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Abstract

Protein C (PC) deficiency is associated with an increased risk for venous thromboembolism (VTE). In daily practice, exclusion of a
hereditary PC deficiency is often based on a single determination of PC activity, by either clotting time—based or mostly chro-
mogenic assay. However, diagnosis of hereditary PC deficiency is challenging due to several laboratory and clinical limitations. We
compared the potential of PC activity values measured by either chromogenic or clotting time—based assay to predict a variation
in the PROC gene. One hundred one (35%) of 287 patients carried variations within the PROC gene, including 2 previously not
published variations. In 20 (20%) patients with identified variation, PC activity, determined by chromogenic assay, was within the
reference range. For prediction of an underlying genetic defect determined by chromogenic and clotting time—based assay,
sensitivity was 80% versus 99%, specificity 75% versus 18%, positive predictive value 64% versus 39%, and negative predictive value
(NPV) 88% versus 97%. The lower NPV of chromogenic versus clotting time—based PC assay can be mainly explained by the
presence of PC deficiency type lIb. Following our proposed diagnostic algorithm, additional measurement of PC activity by clotting
time—based assay in case of a positive VTE history improves detection of this subtype of PC deficiency. Considering potential
therapeutic consequences for primary and especially for secondary VTE prophylaxis, genetic analysis is required not only for
confirmation but also for clarification of PC deficiency.
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rarely the case for an activity within the reference range,
despite potentially false-negative findings. A deductive inter-
pretation of protein plasma levels in terms of a potentially
underlying genetic defect can be challenging even for specia-
lized hematologists and/or laboratory physicians. Knowledge
of the exact clinical and preanalytical circumstances at time of

Introduction

Deficiencies of natural coagulation inhibitors (antithrombin
[AT], protein C [PC], and protein S [PS]) represent an estab-
lished risk factor for a first venous thromboembolic event' and
are associated with a higher risk of recurrent venous throm-
boembolism (VTE).>® Therefore, the absence or presence of
hereditary AT, PC, and PS deficiency has an impact on clinical
decision-making when considering risk-associated or perma-

nent anticoagulation for VTE prophylaxis.

Thrombophilia screening includes determination of AT, PC,
and PS plasma levels. In cost-conscious clinical everyday prac-
tice, this screening is often performed only once. Although a
reduced activity of a natural coagulation inhibitor often leads to
repeated testing for excluding an acquired deficiency, this is
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Figure 1. Model of Protein C gene (PROC) and variations found in our 20 cases (Table 3). lllustrated are 8 exons of the PROC gene and its various
domains which are important for the interaction with protein S (PS) and thrombomodulin (TM). The arrows indicate the localization of the
variations found in the PROC gene in our cohort. Most variations were detected in the catalytic domain. Three different variations were found in
the propeptide region and one variation in the epidermal growth factor (EGF)-homologous domain. Green box: previously unpublished
variations. y-carboxylated glutamic acid residues: 7 hydroxyaspartic acid, TM, thrombomodulin; PS, Protein S: site of proteolytic cleavage of the
protein into the light (left of *) and into the heavy chain (to the right of ¥, and a dipeptide): 4 His235, Asp299, Ser402: amino acid residues of the

catalytic domain.

the blood collection could improve deduction of an underlying
genetic defect.

One important natural coagulation inhibitor is the serine pro-
tease precursor PC, a vitamin K (VK)-dependent plasma glyco-
protein.* It is encoded by the PROC gene and located on
chromosome 2 at position 2q13-q14.°> The PROC gene is 11.2
kb in size and contains a promoter region, 9 exons and 8 intronic
regions.®” Exon 1 is a noncoding sequence and the start codon is
located in exon 2.% Exons 2 and 3 are pre-pro-peptides including
the signal peptide and the pro-peptide sequence (Figure 1).
Exons 3 and 4 encode for the Gla domain. This domain contains
glutamic acid residues, which are essential for the calcium-
dependent binding of the protein. Exons 5 and 6 are located at
the N-terminus of PC and encode for the epidermal growth
factor (EGF)-homologous domain. Exons 7 to 9 reveal the
sequence for the catalytic domain. More than 360 variations in
the PROC gene are known to cause PC deficiency.”"' Most of
these variations are single nucleotide polymorphisms.®'?

