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Abstract

Genetic predisposition of thromboembolism depends on the racial background. Factor V Leiden (G1691A) and factor 1T
mutation (G20210A) are the leading causes of inherited thrombophilias in Caucasians, but are not found in Asian
ancestries. Protein S (PS), protein C (PC) and antithrombin (AT) activity are reportedly low in 65% of adult Japanese
patients with deep vein thrombosis. Approximately half of the patients with each deficiency carry the heterozygous
mutation of PS (PROSI; 20%), PC (PROC; 10%), and AT genes (SERPINCI: 5%). Recently, several studies have
revealed an outline of inherited thrombophilias in Japanese children. Congenital thrombophilias in 48 patients less than
age 20 years consisted of 45% PC deficiency, 15% PS deficiency and 10% AT deficiency, along with other causes. All
PS- and AT-deficient patients had a heterozygous mutation of the respective gene. On the other hand, PC-deficient
patients were considered to carry the homozygous or compound heterozygous mutation in 50%, the heterozygous
mutation in 25%, and unknown causes in the remaining 25% of patients. Half of unrelated patients with homozygous or
compound heterozygous PROC mutations carried PC-nagoya (1362delG), while their parents with its heterozygous
mutation were asymptomatic. Most of the PC-deficient patients developed intracranial lesion and/or purpura fulminans
within 2 weeks after birth. Non-inherited PC deficiency also conveyed thromboembolic events in early infancy. The
molecular epidemiology of thrombosis in Asian children would provide a clue to establish the early intervention and

optimal anticoagulant therapy in pediatric PC deficiency.

Key words

Introduction

Thromboembolic events less commonly occur in children than in
adults. The life-threatening conditions are driven by a wide range
of triggers, including infection, trauma and surgery, on a back-
ground of individual predispositions. Pediatric thrombosis is
being recognized with increasing frequency, although the cause
remains elusive. The national registry data from North America,
Europe and Australia revealed an incidence of 5-8 venous throm-
boembolic events (VTE)/10 000 hospital admissions, or 0.05-14/
10000 children.! Under 20 years of age, VTE occurs at the
highest incidence in neonates and infants, and then at the second
peak of incidence during puberty and adolescence. Both peak
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intracranial thrombosis, intracranial hemorrhage, purpura fulminans, protein C deficiency.

occurrences are considered to be associated with decreased
intrinsic fibrinolytic activity of the blood during these periods.
The higher prevalence of adult thromboses in the West than that
seen in the East might result from the difference in dietary habits
and races. The modern lifestyle is being globally Westernized,
but genetic backgrounds are hard-wired to change among races.
Factor (F) V Leiden (G1691A) and FII mutation (G20210A) are
the major thrombophilic predispositions in Caucasians but not in
Asian ancestries.? In Japan, two major studies revealed that 65%
of adult VTE patients had a low activity of protein S (PS), protein
C (PC) or antithrombin (AT), and half of them carried the het-
erozygous mutation of the respective genes.** On the other hand,
the clinical features and genetic backgrounds of pediatric throm-
bosis have not been clarified in Japan.

In this review, we first draw an outline of inherited throm-
bophilias in Japanese children, based on the recent indepen-
dent studies. Then, we discuss the problems in the diagnosis
and treatment of pediatric thromboembolism focusing on PC
deficiency.
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Table I Definition of the severity of PC deficiency

Subjects Plasma PC activity
TU/mL %
Healthy adults 0.65-1.357 64-135%, 146}
PC deficiency
Mild >0.2 >20
Moderately severe 0.01-0.2 1-20
Severe <0.01 <1

Standard values of PC activity were obtained from ‘the reference;®
*Medical and Biological Laboratories, Tokyo, Japan; and $Special Ref-
erence Laboratories, Tokyo, Japan. The levels are determined by clot-
based assays. PC, protein C.

PC and PC levels in children

PC is a vitamin-K-dependent serine protease, which is synthe-
sized in the liver and circulates at a low concentration in plasma.
The anti-coagulant zymogen is activated by the complex forma-
tion with thrombin on the endothelial cell receptor thrombo-
modulin, and more effectively by binding to the endothelial PC
receptor. Activated PC cleaves critical sites in the activated pro-
coagulant factor V (FV) and FVIII, and inactivates the two fac-
tors.> This process is augmented by protein S (PS), FV and lipid
cofactors of lipoproteins and phospholipids. PC-deficient indi-
viduals have a decreased capacity to control the propagation of
thrombin generation by FVa and FVIlIa after the activation of
coagulation cascade, according to the circulating amounts
of functional PC molecules regardless of the decreased produc-
tion or increased consumption.

