
Cationic Protein-Bearing Granules of Polymorpbonuclear 

Leukocytes: Separation from Enzyme-Rich Granules 
Abstract. The cationic, antibacterial proteins of polymorphonuclear leukocytes 

are associated with a unique subcellular particle that is separable through zonal 
density gradient centrifugation from acid phosphatase-containing particles as well 
as from particles that contain alkaline phosphatase and lysozyme. Normal macro- 
phages, macrophages stimulated by bacillus Calmette-Guerin, and liver cells lack 
this particle and the associated group of cationic proteins. Particles physically and 
biochemically similar to slower sedimenting enzyme-rich particles of polymorpho- 
nuclear leukocytes are shared by all the three cell types. 

The cytoplasmic granules of poly- 
morphonuclear leukocytes are mem- 
brane-bound structures whose ultra- 
structural heterogeneity has been amply 
demonstrated by Florey and Grant (1). 
In polymorphonuclear leukocytes the 

cytoplasmic organelles, which Ehrlich 
called "specific granules," stain in- 

tensely with acidic dyes such as eosin 
and Fast Green at pH 8.1 (2), an 
indication that they contain strongly 
basic compounds. The subcellular par- 
ticulate fraction of polymorphonuclear 
leukocytes has been shown by Cohn 
and Hirsch (3) to contain a number 
of hydrolytic enzymes, thus bringing 
the particles into the category of lyso- 
somes (4). In addition to the enzymes, 
we have isolated from the polymorpho- 
nuclear granules a unique group of 

highly basic, apparently nonenzymatic 
proteins (5) that possess a number of 
biological activities (6). The cationic 
proteins of granular fractions constitute 
almost 50 percent of the soluble lyso- 
somal proteins and have recently been 

separated into five to six components 
that individually show specific anti- 
bacterial action against various micro- 

organisms (7). The protein compo- 
nents are highly arginine-rich, contain 
a high content of cystine, and differ 
from one another in their amino acid 

composition. Electrophoretically the 
six cationic components migrate toward 
the cathode ahead of lysozyme and 
ribonuclease. 

The question that may be asked now 
is whether the group of antibacterial, 
arginine-rich basic proteins and the 
battery of lysosomal enzymes are pack- 
aged together in polymorphonuclear 
granules or whether they are associated 
with different subcellular particles. 
Cytochemical evidence for the existence 
of enzyme heterogeneity, in addition 
to the morphological heterogeneity 
among polymorphonuclear granules, 
has been presented by Wetzel et al. and 
by Bainton and Farquhar (8). This 
evidence has been further confirmed 
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and extended in a very recent ultra- 
structural and histochemical study car- 
ried out by Bainton and Farquhar (9). 
However, the problem of localization of 

highly basic, apparently nonenzymatic, 
antibacterial proteins among polymor- 
phonuclear granules remained to be 
resolved (8, 9). Recently Rahman 
et al. (10) have demonstrated the exist- 
ence of biochemical heterogeneity 
among subcellular particles of rat liver 
cells, by cell fractionation methods. By 
a similar method, we have examined 
the distribution of the cationic proteins 
in the polymorphonuclear subcellular 

particles to see if these proteins are 

segregated in particles other than those 

containing enzymes, and if so, whether 
comparable particles exist in another 

phagocytic cell system (macrophages) 
and a nonphagocytic cell system (liver 
cells). This knowledge is of crucial 

importance in understanding the func- 
tional role of subcellular particles in 

determining the biological activity of 
the cell type. 

We have subjected the subcellular 
particles of polymorphonuclear leuko- 

cytes to zonal sucrose gradient centrif- 

ugation and have compared under 
identical conditions the distribution of 
subcellular particles from lung macro- 
phages, both unstimulated and stimu- 
lated by bacillus Calmette-Guerin 
(BCG), as well as liver cells. 

This report presents evidence that 
the six cationic protein components of 

polymorphonuclear granules are exclu- 
sively associated with a particle that is 
absent from macrophages and liver 
cells. Most of the lysosomal enzymes 
of polymorphonuclear leukocytes are 

Fig. 1. (Top right) Sucrose density gradi- 
ent centrifugation of post-400g super- 
natant of polymorphonuclear leukocytes. 
The gradient was centrifuged at 13,000 
rev/min for 30 minutes. (Bottom right) 
Distribution of enzyme activities in rela- 
tion to the gradient bands. In the top 
graph, "O.D. at 450 mu" refers to poly- 
morphonuclear lysosomal bands. 

associated with a less rapidly sedimen- 
table set of particles that are common 
to all the three cell types. 

