There was no loss of platelets during the labeling procedure. 200 MCi of
"'In-labeled autologous platelets were injected intravenously and serial
blood samples were obtained 15 min and 2 h after injection, then every
12 h thereafter for 4 d. To estimate mean survival time, data were analyzed
using the maximum likelihood estimate of the integer-ordered gamma
function as recommended by the International Committee for Stan-

132 D. V. Devine, R. S. Siegel, and WF. Rosse



dardization in Hematology (29). Platelet turnover was calculated ac-
cording to the formula:

platelet count/Asl 90%platelets/,Al per h = (30).tCun/lX0
life span (h) initial recovery

Images of the anterior and posterior chest and anterior and posterior
abdomen were obtained 24 h after injection using a large crystal scin-
tillation camera fitted with a medium energy collimator. Both gamma
photon peaks of "'In (at 173 and 247 keV) were summed and each
image was acquired for 300 s.

Results

Wehave studied the platelets of 20 patients with PNHof whom
8 have been examined multiple times. The binding of anti-DAF
antibody to platelets was used to measure the percentage of DAF-
deficient platelets in each patient. This percentage was then
compared with the percentage of complement-sensitive eryth-
rocytes as measured by the CLS test (Fig. 1). For each patient
studied, there was a greater population of abnormal (DAF-de-
ficient) platelets than abnormal erythrocytes. The binding of
anti-DAF to normal donor platelets was highly heterogeneous
(Fig. 2 A). Most patients had platelets which bound little if any
anti-DAF (Fig. 2 C). Even in those four PNHpatients whose
platelets showed significant anti-DAF binding there was never
the intensity of staining seen in normal platelets (Fig. 2 B).

By Western blot analysis, the platelets of patients with >80%
DAF-negative platelets by fluorescence analysis did not contain
cryptic pools of DAF (Fig. 3). Using this method, DAF was
readily detected in normal platelets (Fig. 3, lane 1).

The activity of the alternative pathway C3 convertase was
measured on the surface of normal and PNHplatelets to deter-
mine the effect of DAFdeficiency on the regulation of this en-
zyme complex. PNHplatelets did not bind fluid phase C3b more
readily than normal platelets because similar amounts of mono-
clonal anti-C3c bound to normal donor or PNHplatelets, which
were reacted with fluid phase CoVF-factor Bb complexes and
C3 (Table I). C3 nephritic factor-stabilized convertases were
established at these C3b sites and the functional activity of these
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Figure 2. Cytograms of staining patterns of normal and PNHplatelets
with rabbit antibody to DAF. Gated green fluorescence is shown on a
linear scale. Anti-DAF staining is shown in the stippled curves while
nonimmune rabbit serum controls are not stippled. A, staining pattern
of normal platelets. Note that the staining is highly heterogeneous. B,
staining pattern seen in 4 of 20 patients. Note that there are no plate-
lets found in the higher intensity channels on the right. C, staining
pattern seen in most of the PNHpatients examined. There was little,
if any, significant staining with the anti-DAF antibody.

convertases was measured. The activity of these C3 convertases
on the platelets of 13 normal donors as defined by the conversion
ratio was 9.1 (SD = 3.3). Values > 2 SDs above the mean of
the activity on normal donors were considered elevated. Not all
patients with PNHhad elevated activity of the C3 convertases
formed on the platelet surface (Fig. 4). 10 of 19 patients had
normal C3 convertase activity, while 9 had elevated activity.

C3 convertase activity was also measured on the platelets of
four patients without C3 nephritic factor stabilization. Although
the conversion ratios for both normal and PNHplatelets were
lower than those obtained with stabilized convertases, the pattern
of elevated convertase activity on the platelets of only some of
the PNHpatients was consistent with the results of experiments
with stabilized C3 convertases. Three of the four patients had
elevated convertase activity with a stabilized convertase. Without
the addition of C3 nephritic factor, the convertase activity was
2.9, 3.6, and 4.7 times that seen on normal platelets run in
parallel experiments. The other patient had platelets on which
a stabilized C3 convertase had normal activity. When the ex-
periment was performed with this person's platelets without C3
nephritic factor, the convertase activity was 0.9 times that of the
normal platelet controls.