Inherited PC deficiency is an autosomal recessive throm-
bophilia. Bialellic (homozygous or compound heterozygous) PC
gene (PROC) mutants incite purpura fulminans (PF) as a conse-
quence of “severe” PC deficiency in the newborn.® Heterozygous
PROC mutants are at risk of venous thromboembolism as “mod-
erately severe” or “mild” PC deficiency in young adults. The
severity of PC deficiency is defined according to the levels of
activity assessed by chromogenic (amidolytic) or coagulometric
(clotting) assay (Table 1).” The plasma PC activity in healthy
adults ranges from 0.65 to 1.35 IU/mL, corresponding to the %
interval of references used in Japan. “Mild,” “moderately severe”
and “severe” PC deficiencies are defined as the range of >20%
(>0.2IU/mL), 1-20% (0.01-0.21U/mL), and <1% (<0.01 TU/
mL), respectively. However, the distinction of inherited (herit-
able) or non-inherited (acquired) PC deficiency is challenging in
children who developed acute thrombosis for the following
reasons. First, plasma PC activity is physiologically low until
adolescence. Second, two major conditions affecting plasma PC
levels, vitamin K deficiency and infection, are not rarely found in
early infancy. Third, young parents with heterozygous PROC
mutation are healthy, and the history of the grandparents may be
less informative. Fourth, in critically ill children with thrombotic
events, the genetic tests are time-consuming in guiding the man-
agement, and the constitutional hypercoagulability is hard to
assess by functional assays during the treatment course.

Neonatal PC and PS levels are much lower than the adult
reference levels. The mean plasma activities of PC and PS in
healthy term infants are approximately 35%.%* Preterm infants

© 2013 The Authors
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show much lower levels than term infants because of immaturity
of the liver. Both PC and PS levels increase after birth, and reach
the lower limit of adult references (~50 IU/dL) during 6 months
to 1 year of age (Fig. 1).*1° As PC activity often remains below
the adult reference ranges until puberty, PC levels in childhood
are hard to screen for inherited thrombophilias."

Several factors affect the physiological levels of PC and PS
throughout childhood." Both activities are low in the presence of
vitamin K antagonist. Vitamin K deficiency precipitates bleeding
(i.e. hemorrhagic diseases of the newborn, vitamin K deficiency
bleeding in infancy), and also thrombosis (i.e. warfarin-induced
skin necrosis/ paradoxical thrombosis). Infection lowers the
plasma concentration of PC and PS. The mechanisms of “infec-
tious PF” are involved in antibody-mediated consumption (i.e.
post-varicella PF) or toxic effects (i.e. meningococcemia PF)."
PC/PS deficiency arises from the loss or consumption in patients
with nephrotic syndrome, sepsis and/or disseminated intravascu-
lar coagulation, and from the impaired synthesis in those with
liver dysfunction. The half-life of plasma PC (6-8 h) is shorter
than that of PS and other procoagulant vitamin K dependent
factors. The true enzymatic activity of PS depends on free PS
concentration. However, the interpretation of PS activity in new-
borns is not complicated because the binding C4b is at very low
levels at birth. Acute inflammation reduces PS activity due to
binding with C4b. For the diagnosis of PC deficiency in infants,
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Fig.1 Changes in the plasma activity of protein C (PC), protein S
(PS) and antithrombin (AT) of healthy full-term Japanese infants
from birth to 1 year of age. Each bar represents the mean * SD
revised from the data of reference 8.
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Fig. 2 Proportion of protein S (PS) (black), protein C (PC) (gray)
and antithrombin (AT) deficiency (light gray) in adult patients with
deep vein thrombosis (DVT) and pediatric patients diagnosed as
having congenital thrombophilia in Japan. The hatched column rep-
resents patients who carry the heterozygous mutation of the PS, PS
or AT gene. Upper columns are based on the data from references 3
and 4, and the lower ones are revised from the data of reference 16.
USS (dotted column), Upshaw-Schulman syndrome. Each super-
script in the figure refers to the number of reference.

plasma PC activity should be monitored concurrently with PS
activity, protein induced by vitamin K absence or antagonists,
p-dimer, anti-phospholipid antibodies, and FVII activity. Unex-
plained dissociation between PC and PS activity may portend a
diagnosis of inherited PC deficiency.

Genetic backgrounds of PC deficiency in Japan

Recent reviews by the experts in the UK™ and North America'
described only eight and 12 survivors with long-term therapy,
respectively. The nationwide survey of pediatric thrombosis in
Japan first collected 301 patients from 2006 to 2010.' Forty-
eight patients (15%) were diagnosed as having congenital throm-
bophilia due to PC (n = 22; 46%), PS (n =7, 15%), AT (n=5;

First presentation

ICTH 19 (70%)

ICTH == PF

concurrently
10 (37%)