Polymorphonuclear leukocytes were 
obtained from rabbit peritoneal exu- 
dates induced by 0.5 percent glycogen 
in saline. Rabbit lung macrophages, 
both normal unstimulated and stimu- 
lated (by 4 weeks prior intravenous 
injection of BCG), were obtained ac- 

cording to the methods of Myrvik (11). 
A cellular suspension of rabbit liver 
was obtained by light homogenization 
of small pieces of liver in 0.34M su- 
crose. After removal of the connective 
tissue the cell suspension was washed 
twice with 0.34M sucrose before final 
disruption. 

Cells were homogenized in 5 ml of 
0.34M sucrose in a glass tube with a 
Teflon pestle. To prevent aggregation 

o 

i 
0 

ci 
ci 

FRACTION NUMBER 

1069 



LYSOZYME . ....... 

Unfr. gr. Peak III Peak II Peak I 

Fig. 2. Cellulose acetate electrophoresis of fractions from peaks I, II, and II of density 
gradient tube as shown in Fig. 1. Unfr. gr., unfractionated granules obtained by differ- 
ential centrifugation. Cathode at top. The six most cationic components are principally 
associated with peak III particles. 

of the subcellular particles, homoge- 
nization was carried out for 1 to 11/2 

minutes and interrupted every 30 sec- 
onds without an attempt to disrupt 100 
percent of the cells. All of the opera- 
tions were carried out at ice-cold tem- 
peratures. 

Homogenates were centrifuged at 
400g in an H.S. head in a Servall cen- 
trifuge for 30 minutes to remove the 
nuclei and cell debris. At the end of 
centrifugation the supernate was care- 
fully removed, and a 2-ml sample was 
immediately layered over the sucrose 
gradient. The sucrose density gradient 
was prepared just prior to use. 

A 50-ml volume of linear density 
gradient of 20 to 50 percent sucrose 
(by weight) was prepared through a 
mixing chamber (triple outlet gradient 
mixer, Buchler Instruments, New Jer- 
sey) with the help of a polystaltic 
pump (Buchler Instruments). Two 
milliliters of the lightly centrifuged 
homogenate (post-400g supernatant) was 
layered over the gradient. Centrifuga- 
tion was carried out in an S25.2 rotor 
in a Spinco model L 2-65B refrigerated 
centrifuge, fitted with rotor stabilizer, 
at 13,000 rev/min for 30 minutes, 
allowing an extra 10 minutes for accel- 
eration and deceleration. After centrif- 
ugation, 2.5-ml fractions were collected 
by upward displacement of the gradient 
with 65 percent sucrose. 

All fractions were assayed for acid 
phosphatase, alkaline phosphatase, ribo- 
nuclease, p/-glucuronidase, and lyso- 
zyme activities according to the 
methods described elsewhere (5). 
Trypsin-like activity was measured 
according to a modified method of 
Nelson et al. (12) by using 5 mg of 
Congocoll (Calbiochem) as substrate 
and employing an incubation time of 3 
hours. Fifty percent of enzyme activity 
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was found to be latent in the granule 
fractions when detergent was used to 
completely break down the granule 
membrane. The optical density of the 
gradient bands was measured turbidi- 
metrically at 450 m/,. Protein was esti- 
mated by the Lowry method (13). 
Paper electrophoresis of intact lyso- 
somal particles was performed accord- 
ing to the technique described elsewhere 
(5). 

The results of sucrose density gradi- 
ent centrifugation are shown in Fig. 1. 
The polymorphonuclear granules in 
the post-400g supernatant separated in- 
to three dense bands. The pattern was 
consistently reproducible. Peak I was 
the lightest band, whereas peak III 
constituted the heaviest band. The solu- 
ble protein and microsomes stayed in 
tube 1, whose pink color was a good 
marker for soluble hemoglobin and 
and other proteins. As shown in Fig. 1, 
the distribution of various enzyme 
peaks showed important differences. 
Acid phosphatase activity was mostly 
associated with lightest particles (peak 
I), with little activity at the level of 

peak II and no activity at peak III. On 
the other hand, alkaline phosphatase 
was mostly associated with peak II. 