From the laboratory point of view, hereditary PC deficiency
can be categorized in 2 types. Type I (found in 75%-80% of the
cases) is characterized by a uniform reduction in PC activity
and in immunologically measured PC concentration. Type II
(in 20%-25% of the cases), on the other hand, is characterized
by a reduced PC activity at normal PC concentrations, indicat-
ing that determination of PC concentration alone will fail to
detect type IL."! Therefore, functional tests measuring PC activ-
ity (clotting time—based or chromogenic assays) are addition-
ally used as screening tests for PC deficiencies.'® The first step
in both commercially available assays is the activation of PC to
activated PC (APC). This reaction is catalyzed by Protac, an
enzyme derived from the venom of the Southern Copperhead
snake (Agkistrodon contortrix)."* Clotting time—based assays
measure the prolongation of activated partial thromboplastin

time (APTT) by the degradation of factors Va and VIlla, while
chromogenic assays measure the ability of APC to cleave an
amidolytic substrate spectrophotometrically.'’

The variability of coagulation end point assays can be attrib-
uted to the used APTT reagent and the test specific phospholipid
composition by influencing the APC sensitivity or its PS depen-
dence.'>'® Therapy with oral or parenteral direct anticoagulants
(= non-vitamin K oral anticoagulants [NOAC] and direct throm-
bin inhibitors [DTT]) leads to false high PC activity measured by
clotting time—based assays.!” Furthermore, the clotting time—
based test is influenced by high heparin levels,'® increased factor
VIII activity, lupus anticoagulant (LA), or APC resistance. "

In contrast, the chromogenic method is not affected
hereby.”*?! Therefore, current guidelines recommend the use
of a chromogenic PC assay, as less interferences, inter- and
intralaboratory variations are expected,”>>* and it seems to
be more cost-effective.”’

In the present study, we aimed to evaluate the predictive char-
acter of PC activity values gained by both functional assays in
terms of identification of underlying variations in the PROC gene.

Materials and Methods
Patients

In this retrospective study, molecular genetic analysis of the
PROC gene was performed in 287 mainly Caucasian patients
(215 females and 72 males, mean age 37 [2-83]) with suspected
thrombophilia at 2 centers in Germany (Bonn and Dortmund)
between January 2015 and August 2019. Most of the individ-
uals (n = 269, 94%) were not related, while for 18 individuals
from 7 families, a family examination was carried out.
Analyzed clinical data included information on positive per-
sonal or family history of VTE and vascular pregnancy
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Table I. In-House Primer List PROC Sequencing.

Exon Forward Reverse

Exon 2 ACAGGGACAGCCCTTTCATT GGCTCAGAGAGATGGTGGAA
Exon 3 CCAGCTCTGCTTCCTCAGAC TCAGCATTGAGTCCCCACCT
Exon 4 CCTAGCAGCCAACGACCATC GCTCCAAGGGCAAGACCAAG
Exon 5 CTGGCCTTCTGGTCCAA CCCACCTCCTCTAGGCAGTA
Exon 6 GTGAGGGGGAGAGGTGGAT TGTTCCTCGCTCCCTCCCTA
Exon 456 TCGGGCGTCGATCCCTGTTT CCGCTGCCCCAAGGCTCAACT
Exon 7 TGACTGGAGGGGGTTCATAG CATAGCTGCCAGGATGGACT
Exon 8 GGAACCCAGGAAAGTGCATA CTCTGGCAGCCCCCTTCT
Exon 9a AGTCTCCGGGTGAACCTTCT ATGACCTCGCTGCACTCATT
Exon 9b CTACCACAGCAGCCGAGAGA TCCCTTTAATGTCCCATCCA

complications (eg, recurrent miscarriages, preeclampsia, etc).
Venous blood samples were collected in citrate plasma (Sar-
stedt, citrate buffer 3.2%). Protein C activity testing was per-
formed on ACL Top 750 CTS (Werfen, Spain) using a clotting

Table 2. Characteristics of Patients With and Without PC
Variation.