n=7

Others

Estimated
inheritance

Homozygote or
compound
heterozygote

Heterozygote

(25%) | Others
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10%), or ADAMTS13 (n = 5; 10%) deficiency and other causes
(n=9; 19%). This proportion differed from that of adult Japanese
deep vein thrombosis cases (Fig. 2). There were no homozygous
or compound heterozygous mutations of PROSI, PROC or SER-
PINCI in adult patients. PS deficiency was the most frequent
genetic predisposition of adult thrombosis in Japan. It may reflect
the higher frequency of heterozygous PROSI mutants in Japa-
nese (1.12-1.8%) than in Caucasians (0.03-0.13%), accounting
for the founder effects of PS-tokushima.”” On the other hand,
approximately half of pediatric patients with congenital throm-
bophilia had PC deficiency. Half of them carried homozygous or
compound heterozygous PROC mutations, in contrast to no PS or
AT-deficient patients with biallelic mutations. Homozygous PS
or AT-deficient mice result in fetal loss. Only a few patients with
homozygous or compound heterozygous mutations of PROSI or
SERPINC] have ever been reported. The true frequency of Japa-
nese carriers of heterozygous PROC mutation may be higher than
the prevalence of PC deficiency of 1/700 screened by amidolytic
activity.' These studies corroborated that PROC mutants are the
leading cause of inherited thrombophilia in Japanese children.
Another study has recently reported the presentation and
genotype of pediatric PC deficiency in Japan, based on the com-
bined data with genetic study, post-marketing survey of plasma-
derived activated PC concentrate (AnactC, Kaketsuken & Teijin,
Kumamoto, Japan), and literature review.”” Between 1985 and
2010, this study determined 27 Japanese patients with congenital
PC deficiency in Japan. These included one pair of twins, and a
pair of cousins. Two patients had died. These patients might
appreciably cover the 22 patients reported in the aforementioned
nationwide survey.'® Twenty-four (89%) patients presented
within 14 days after birth, including three prenatal hydro-
cephalies. Of the 27 patients, the first presentation was intracra-
nial lesions (thrombosis, hemorrhage, and/or fetal hydrocephaly)
in 19, PF in 16, and both in 10 patients (Fig. 3). Intracranial

Genotype of mutation

73%

9%

{ No mutation: 2 } 18%

Fig. 3 First presentation at diagnosis, estimated inheritance, and genotype of pediatric patients with protein C (PC) deficiency in Japan. The
major form of the disease onset is intracranial thrombosis and hemorrhage (ICTH) and/or purpura fulminans (PF) until 2 weeks of age.
Three-quarters of patients were born to healthy parent(s) having low PC activity. Four unrelated patients carried PC-nagoya among 11 patients

who received genetic study.
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thrombosis/infarction and hemorrhage (ICTH) preceded or con-
currently occurred with PF in both affected patients. Low PC
activities of 18 mothers and/or 12 fathers indicated 20 heritable
PC-deficiencies (two homozygotes, 11 compound heterozygotes,
and seven heterozygotes) and seven unidentified causes of PC
deficiency. Nine of 11 patients had PROC mutations, and
four unrelated patients carried PC-nagoya (1362delG). No
PC-deficient parents experienced VTE. Of the 18 patients treated
with activated PC concentrate, two died and eight evaluable sur-
vivors had neurological sequelae. According to a different survey
on neonatal thrombosis in Japan between 1999 and 2009, six
newborn infants were diagnosed with inherited thrombophilia
(all PC deficiency) of 105 patients with neonatal thrombosis.
These studies outlined the features of inherited thrombophilia in
Japanese children: (i) PC deficiency is the leading cause of inher-
ited thrombophilia; (ii) the first presentation is preceding ICTH
and/or PF within the first 2 weeks of life; (iii) PC-nagoya may be
prevalent in pediatric but not adult patients with PC deficiency;
and (iv) many survivors with PC deficiency have neurological
sequelae, visual impairments and amputated extremities.

Neonatal non-inherited PC deficiency

The important observation was that 25% of patients diagnosed
with congenital PC deficiency were born to healthy parents with
normal PC activity. Their presentations were indistinguishable
from those of patients with PROC mutations. However, the low
PC activity gradually increased and attained the normal range,
but did not convey any recurrent VTE by the age of 1 year. In this
setting, such patients could be diagnosed as having “neonatal
non-inherited PC deficiency.”

Manco-Johnson et al.*»? first reported 11 newborn infants
with undetectable PC activity and/or antigen, which proved on
subsequent follow up to be acquired. Five of them developed
renal, aortic and cerebral thrombosis. Severe to moderately
severe PC activity (<0.1 U/mL or <10%) could occur and often
led to thrombosis in the stressed newborns as non-inherited PC
deficiency. Matsunaga et al.*® recently described a case of neo-
natal asphyxia and acute renal failure associated with isolated PC
deficiency. The term infant had 6% of PC activity, 61% of PS
activity, but no mutations in the promoter and coding regions of
PROC. The hypercoagulability and dissociated PC and PS levels

" were unexplained by high p-dimer levels, normal FVII activity
and absent vitamin K deficiency. During the early neonatal
period, plasma PC activity shows prominent wide range com-
pared with PS or AT activity (Fig. 1). The “transient PC defi-
ciency in infancy” should be noticed as a critical thrombophilia
showing a mimicking feature of inherited PC deficiency. Further
studies are needed to clarify the mechanisms of delayed PC
maturation, focusing on the genetic and epigenetic factors regu-
lating PC concentrations.***

Future directions

Severe or moderately severe PC deficiency occurs in newborn
infants, and results in serious conditions. Activated PC products
may be limitedly used for the treatment of inherited PC defi-
ciency but not sepsis.” However, the clinical dilemma resides in