Because the presence of DAFon the platelets could account
for the apparent regulation of the C3 convertase activity on the
platelets of some PNHpatients, the C3 convertase activity was
compared with the percentage of DAF-negative platelets (Fig.
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Figure 3. Western blot analysis of platelet DAF. Washed platelets
from a normal donor or PNHpatients with > 80% DAF-negative
platelets by flow cytometry were electrophoresed on SDS-polyacryl-
amide gel electrophoresis and transferred to nitrocellulose paper. The
nitrocellulose was incubated with nonimmune rabbit serum or rabbit
anti-DAF, then with 1251I-labeled staphylococcal protein A. An autora-
diograph of the nitrocellulose paper is shown here. Normal donor
platelets were electrophoresed in Lane 1. Lanes 2-4 contain platelets
from three different PNHpatients.

5). 8 of the 10 patients with normal convertase activity had
>70% DAF-negative platelets by flow cytometry analysis.

When platelets were incubated with C3, factor B, factor D,
CoVF, and magnesium, C3b was bound to the platelet surface.
Someof the C3b binds factor B to form the alternative pathway
C3 convertase on the platelet surface. The deposition of C3 by
this technique triggered the release of factor H from the platelet.
Factor H then became bound to the platelet surface and was
detected by flow cytometry. Fig. 6 shows factor H release from
normal platelets in response to C3 deposition. Very similar
staining patterns were seen when PNHplatelets contained plate-
let-bound C3 (Fig. 7). This finding was observed in the platelets
of patients with either PNHII or PNHIII erythrocytes. Throm-
bin-stimulated platelets also released factor H into the sur-

NORMAL PNH Figure 4. Alternative path-
way C3 convertase activity

40_ on normal and PNHplate-
lets. After creating nephritic
factor-stabilized C3 conver-

30_ tases on the surface of the
platelet using purified com-

je . ,ponents, the platelets were

20 exposed to additional C3.
The C3 conversion ratio

__________-- represents the amount of
AA. C3 bound per C3 conver-

10 . tase created. Platelet-bound
. ° C3 was assessed by '25I-la-
* r00 beled monoclonal anti-C3c

antibody binding. Lines
connect measurements obtained on the same patient. For a given pa-
tient, several months separate each measurement. Filled circles, pa-
tients with PNHIII erythrocytes. Open circles, patients with PNHIII
erythrocytes. Half-filled circle, a patient with both PNHII and PNH
III erythrocytes.

rounding medium; however, factor H did not bind back to the
platelet surface in the absence of platelet-bound C3b (Fig. 6).

Wehave quantitated the amount of factor H released from
the platelets of five patients with PNHby thrombin or detergent
solubilization. The platelets of two of these patients had elevated
C3 convertase activity. While thrombin-stimulated normal
platelets released an average of 50 ng factor H/108 platelets,
thrombin-stimulated PNH platelets released markedly lower
amounts of factor H. In response to thrombin stimulation, the
platelets from PNHpatients with normal C3 convertase activity
released 14, 15, and 17 ng factor H/108 platelets, whereas the
platelets from two patients with elevated C3 convertase activity
released 4 and 6 ng factor H/ 108 platelets. However, radioim-
munoassays of Triton X- 100-solubilized platelets from the same
platelet preparations demonstrated that the total factor H con-
tained in the platelets of these two patients was 19 and 24 ng/
108 platelets. The total amount of factor H detected in detergent-
solubilized normal platelets is virtually identical to that amount
released by thrombin stimulation (Devine, D. V., and W. F.
Rosse, manuscript in preparation).

When platelets were reacted with CoVF-treated EDTA-
serum (reactive lysis), neither normal or PNHplatelets took up
membrane attack complexes from the serum. The amount of
monoclonal anti-poly C9 binding to PNHplatelets was not sta-
tistically different from the binding to normal platelets (t = 0.44,

Table I. Deposition of C3 onto PNHand
Normal Platelets from Fluid Phase

Molecules of monoclonal anti-C3c
Platelets bound/platelet

mean±SD

Normal donor platelets (n = 13) 2590±1362
PNHpatient platelets (n = 14) 2385±1059*

Reactive lysis conditions were created using CoVFBb complexes and
purified C3. Platelet-bound C3 was measured using '25I-labeled mono-
clonal anti-C3c.
* Not significantly different from normal (P> 0.5).
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Figure 6. Flow cytometric analysis of platelet bound C3 and factor H
on normal platelets. The binding of anti-C3 (A) or anti-factor H (B-
D) are indicated by the stippled curves. Nonimmune serum control
curves are not stippled. Platelets were incubated with CoYF, C3, fac-
tor B, factor D, and magnesium (A and B), with thrombin (C) or with
buffer alone (D). The anti-factor H and nonimmune serum curves are
coincident in Cand D.