Similarly, lysozyme activity was mainly 
attributable to peak II. However, the 
pattern of /j-glucuronidase activity was 
different from the other enzymes in 
that it showed two peaks, one at the 
level of the ascending limb of peak III 
and another associated with particles in 
the ascending limb of peak II. Ribo- 
nuclease and trypsin-like activity were 
associated with peak II and peak III. 

The specific cytoplasmic granules of 
rabbit polymorphonuclear leukocytes 
stain intensely eosinophilic with Wright 
stain. When samples from peaks I, II, 
and III were stained with Wright stain, 

peak III contained the typically spher- 
ical, intensely eosinophilic granules. 
The particles from peak I were stained 
as azurophilic amorphous material. 
The particles from peak II were stained 
light pink and were discrete, round, 
and flat in shape. The granular nature 
of material in peaks I, II, and III and 
variation in their sizes were further con- 
firmed by electron microscopy. 

Electrophoretic analysis on cellulose 
acetate of samples from peaks I, II, 
and III showed (Fig. 2) that the six 
most cationic components were exclu- 
sively associated with peak III particles. 
The absence from peak III pherogram 
of band VII, previously identified as 
lysozyme, correlated with the absence 
of that enzyme from peak III. Peak II 
contained the electrophoretically slower 
enzymic components. These compo- 
nents appeared only as traces in peak 
III. The presence of cationic compo- 
nents in peak III correlated with the 
intense eosinophilic staining of the 
particles. 
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Fig. 3. Sucrose density gradient centrifu- 
gation of lysosomes; comparative distribu- 
tion patterns of lysosomal particles of 
polymorphonuclear leukocytes, normal 
lung macrophages, BCG-stimulated lung 
macrophages, and liver cells. Particles 
comparable to peak III of polymorpho- 
nuclear leukocytes are absent from macro- 
phages and liver cells. Peaks physically 
and biochemically similar to peak II of 
polymorphonuclear leukocytes exist in the 
other three cell types. *- , poly- 
morphonuclear leukocytes; 0-* - -0, un- 
stimulated lung macrophages; *-**-U, 
BCG-stimulated macrophages; 0---0, 
liver. 
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In view of the physical as well as 
biochemical heterogeneity of the sub- 
cellular particles of polymorphonuclear 
leukocytes, we examined other cells 
under identical conditions to compare 
the distributions of particles and the 
associated enzyme activities. As shown 
in Fig. 3, the particles comparable to 
peak III particles of polymorphonu- 
clear leukocytes were entirely absent 
from macrophages and liver cells. How- 
ever, peaks physically comparable to 
peak II of the polymorphonuclear par- 
ticles were found in both macrophage 
and liver cell homogenates. The unstim- 
ulated normal lung macrophages and 
BCG-stimulated macrophages showed 
practically similar distribution patterns. 
Unlike the polymorphonuclear leuko- 
cytes where acid phosphatase appeared 
exclusively in peak I, the acid phos- 
phatase in macrophages and liver was 
equally associated with both of the 
lighter peaks, peaks I and II. Most of 
the lysosomal enzymes in macrophages 
and liver cells were associated with the 
major peak II. Nevertheless the distri- 
bution of enzymes in the major peak 
of these cells was not uniform and in- 
dicated the presence of further hetero- 
geneity. In addition to the differences 
in the distribution of enzymes between 
subcellular particles of polymorphonu- 
clear leukocytes and the other three 
cells there were also quantitative differ- 
ences. Alkaline phosphatase activity of 
polymorphonuclear leukocytes was 20 
times higher than that of macrophages 
and liver lysosomes. Peroxidase and 
trypsin-like activities were negligible in 
normal macrophages as well as BCG- 
stimulated macrophages, although tryp- 
sin-like activity was present in liver 
lysosomes. On the other hand, cathep- 
tic activity, compared to polymorpho- 
nuclear leukocyte, was higher in macro- 
phage lysosomes. 