© 2013 The Authors
Pediatrics International © 2013 Japan Pediatric Society

the difficulty in discerning “inherited” from “acquired” PC defi-
ciency at the first presentation. The phenotype and genotype of
PC deficiency in Asian children should be clarified more to estab-
lish the screening methods, diagnostic guidelines, and optimal
managements using PC agents.
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Summary. Severe heritable protein C (PC) deficiency is
quite rare, although heterozygous PROC mutation is the
second leading cause of genetic predisposition  to
thrombosis in Japanese adults. The aim of the study was
to search the optimal management, the paediatric onset
and outcomes of PC deficiency were characterized in
Japan. The genetic study, postmarketing survey of
activated PC (aPC) concentrate (Anact®C) and intensive
review in Japan for 20 years enabled the analysis of the
disease onset, genotype, treatment and prognosis.
Symptomatic -PC deficiency was determined in 27
Japanese children. All but two patients presented within
16 days after birth (three prenatal and six neonatal
onsets). Postnatal-onset cases had normal growth at full-
term delivery. Of the 27 patients, 19 suffered intracranial
thrombosis or haemorrhage (ICTH) (three foetal
hydrocephalies), 16 developed purpura fulminans (PF)
and 10 had both at the first presentation. ICTH preceded
PF in both affected cases. Low PC activities of 18

mothers and/or 12 fathers indicated 20 inherited PC
deficiencies (2 homozygotes, 11 compound heterozygotes
and 7 heterozygotes) and seven unidentified causes of PC
deficiency. Nine of 11 patients studied had PROC
mutations. Four unrelated patients (50%) carried PC
nagoya (1362delG). No PC-deficient parents had
experienced thromboembolism. Of the 18 patients with
aPC therapy, two died and eight evaluable survivors had
neurological sequelae. This first comprehensive study of
paediatric PC deficiency suggested that perinatal ICTH
was the major presentation, occurring earlier than
neonatal PF. PC nagoya was prevalent in paediatric, but
not adult, patients in Japan. Early maternal screening and
optimal PC therapy are required for newborns at risk of
PC deficiency.
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Introduction

Protein C (PC) is a vitamin K-dependent serine prote-
ase zymogen synthesized in hepatocytes. The anticoag-
ulant factor circulates at a low concentration in the
plasma, thus being activated by the complex forma-
tion with thrombin on the endothelial cell receptor
thrombomodulin, and more effectively by binding to
the endothelial PC receptor [1]. Activated PC (aPC),
augmented by protein S (PS), factor V (FV) and lipid
cofactors of lipoproteins and phospholipids, cleaves
critical sites in the activated procoagulant FV and
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FVIIL, thus inactivating the enzymes [2]. Therefore,
PC-deficient persons have a decreased capacity to con-
trol the propagation of thrombin generation by FVa
and FVIIIa after the activation of coagulation cascade,
according to the circulating functional PC irrespective
of the defective production or increased consumption.

Congenital PC deficiency is an autosomal recessive
thrombophilia [3]. FVLeiden (G1691A) and FII muta-
tion (G20210A) are the major predisposition to
thrombosis in Caucasians, but not in Asian ancestries.
Severe PC deficiency is exceptionally rare in all racial
backgrounds, despite the frequency of mutation carri-
ers [4-6]. Recent reviews described only eight and 12
survivors with long-term therapy in the United King-
dom [7] and North America [3] respectively. Purpura
fulminans (PF) is the major presentation of biallelic
PROC mutants [7], while it occurs in children with
acquired PC deficiency. Infectious PF arises from PC-
deficient hypercoagulability incited by the production
of lipopolysaccharide or auto-antibodies to PC [8].
However, it remains unclear why PF is an exclusive
phenotype in patients with severe PC deficiency. Sev-
eral reports have uncovered the genetic background of
thrombophilic adults [9,10]. Two major studies in
Japan demonstrated that 65% of adult patients with
deep vein thrombosis (DVT) showed low activity of
PS, PC and/or antithrombin (AT), and half of them
carried heterozygous mutation of the genes [11,12].
Considering the frequency of each mutant, heterozy-
gous PROC mutations may greatly contribute to the
development of venous thromboembolisms (VTE) and
strokes in Japanese adults. However, there is limited
information about PC-deficient children in Japan [13~
16].

aPC exerts anticoagulant and cytoprotective effects
[17]. The latter actions of anti-inflammation, antia-
poptosis and endothelium stabilization are facilitated
via the specific receptor expressed on immunocompe-
tent cells [18-20]. aPC may thus be the sole anticoag-
ulant agent that reduced the mortality of sepsis
patients [21]. Plasma-derived aPC concentrate (An-
act®C, Teijin, Tokyo & Kaketsuken, Kumamoto,
Japan) is a PC agent licensed in Japan, and has been
used in limited cases with congenital PC deficiency.

In this study, we analysed the clinical features of
PC-deficient children based on our experiences with
the genetic study, postmarketing study and intensive
review of patients in Japan. The diagnosis and use of
PC agent at the onset of PC deficiency were discussed.