P> 0.5) (Fig. 8). However, the monoclonal anti-poly C9 readily
detected the increased uptake of membrane attack complexes
by PNHIII erythrocytes under identical reactive lysis conditions.
In addition, PNHplatelets exposed to reactive lysis conditions
bound '25I-labeled anti-C3c in amounts similar to normal plate-
lets (data not shown).

Of the eight patients who participated in "'In-labeled platelet
survival studies, five had normal platelet survival, while three
had decreased survival (Table II). Of the three with decreased
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200 400 600 800 1000
GATEDGREENFLUORESCENCE

B

200 400 600 800
GATED GREENFLUORESCENCE

Figure 7. Flow cyto-
metric analysis of plate-
let bound C3 and factor
H on PNHplatelets.

000 The binding of anti-C3
000 (A) or anti-factor H (B

and C) are indicated by
C the stippled curves.

Nonimmune serum
control curves are not
stippled.. Platelets
treated with C3, factor
B, factor D, CoVF, and
magnesium are shown
in A and B. Untreated
platelets are shown in C.

M Figure 8. Uptake of
O 5 m membrane attack com-

Z 4 g plexes by normal and
N, gPNHerythrocytes and

o3 : : platelets under the con-
ditions of reactive lysis.

° 2 Washed platelets or

erythrocytes were ex-

- r T > posed to CoVF-factor B
complex-treated EDTA-

0 *:.:.:chelated serum. The up-
PLATELETS RBC take of membrane at-

tack complexes was
measured by '251-labeled monoclonal anti-poly C9 antibody binding.
This monoclonal antibody recognizes a neoantigen expressed by poly-
merized C9. Normal platelets bound a mean of 766 molecules of anti-
poly C9/platelet (SD = 412; n = 9), while PNHplatelets bound 720
molecules anti-poly C9/platelet (SD = 768; n = 11). The PNHeryth-
rocytes shown in this experiment contained >95% PNHIII cells.

survival, two had splenic enlargement. The percentage of DAF-
negative platelets were measured in four of these patients. Three
had >90% DAF-negative platelets and one had 77% DAF-neg-
ative platelets. Of these patients, two had normal platelet survival
and turnover times. The other two were the patients with splenic
enlargement.

Discussion

The abnormal interactions of complement with erythrocytes in
PNHcause increased destruction of red cells. This phenomenon
is readily demonstrated by the increased sensitivity of PNHcells
to lysis by antibody and complement in vitro (6). In vivo, the
activation of complement by the alternative pathway is the most
likely cause of red cell destruction (1). Aster and Enright dem-
onstrated that the platelets of patients with PNHare more readily
lysed by complement in the presence of complement-fixing anti-

Table II "'In-labeled Platelet Studies in PNHPatients

DAF-
Platelet negative

Patient count/ul Survival Recovery Turnover platelets

h % pit/t/h %

1* 113,000 106 25 3837 95
2 12,000 157 81 85 N.D.t
3 172,000 176 65 1349 90
4 231,000 >200 74 992 N.D.
5 76,000 >200 55 612 N.D.
6 309,000 124 65 3439 N.D.
7* 375,000 92 27 >4000 90
8 567,000 200 N.D. 1634 77

Normal 200-300,000 180-200 60-70 1000-1500 0

Platelets were isolated from the patient's peripheral blood and labeled
with "'In oxine. After the labeled platelets were given back to the pa-
tient, blood samples were drawn at 15 min, 2 h, and every 12 h after
injection. Survival was calculated using the maximum likelihood esti-
mate of the integer-ordered gammafunction (29).
* Splenomegaly present.

Not done.
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platelet antibody ( 18) than are normal platelets. The interactions
of platelets with the alternative pathway of complement are not
as well understood. Studies from this laboratory using CoVF-
treated whole serum and quantitative antiglobulin consumption
assays for platelet-bound C3 indicate that PNHplatelets bind
more C3 than do normal platelets (31).