It is concluded that the six cationic 
proteins of polymorphonuclear granu- 
lar fractions are exclusively confined 
to a group of unique, heavy, intensely 
eosinophilic particles that are poor in 
enzymes, such as acid phosphatase, 
alkaline phosphatase, and lysozyme, 
and are evidently absent from normal 
macrophages, BCG-stimulated macro- 
phages, and liver cells. Concomitant 
with the absence of these particles, the 
group of six cationic components is not 
found in the cytoplasmic organelles of 
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Note added in proof: Since this man- 
uscript was submitted, we have had the 
privilege of reading the manuscript of 
M. Baggiolini, J. G. Hirsch, and C. de 
Duve (J. Cell. 'Biol., in press). Their 
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work on the distribution of enzymes in 
polymorphonuclear leukocyte granules 
was in part known to us during our 
investigation of the localization of cat- 
ionic proteins in granules. 

H. I. ZEYA 
J. K. SPITZNAGEL 

Department of Bacteriology and 
Immunology, University of North 
Carolina Medical School, Chapel Hill 

References and Notes 

1. H. W. Florey and L. H. Grant, J. Pathol. 
Bacteriol. 82, 13 (1961). 

2. J. K. Spitznagel and H. Y. Chi, Amer. J. 
Pathol. 43, 697 (1963). 

3. Z. A. Cohn and J. G. Hirsch, J. Exp. Med. 
112, 983 (1960). 

4. C. DeDuve, in Lysosoines, A. V. S. De- 
Reuck and M. P. Cameron, Eds. (Little, 
Brown, Boston, 1963), p. 1. 

5. H. I. Zeya and J. K. Spitznagel, Science 142, 
1085 (1963); J. Bacteriol. 91, 750, 755 (1966); 
Proc. Soc. Exp. Med. 121, 250 (1966). 

6. E. S. Golub and J. K. Spitznagel, J. Immunol. 
95, 1061 (1965); A. Janoff and B. W. Zwei- 
fach, J. Exp. Med. 120, 747 (1964); A. Janoff, 
S. Schaffer, J. Sherer, M. A. Bean, ibid. 
122, 841 (1965); C. G. Cochrane and B. S. 

work on the distribution of enzymes in 
polymorphonuclear leukocyte granules 
was in part known to us during our 
investigation of the localization of cat- 
ionic proteins in granules. 

H. I. ZEYA 
J. K. SPITZNAGEL 

Department of Bacteriology and 
Immunology, University of North 
Carolina Medical School, Chapel Hill 

References and Notes 

1. H. W. Florey and L. H. Grant, J. Pathol. 
Bacteriol. 82, 13 (1961). 

2. J. K. Spitznagel and H. Y. Chi, Amer. J. 
Pathol. 43, 697 (1963). 

3. Z. A. Cohn and J. G. Hirsch, J. Exp. Med. 
112, 983 (1960). 

4. C. DeDuve, in Lysosoines, A. V. S. De- 
Reuck and M. P. Cameron, Eds. (Little, 
Brown, Boston, 1963), p. 1. 

5. H. I. Zeya and J. K. Spitznagel, Science 142, 
1085 (1963); J. Bacteriol. 91, 750, 755 (1966); 
Proc. Soc. Exp. Med. 121, 250 (1966). 

6. E. S. Golub and J. K. Spitznagel, J. Immunol. 
95, 1061 (1965); A. Janoff and B. W. Zwei- 
fach, J. Exp. Med. 120, 747 (1964); A. Janoff, 
S. Schaffer, J. Sherer, M. A. Bean, ibid. 
122, 841 (1965); C. G. Cochrane and B. S. 

more than a single genetic mechanism. 

Hemophilia A is considered a heredi- 
tary defect resulting in the decreased 
synthesis of factor VIII. If a molecule 
with similar antigenic determinants but 
without an active site were present in 
hemophilic plasma, an antibody to fac- 
tor VIII might combine with a "defec- 
tive molecule" and, therefore, antibody 
neutralization studies could be used to 
detect the presence or absence of such 
a molecule. A relatively small number 
of patients with hemophilia A have 
been so tested with variable results (1). 
We have studied a large population of 
hemophiliacs and report results indi- 
cating that a few patients with hemo- 
philia A have antibody-neutralizing ac- 
tivity in their plasma. 