Materials and methods

Patients and data collection

Clinical data were collected from our genetic study,
postmarketing study and literature review. Seven chil-
dren were diagnosed to have symptomatic PC
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deficiency as assessed by their plasma PC activity and
the genetic study at Kyushu University from 2008 to
2010. This study was certified by the Institutional
Review Board of Kyushu University (#232-02). An-
act®C is only licensed for the treatment of VTE due
to congenital PC deficiency in Japan. Twenty-nine
children treated with human plasma-derived aPC con-
centrate (Anact®C, Teijin, Tokyo & Kaketsuken, Ku-
mamoto, Japan) were collected in the registry between
December 2000 and March 2011. The indication for
aPC treatment was limited to patients who fulfilled at
least one of the five diagnostic criteria for congenital
PC deficiency; 1) <60% PC activity and a ratio of
<0.7 for the PC activity to FVII activity, 2) <60% PC
activity and a history of thrombosis, 3) <60% PC
activity and congenital PC-deficient family members,
4) 60~80% PC activity, <0.7 PC to FVII activity or
antigen ratio, and a history of thrombosis or congeni-
tal PC-deficient family members, or 5) a genetic diag-
nosis of PC deficiency. We obtained permission to
access anonymous data from the postmarketing survey
from each attending doctor via the pharmaceutical
company. The data covered 66% of all aPC-treated
cases. Of the 75 patients who had 99 aPC-treated epi-
sodes, 34 patients who did not fulfil the above criteria
for congenital PC deficiency were excluded. The data
collected included gender, age at each treatment, fam-
ily history of PC deficiency, previous history of VTE
and associated conditions, PC antigen levels and activ-
ity, FVII activity, genetic study results, outcomes and
complications and the utility, efficacy and adverse
events of aPC concentrate treatment. We further
reviewed all publications and sentinel sources, includ-
ing conference presentations in Japan, using Japana
Centra Revuo Medicina, PubMed, and Google Scholar
for citations published from 1981 to March 2011.
The search terms were congenital, inherited, heredi-
tary or heritable PC or PS deficiency, PF and thrombo-
philia. Finally, we determined that there were 27
PC-deficient patients <20 years of age who could be
analysed; seven from our genetic study, and 20 from
the aPC agent study and literature review.

Coagulation study

Coagulation tests were performed as described previ-
ously [22]. The anticoagulant activities of PC and PS
were determined using the Staclot Protein C kit and
the Staclot Protein S kit (Diagnostica Stago, Asnieres,
France) respectively. A chromogenic substrate was
used to assay for AT activity as the heparin-dependent
inhibition of bovine thrombin (Chromostrate ATIII
kit, Hitachi, Tokyo, Japan). Pooled normal plasma
was used as the adult standard. A level within 2SD
was regarded to be the reference interval, and a level
below 3SD was defined as reduced activity. The PC
activity/antigen levels for term and preterm infants

© 2013 Blackwell Publishing Ltd
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were assessed by previous reports [23,24]. The severity
of PC deficiency was defined based on the PC activity
[3]; <0.01 UmL™" (<1%) as ‘severe’, 0.01-0.2 (1-
20%) UmL™" as ‘moderately severe’, and >0.2
(>20%) U mL™! as ‘mild’.

Gene analysis of PC, PS and AT

Genomic DNA was extracted from peripheral blood
leucocytes after informed consent was obtained. Direct
sequencing of the polymerase chain reaction (PCR)
products was performed for the coding regions of PC
gene (PROC exons 1-9) as described previously [11].
When patients had low PS or AT activity, PS (PROS1
exons 1-15) and AT (SERPINCI exons 1-6) genes
were also analysed. The exon and exon-intron bound-
ary regions of each gene, including the promoter
region, were amplified by PCR, and the products were
then subjected to direct sequencing using an ABI 377
(Perkin Elmer Applied Biosystems, CA, USA).

Statistical analysis

The median of the continuous variables was assessed
by the Mann-Whitney U-test. The difference in the
distribution of countable variables was analysed by
chi-square test or Fisher’s exact test. P-values <0.05
were considered to be significant.

Results

aPC concentrate-treated children in the
postmarketing study

The demographics of 29 patients <20 years of age
treated with Anact®C are shown in Table 1. The
male/female ratio was 11/18. The median age at pre-
sentation was 3 months (range: 3 days—16 years). The

median PC activity was 21% (range: 0-57%). There
were no adult patients who developed PF included in
the registry data. Five of nine PF patients developed
ICTH concurrently. Six patients suffered from ICTH
but not PF. Fourteen others had pulmonary thrombo-
embolism, DVT and hepatic thrombosis with or with-
out venoocclusive disease during the course of
malignancies. The clinical profiles did not differ
between the PF and ICTH groups, except for a higher
incidence of concurrent infections in PF patients
(P = 0.044). The ICTH patients had no triggers at the
presentation. Although 14 others met the aforemen-
tioned criteria of 1) higher PC activity, absent family
history and associated conditions suggested a low pos-
sibility of inherited PC deficiency. The clinical out-
comes after aPC therapy did not differ among the
three groups of ICTH, PF and other VTE patients.

Symptromatic congenital PC deficiency in Japanese
children

A total of 27 PC-deficient patients <20 years of age
were finally collected in Japan for this analysis, includ-
ing a pair of first cousins (Pt2-1, Pt2-2) and a set of
twins (Pt9-t1, Pt9-t2). There was no consanguinity.
The patients were divided into two groups; 18 inher-
ited (Table 2) and nine non-inherited deficiencies
(Table 3) based on the PC activity of their parents.
The patients in each group are listed in order of their
age at the first presentation of ICTH (upper) or other
conditions (lower). Of the 19 ICTH patients, 10 had
PF that did not precede ICTH. Although three had
foetal hydrocephalus (inherited Pt1, Pt2-1; non-inher-
ited Pt1), no antenatal diagnosis of PC deficiency was
made. Of the eight others (inherited Pts15-18, non-
inherited Pts4-7), PF was the first presentation of six
patients. One developed acute renal failure (non-
inherited Pt6), and the other suffered from a chance

Table 1. Demographics of activated PC concentrarte-treated children according to the major lesions.