To study the interactions of normal and PNHplatelets with
complement components in the absence of other serum proteins,
we used purified components and monoclonal antibodies specific
for the C3c region of C3. Wehave demonstrated that the C3
convertase activity on the platelets of many patients with PNH
was not greater than that on normal platelets. This could not
be attributed to the presence of DAFeither on the platelet surface
or in internal pools that might be expressed when complement
binds to the platelet. The platelets of 16 of 20 patients examined
were nearly all DAF-deficient. Because platelets that were lacking
in DAFdid not bind abnormal amounts of C3, DAFmay not
play as pivotal a role in the regulation of the alternative pathway
C3 convertase on the platelet as it does on the red blood cell
surface (1 1, 12). However, DAFmay be crucial to the regulation
of the classical pathway C3 convertase, C4b2a, on the platelet
surface. The absence of this regulatory protein on PNHplatelets
may explain the increased susceptibility of the PNHplatelet to
lysis by antibody and complement (18, 31). In fact, preliminary
data obtained on some of the same patients reported in this
study indicate that when complement is activated by antibody
in a whole serum system, PNHplatelets bind both more C3 and
more C9 than normal platelets. The hypothesis that DAFis not
crucial in the regulation of the alternative pathway C3 convertase
on platelets is further supported by the observation that when
C3 was deposited onto the surface of platelets via the alternative
pathway, the platelets of both normal donors and patients with
PNHreleased factor H, a plasma protein that performs a similar
function to DAF. Factor Hbecame bound to the platelet surface
only when C3 was present on the platelet. Factor H released by
thrombin stimulation did not bind to the platelet surface in the
absence of platelet-bound C3. The platelet, therefore, appears
to have a second mechanism to regulate surface-bound alter-
native pathway C3 convertases. Other complement components
in addition to factor H (32) have been described in platelets,
including Cl inhibitor (33) and factor D (32). Whereas the in-
tracellular localization of factor H has not yet been determined,
the other two complement components appear to reside in the
platelet alpha granules.

In PNHplatelets, the total amount of factor H present ap-
pears to be lower than that in normal platelets. The factor H
released by thrombin-stimulated platelets of two patients with
increased C3 convertase activity was markedly deficient, although
the total amount of factor H contained in these platelets was
equivalent to that amount readily released from PNHplatelets
with normal C3 convertase activity. In addition, we report else-
where that the inhibition of factor H release from normal platelets
markedly enhances C3 convertase activity. Therefore, it appears
that some PNHplatelets may be unable to release a sufficient
amount of factor H to regulate the activity of the alternative
pathway C3 convertase. The reason that this occurs in only some
of the PNHpatients studied remains to be elucidated.

Previous studies from both our laboratory (31) and others
(34) on the interaction of the alternative pathway of complement
with the platelets in PNHwere all performed using whole serum
systems. The data reported in this study support the observation
of Zimmerman and Kolb (34) that the platelets in PNHdo not

take up more C3 than normal platelets when exposed to CoVF-
treated serum. However, these workers reported an increased
uptake of C8, presumably in the form of membrane attack com-
plex by the platelets of one PNHpatient under the same con-
ditions. Wedid not see any increase in the uptake of membrane
attack complexes under our experimental conditions, which dif-
fered somewhat from those of Zimmerman and Kolb (34), par-
ticularly with regard to the presence of EDTAin the reaction
mixture. In whole serum systems, the interactions of the platelets
with activated coagulation factors, especially thrombin, as well
as with complement components must be taken into consider-
ation. The presence of thrombin has been shown to markedly
affect the interaction of platelets with complement (35, 36).

Platelets can actively rid themselves of surface-bound mem-
brane attack complexes by a calcium-dependent shedding process
similar to the patching and capping phenomena seen in nucleated
cells (37). In this investigation, this process was inhibited by
performing the experiments in the presence of EDTA. Under
these conditions, we have demonstrated that the platelets from
patients with PNHIII erythrocytes do not take up membrane
attack complexes that are generated in the fluid phase. However,
the PNHIII erythrocyte will take up large amounts of this com-
plex resulting in cell lysis (9, 10). Because this is most likely the
mechanism that contributes to the severely shortened in vivo
survival of the PNHIII erythrocyte, it follows that we and others
(18) have found in vivo platelet survival was normal in most
PNHpatients. This is reflected in the observed percentages of
abnormal erythrocytes and abnormal platelets in the peripheral
blood of patients with PNH. Because the erythrocyte lifespan is
shortened and the platelet lifespan is normal or nearly so, the
percentage of abnormal platelets may more accurately reflect
the extent of proliferation of the abnormal PNHclone. Shortened
platelet survival time was only seen in those patients who had
splenomegaly or in the one patient in the study who was entering
an aplastic crisis.

In addition, the PNHIII erythrocyte is markedly sensitive
to lysis by complement because the cells will bear fewer of the
membrane attack complexes of complement than normal
erythrocytes before they lyse. Although we do not have direct
evidence that this is also the case for PNHplatelets, it would
explain the observation that PNHplatelets are more susceptible
to complement lysis when complement is activated at the platelet
surface, e.g., by anti-platelet antibody (18).
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