Plasma from hemophiliacs was pre- 
pared by high-speed centifugation of 
nine volumes of venous blood added to 
one volume of a balanced citrate anti- 
coagulant. Plastic syringes and tubes 
were used. Serum from a patient with a 
spontaneous factor VIII inhibitor, which 
had been characterized as an IgG im- 
munoglobulin (2), was heated for 30 

more than a single genetic mechanism. 

Hemophilia A is considered a heredi- 
tary defect resulting in the decreased 
synthesis of factor VIII. If a molecule 
with similar antigenic determinants but 
without an active site were present in 
hemophilic plasma, an antibody to fac- 
tor VIII might combine with a "defec- 
tive molecule" and, therefore, antibody 
neutralization studies could be used to 
detect the presence or absence of such 
a molecule. A relatively small number 
of patients with hemophilia A have 
been so tested with variable results (1). 
We have studied a large population of 
hemophiliacs and report results indi- 
cating that a few patients with hemo- 
philia A have antibody-neutralizing ac- 
tivity in their plasma. 

Plasma from hemophiliacs was pre- 
pared by high-speed centifugation of 
nine volumes of venous blood added to 
one volume of a balanced citrate anti- 
coagulant. Plastic syringes and tubes 
were used. Serum from a patient with a 
spontaneous factor VIII inhibitor, which 
had been characterized as an IgG im- 
munoglobulin (2), was heated for 30 

Aikin, ibid. 124, 733 (1966); W. Seegers and A. 
Janoff, ibid. 124, 833 (1966); J. C. Herion, 
J. K. Spitznagel, R. I. Walker, H. I. Zeya, 
Amer. J. Physiol. 211, 693 (1966); H. I. 
Saba, H. R. Roberts, J. C. Herion, J. Clin. 
Invest. 46, 580 (1967); N. S. Ranadive and 
C. G. Cochrane, J. Exp. Med. 128, 605 
(1968). 

7. H. I. Zeya and J. K. Spitznagel, Science 154, 
1049 (1966); J. Exp. Med. 127, 927 (1968). 

8. B. K. Wetzel, R. G. Horn, S. S. Spicer, Lab. 
Invest. 16, 349 (1967); D. F. Bainton and M. 
G. Farquhar, J. Cell. Biol. 31, 8A (1966). 

9. D. F. Bainton and M. G. Farquhar, J. Cell. 
Biol. 39, 286 (1968). 

10. Y. E. Rahman, J. F. Howe, S. L. Nance, J. F. 
Thomson, Biochim. Biophys. Acta 146, 484 
(1967). 

11. Q. N. Myrvik, E. S. Leake, B. Fariss, J. 
Immunol. 86, 128 (1961); Q. N. Myrvik, E. 
S. Leake, S. Oshima, ibid. 89, 745 (1962). 

12. W. L. Nelson, E. A. Croccio, G. P. Hess, 
Anal. Biochem. 2, 39 (1961). 

13. 0. H. Lowry, N. J. Rosebrough, A. L. Farr, 
R. J. Randall, J. Biol. Chem. 193, 265 (1952). 

14. Supported by AEC contract AT-(40-1)-3628, 
PHS grant AI-02430, and a grant from the 
Scholar Program of the Leukemia Society. 
We thank Dr. D. G. Sharp, of the Biophysics 
Division, for invaluable suggestions and help. 
We acknowledge the expert technical help 
of Marjorie Huck Cooney, Larry Martin, and 
Lora Faley. 

21 November 1968 v 

Aikin, ibid. 124, 733 (1966); W. Seegers and A. 
Janoff, ibid. 124, 833 (1966); J. C. Herion, 
J. K. Spitznagel, R. I. Walker, H. I. Zeya, 
Amer. J. Physiol. 211, 693 (1966); H. I. 
Saba, H. R. Roberts, J. C. Herion, J. Clin. 
Invest. 46, 580 (1967); N. S. Ranadive and 
C. G. Cochrane, J. Exp. Med. 128, 605 
(1968). 