P value
PF? ICTHP Other VTE* avs.b atb vs. ¢
Number of Pts, male : female 9,3:6 6,1:5 14,7 :7 0.604 0.264
Age*, median (range) 15 days (3-422) 14 days (7-317) 4.4 yrs (58 days-16 yrs) 0.768 <.0001
PC activity, median (range) % 0 (0-31) 18 (0-40) 28 (0-57) 0.195 0.006
Family history positive, % 78 83 0 >.999 <.0001
Associated conditions
No 4 6 0 0.044 0.0002
Yes infection N 0 1
malignancy 0 0 12
cardiac disease 1 0 1
Efficacy; yes/no/unknown 5/41/0 1/1/3 77411 >.999 >.999
Clinical utility; yes/no/funknown 37175 3/0/3 71017 >999 >.999
Survival outcome, (%) 7 (78) 6 (100) 7 (50) 0.486 0.050

*The age at onset of discase was defined as the first time PC activity was determined.

Pts: patients, PF: purpura fulminans, ICTH: intracranial thrombosis and/or haemorrhage, VTE: venous thromboembolism

Other VTE included pulmonary thromboembolism (12 = 1), DVT with haemothorax (1 = 1), hepatic thrombosis with or without venoocclusive disease
(n = 12) during the course of aplastic anaemia, myelodysplastic syndrome, haemophagocytic syndrome, leukaemia, neuroblastoma, or leukodystrophy.

© 2013 Blackwell Publishing Ltd
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Table 2. Reports of symptomatic children with inherited protein C deficiency in Japan.

Age at presentation, days Patient
Pt Neonatal asphyxia ICTH PF Ocular bleed ~ PC-act (%) PROC type* Parents low PC-act FH* aPC therapy Outcome
Intracranial lesions
1 yes GA33w 3 no <10 ex9:1235G>A(V339M) homo MF no yes died (6 m)
2-1 yes GA34w 26 46 <10 cheter MF yes yes amputation, PMR
2-2 yes 0 no 12 <10 heter M yes yes PMR
3 no 0 2 yes 3 ex9:1362delG*(stop420-462) homo MF no yes NR
4 no 0 0 NR <10 ex9:1190G>A(V297M)/ex9:1362del G* cheter M yes yes amputation, PMR
N no 0 7 yes <10 heter M no no PMR,VP-shunt
6 no 1 1 NR N ex3:296G>A(E26K)/ex9:1362del G* c.heter MF no no favourable, PMR
7 no 2 2 yes <10 cheter MF no yes discharge (2 m)
8 NR >3 3 NR 1.5 cheter MF NR yes PMR
9-t1 no 6 no 6 <10 ex8:887C>T{L223F)/ex9:1360G>C(W380C) c.heter MF twin yes PMR
92 no 6 no NR <10 ex8:887C>T(L223F)/ex9:1360G>C(W380C) c.heter (M F) twin yes PMR
10 no 7 no NR 19 heter M no yes NR
11 no 13 16 NR 8 ex4:258delT 18Stop/ex9:905C>T(R229W) cheter MF no yes Ep, PMR
12 NR 16 no no 17 heter M yes yes NR
13 NR 10 m no no 40 heter F yes yes NR
14 no 13 m 13m  no 8 ex4:356G>T(D46Y) heter M yes yes severe PMR
Extracranial lesions
15 no no 0 NR <5 ex7:725C>T(R169W)/ex9:1362delG* c.heter MF no no normal develop
16 no no 1 yes 20 heter M no no no PMR, died
17 no no 2 yes 24 c.heter MF NR yes NR
18 yes no 10 yes <10 cheter MF yes yes NR

*The allele type of the PROC mutation was estimated by each parent’s PC activity unless the genetic study was performed.

fFamily history (FH) includes young thrombosis, habitual abortion, foetal/neonatal hydrocephalus and consanguineous marriages.
Pt: patient, PC: protein C, aPC: activated PC, NR: not recorded, ICTH: intracranial thrombosis, haemorrhage and/or hydrocephalus, PF: purpura fulminans, homo: homozygote, c.hetero; compound heterozygote,
PMR: psychomotor retardation, Ep: epilepsy, Pt2-1 and Pt2-2 are first cousins. Pt9-t1 and Pt9-t2 are twins.
Four of 11 genetic studies (Pt4, 9-t1, 9-t2, 11 and 14) were completed at Kyushu University. The base number was referred to Accession No. NM 000312 Version 3, 1790np (mRNA) PRI 27-NOV-2011. Four
patients among eight unrelated families carried PC nagoya 1362delG* (stop420—-462).
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Table 3. Reports of symptomatic children with non-inherited protein C deficiency in Japan.

Age at presentation, days Patient
Pt Neonatal asphyxia ICTH PF Ocular bleed PC-act (%) PROC type* Parents low PC-act  FH' aPC theropy OQutcome
Intracranial lesions
1 no GA36w no NR 37 unknownt  NR NR no PMR
2  no 3 no NR 24 no mutation unknown normal no no PMR
3 no N no NR 34 unknown NR no no discharge (18d)
Extracranial lesions
4 NR no 0 NR 23 unknown  normal no yes died
5 no no 1 NR 30 unknown normal NR  no NR
6 yes no no no 6 no mutation unknown normal no yes renal failure
7  no no no 11 28 unknown  normal no no blindness

*The allele type of the PROC mutation was estimated by each parent’s PC activity unless the genetic study was performed.

TFamily history (FH) includes young thrombosis, habitual abortion, foetal/neonatal hydrocephalus and consanguineous marriages.

Pt: patient, PC: protein C, aPC: activated PC, NR: not recorded, ICTH: intracranial thrombosis, haemorrhage and/or hydrocephalus, PF: purpura fulmin-
ans, homo: homozygote, c.hetero; compound heterozygote, PMR: psychomotor retardation.

Two genetic studies (Pt2 and Pt6) were completed in Kyushu University.

vitreous haemorrhage (non-inherited Pt7). Postnatal-
onset infants showed normal birthweight (median
2848 g) at full-term delivery. Severe or moderately
severe PC deficiency was found in 85% of the patients
in the inherited group and 15% in the non-inherited
group. The genetic study and parents’ PC activity indi-
cated that the 20 inherited patients had two homozy-
gous [14], 11 compound heterozygous [13,16] and
seven heterozygous PC deficiency [15]. PC nagoya was
found in half of the unrelated patients with genetic
diagnosis. There were no genotype-specific features of
PC-deficient children. Only five patients declared a
family history suggestive of inherited thrombophilias.
Mothers (n = 18) or fathers (# = 12) had mild PC
deficiency. None of them had experienced thrombo-
embolism before the diagnosis of their children (Table
2).
The aPC agent was given to 18 patients (67%) for
the treatment of PF (100 U kg™ bolus, and 600
800 U kg™! per day continuous infusion for 6 days),
or other VTE (200-300 U kg™! per day continuously
infusion for 6 days). Of the 18 aPC-treated patients,
two died of infection, and eight of 10 survivors with
recorded outcomes had neurological sequelae.

Discussion

This study documented that the first presentation of
Japanese children with PC deficiency was exclusively
ICTH and/or PF within 3 weeks after birth. Although
each incidence was similar, PF did not precede ICTH
in patients having two lesions. ICTH developed prena-
tally without apparent triggers, while PF occasionally
occurred with infection. PC nagoya was prevalent in
Japanese children with PC deficiency. The mothers of
>75% of infants showed low PC activity, but only
25% infants had a declared thrombophilic family his-
tory at presentation. The mortality rate was 8%, and
most of the survivors had neurological deficits irre-
spective of aPC therapy. Screening for PC-deficient

© 2013 Blackwell Publishing Ltd

mothers may allow for earlier intervention to improve
the outcome of affected newborns.

Neonatal PF is the hallmark of heritable PC defi-
ciency. Of more than 30 reported PF cases, one PS-
deficient homozygote developed neonatal PF [25], and
five patients had a PROS mutation in association with
three FVLeiden [25-29]. In our review of Japanese
patients, there were no PF cases with inherited PS/AT-
deficiency. Four PS-deficient Japanese children devel-
oped DVT after the age of 3 years [30]. There is a
missing link between the rare PROC mutants and the
exclusive phenotype of PF neonates. The frequency of
PROS mutant heterozygotes is higher in the general
Japanese population (1.12~1.8%) [31-33] than was
seen in Caucasians (0.03~0.13%) [34]. The founder
effects of PS-tokushima might account for PS-defi-
ciency as the leading cause of genetic thrombophilia in
Japanese adults [12,32]. On the other hand, the
frequency of PROC mutations in Japanese subjects
(0.16%) [35] is similar to that in Caucasians
(0.2-0.3%) [4,5]. PC nagoya is one of the five major
genotypes of PC deficiency in Japan. However, no PC
nagoya but, recurrent mutations related to CG>TG
and CG>CA transitions, were found in adult Japanese
VTE cases [11,12]. The high frequency of PC nagoya
in paediatric, but not adult, patients suggested a dis-
tinct contribution of this gene to the development of
thrombosis between biallelic mutants and heterozy-
gous ones, as the founder effect in Japan.

Perinatal ICTH and neonatal PF were the exclusive
phenotypes of paediatric PC deficiency. ICTH
occurred earlier than PF as the first presentation.
Hydrocephalus was a unique manifestation in PC-defi-
cient foetuses. Fong et al. [36] have recently reported
sisters with cerebral palsy who experienced periven-
tricular haemorrhagic infarction caused by heterozy-
gous PROC mutations. Postnatal magnetic resonance
imaging showed that the brain lesions were consistent
with bilateral cerebral intramedullary venous throm-
bosis occurring at under 28 weeks of gestation for the

Haemophilia (2013), 1-7
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older sister and around the time of birth for the youn-
ger sister. Mothers with FVLeiden or FII G20210A
are at risk of delivering low birthweight infants [37].
On the other hand, in the series of subjects with PC
deficiency (Tables 2 and 3), premature birth or intra-
uterine growth retardation was unremarkable. Postna-
tal cases had appropriate birthweight at full-term
deliveries. This may be corroborated by the fact that
homozygous PC-deficient mice are born and die
shortly after birth, whereas homozygous PS- or AT-
deficient mice result in foetal loss.