7. H. I. Zeya and J. K. Spitznagel, Science 154, 
1049 (1966); J. Exp. Med. 127, 927 (1968). 

8. B. K. Wetzel, R. G. Horn, S. S. Spicer, Lab. 
Invest. 16, 349 (1967); D. F. Bainton and M. 
G. Farquhar, J. Cell. Biol. 31, 8A (1966). 

9. D. F. Bainton and M. G. Farquhar, J. Cell. 
Biol. 39, 286 (1968). 

10. Y. E. Rahman, J. F. Howe, S. L. Nance, J. F. 
Thomson, Biochim. Biophys. Acta 146, 484 
(1967). 

11. Q. N. Myrvik, E. S. Leake, B. Fariss, J. 
Immunol. 86, 128 (1961); Q. N. Myrvik, E. 
S. Leake, S. Oshima, ibid. 89, 745 (1962). 

12. W. L. Nelson, E. A. Croccio, G. P. Hess, 
Anal. Biochem. 2, 39 (1961). 

13. 0. H. Lowry, N. J. Rosebrough, A. L. Farr, 
R. J. Randall, J. Biol. Chem. 193, 265 (1952). 

14. Supported by AEC contract AT-(40-1)-3628, 
PHS grant AI-02430, and a grant from the 
Scholar Program of the Leukemia Society. 
We thank Dr. D. G. Sharp, of the Biophysics 
Division, for invaluable suggestions and help. 
We acknowledge the expert technical help 
of Marjorie Huck Cooney, Larry Martin, and 
Lora Faley. 

21 November 1968 v 

minutes at 56?C and then absorbed 
twice with a 25 percent AI(OH)3 gel. 
The absorbed serum was then saturated 
with 40 percent (NH4)2 SO4, and the 
precipitate was isolated by high-speed 
centrifugation and redissolved in nor- 
mal saline. The inhibitor was further 
purified by zone electrophoresis on 
starch and stored at -20?C. The con- 
centration of factor VIII in plasma of 
patients with hemophilia A was deter- 
mined by the two-stage method of Pool 
and Robinson (3). Residual factor VIII 
in the second incubation mixture of the 
antibody-neutralization test was mea- 
sured by a one-stage factor VIII assay 
based upon the partial thromboplastin 
time (4). 

Samples were tested for material that 
neutralized factor VIII antibody as fol- 
lows. The antibody was diluted in nor- 
mal plasma to a point (1:7) where all 
of the antibody was neutralized when 
incubated at room temperature for 90 
minutes. When the antibody was simi- 
larly diluted in buffer or in a single 
prototype hemophilia A plasma, there 

1071 

minutes at 56?C and then absorbed 
twice with a 25 percent AI(OH)3 gel. 
The absorbed serum was then saturated 
with 40 percent (NH4)2 SO4, and the 
precipitate was isolated by high-speed 
centrifugation and redissolved in nor- 
mal saline. The inhibitor was further 
purified by zone electrophoresis on 
starch and stored at -20?C. The con- 
centration of factor VIII in plasma of 
patients with hemophilia A was deter- 
mined by the two-stage method of Pool 
and Robinson (3). Residual factor VIII 
in the second incubation mixture of the 
antibody-neutralization test was mea- 
sured by a one-stage factor VIII assay 
based upon the partial thromboplastin 
time (4). 

Samples were tested for material that 
neutralized factor VIII antibody as fol- 
lows. The antibody was diluted in nor- 
mal plasma to a point (1:7) where all 
of the antibody was neutralized when 
incubated at room temperature for 90 
minutes. When the antibody was simi- 
larly diluted in buffer or in a single 
prototype hemophilia A plasma, there 

1071 

Hemophilia A: Polymorphism 
Detectable by a Factor VIII Antibody 

Abstract. Plasma from 54 patients with hemophilia A was tested for neutral- 
izing activity with a human antibody to factor VIII. The plasma from 52 patients 
had no demonstrable neutralizing activity. Two plasma samples had neutralizing 
activity equivalent to that of normal plasma despite the lack of factor VIII clot- 
ting activity. Apparently, most patients with hemophilia A do not synthesize 
factor VIII, whereas a few synthesize an inactive molecule with a presumed 
genetic structural mutation of the active site but with antigenic determinants in 
common with normal factor VIII. Thus, hemophilia A is a disease caused by 
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