PC-deficient heterozygotes were occasionally found
in the series of paediatric patients. Of 16 PF children
in Turkey (median age: 2 years, range 3.5 months
~12 years) [38], six patients (38%) carried FVLeiden
(five heterozygotes and one homozygote), but none
had FII G20210A. Of the six PC- and nine PS-defi-
cient patients, only one had inherited thrombophilia
of PS-deficiency. All six PC-deficient patients were
<2 years of age, and four of them had severe infec-
tion. Hypercoagulability of inherited thrombophilia
depends on the genetic background of patients [39].
Acute infectious PF occurs across all age groups, and
the patients have been rarely assessed by genetic
study [15]. Taken together, these data indicate that
additional insults, including infection, might contrib-
ute to the development of PF in heterozygous PC-defi-
cient infants.

The plasma PC concentration physiologically
increases from birth until age 6 months [3]. Vitamin
K deficiency predisposes infants to depressed PC activ-
ity. Of 11 patients assessed by PROC sequencing, two
infants (Table 3; Pt2 and Pt6) carried no PC mutation.
Selective low PC activity continued in both patients,
despite their normal PS/AT/FVII levels and absent pro-
tein induced by Vitamin K absence or antagonists-IL
Our study demonstrated no polymorphisms in the
promoter regions of PROC which might have affected
the PC levels of patients. The plasma PC and PS levels
could be differentially influenced by other factors in
early infancy. The presence of borderline PC activity
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genation, TAFI : thrombin-activatable fibrinolysis inhibitor, TFPI : tissue factor path-
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U/ AT REORE 2 B0, S B RBErs
OHEXTTTNCHT VIV EFOEE PC RIBHEZ
P TOBEHEBAL TRV,

BEETOREIC L 2BKEH BEE) iiE, APC
W 3EHIE % B D Factor V Leiden (FVL) 2% 3. FVL
BEARACRDEEOHWEERDSEZRT, Bk
MARTEARIE BE D 20~60% % LB, To~Faf
BROPIER 3 —H G AA—REFO 5~8% IR U,
VTE OFRIEY A 713 4~T7 &8y, FVL RT3 0.18%
LENEA VIE VA Z I 8018 % 5. BRKCRICH
EomywiEthnsdEER 7uie vy ey PT) #
SHFGER DR G0210A T, TOATF O EROEGE
BEVTE VR P 2~3m <, RETCHESIKLEET

B, BARREERT7Y YT ARKERVLE
PTG202I0A 114 20% 539, RETH PCRENFEE
RN EETS 52 HARPOHET AT Btz R
F #4955 PT-Yukuhashi BS& S v, 448, &
¥ AN S b HRER/ZAERET 5 THA
3. MBREOY A7 2w TiE, WRELEROMN
EBWThH, PCRU AT REEZEDIZHPFYL R PT
SREHTIELIDH (ED. C0LSLHERP
5, MRE DS VERICST 28K thrombophilia
LV EEE, HATR—BICHEELIMBEL RSN
2OTHAY.

HARALBRADPS, PCH LU AT OAF LR
PEHRER BT D &, PC & AT ZDWTIE, —
WA Z WA DVT B, vwinicd RIRHTET v,
—7%, BN PS-Tokushima 2% Wiz, PS B%
OFRER, —BREE, BADVT owdFhitB e Th K
FALDBY. BARAOBADVT BE S HIConT
SEIFBERFRZY—= v P T 5L 6% IC0nFhr
DETHH Y, FRHFRZEFAOHEFICATFOER
PHEBE I, &40 33% FEESNEEORRE X &
3N AFuERREEOBEREIHIEELZC LD
H55, BADVTI?T3 20 3 BF 2 EHRETENL
THEEREIT 2% L Bb SR,

iz b mdEERE2ET A EERERYND L. B
FVIH iEld 10% ot ERX VIE OREYV R 7 %
10% FEEEZ LI THEY, BEFEFEICEE
EnCwinv, 74 7Y PV ERERERBRE o

_83_



HAMBRSEME BUTE BT

FOPRFREELY, P

1540-(12)
=1 HEEmRGEREET AR B Y L IR SE S O RS
e - fefrs (v k) [(95% R M]
MR e (o | RO (O, 95
Protein C &3THE 03 [43180] 77 (44-134), 24 (12-44]
Protein S KifHE 32 (1284 58 [30-110], 31 (1565]
Antithrombin K% 7.1 [24-224) 94 [3326.7], 30 [1463)
Factor V G1691A 33 [264.1] 36 (3848], 14 [0412]
Factor I G20210A 24 [1.7-35] 26 [16-44], 21 [1035]
Lipoprotein {(a) 65 [45.8.7] 45 [33-62), 08 [05-1.4]
LA/aPL 66 [35124] 49 (221091,
3o UEOBEERE 119 (592371 95 [49-184], 45 [4569]
LA/aPL : lupus anticoagulants/antiphospholipid antibodies (CHR 4 & ¥ Ho#y)
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