Included Patients (n = 287)

time based (Hemoclot; CoaChrom Diagnostica, Vienna, Aus- Patients: PC Patients: PC
tria; and HemosIL; Werfen, Barcelona, Spain) and a chromo- Variation, Variation, Patients:
genic assay (HemosIL), respectively (reference range in both  Patient Chromogen PC Chromogen PC  Without PC

assays 70%-140%). Protein C concentration was determined by
an enzyme immunoassay on Euroimmun Analyzer (Zymotest;

Characteristics Activity >70%  Activity <70% Variation

. " Number of 20 8l 186
CoaChrom Diagnostica, reference range 60%-140%) or by patients
immunodiffusion (reference range: 1.62-3.14 mg/L). Females 14 47 154
Males 6 34 32
.. . Age (years 409 + 19.2 368 + 168 37.1 + I55
Statistical Analysis b a(cytivicy) 805 + 113 508+ 112 773 + 147
For the calculation of the predictive values, a “positive” and chromogen (%)
“negative” results for PC activity were defined as results below PC activity 55.9 + 102 440 £ 120 627 £ 158
and within the reference range, respectively (specified by the clotting (%)
’ . S PC antigen (%) 699 + 148 484 + 162 653 + 14.1
reagent manufacturer [70%-140%]). Sensitivity, specificity, PC antigen (mg/L) 24 1 03 19 + 06 24 1 03
positive, and negative predictive values (PPV and NPV) were  E il activity (%) 1163 + 40.6 1149 + 372 1357 + 538
calculated in patients with and without a variation in the PROC  Lupus 1.3 + 05 1.0 + 03 1.0 + 02
gene, using a 4-fold table. anticoagulant
(lac screen
X . ratio)
Genetic Analysis Deep vein 7 (35%) 26 (32%) 64 (34%)
Genomic DNA was isolated from EDTA-treated whole blood thrombosis . ) .
following the manufacturer’s instructions, using Wizard geno- PuImonary 3 (15%) 8 (10%) 20(11%)
. . . . ; embolism
mic DNA purification kit (Promega, Mannheim, Germany). pr,o- V Leiden 6 (30%) 10 (12%) 44 (24%)
The coding regions and intron/exon boundaries of the PROC  women with 2 (10%) 9 (19%) 42 (27%)
gene (NG 016323.1; NM_000312.3) were amplified by poly- pregnancy

merase chain reaction (PCR) using a touchdown 55°C method,
previously described by Korbie and Mattick.*® In-house primer
sets are listed in Table 1. After amplification, the PCR products
were sequenced by Sanger method (ABI 3730xI Analyzer) and
analyzed.

Results
Clinical and Laboratory Findings

In total, we analyzed 287 patients and found a variation in the
PROC gene in 101 (35%) patients (Table 2). Interestingly, 20
(20%) of those patients carrying a variation showed PC activ-
ities within the reference range when measured by

complications

Abbreviation: PC, protein C.

chromogenic assay (Table 3). In these cases, PC activity ranged
from 70% to 110%, while the PC activity, measured by clotting
time—based assay, was below the reference range in all cases
(39%-68%, Figure 2). Fourteen (70%) of these 20 patients were
female. Eight patients (cases 4, 5, 10, 12, 14, 16, 18, and 20,
Table 3) had personal history of VTE, while all other patients
(except case 12) had a positive family history of VTE. Two
patients also had vascular pregnancy complications (case 8:
preeclampsia and case 17: early pregnancy loss).
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Figure 2. Protein C activity in patients of Table 3. Blue column: chromogenic assay, green column: clotting time—based assay Gray box: reagent-

specific reference range of 70% to 140%.

In these 20 patients (Table 3), PC deficiency could be for-
mally classified as type I in 3 (15%) patients and as type Il in 15
(75%) patients. For case 1 and case 2, the subtype of PC defi-
ciency could not be classified, as no PC concentration had been
determined. Anyways, case 1 is likely to be classified as PC
deficiency type II deducing from results of the investigated
relatives (cases 11 and 12).

In the 15 patients, we categorized as type II, the ratio
between clotting time—based and chromogenic assay varied
from 0.45 (case 16) to 0.96 (case 13). Considering the under-
lying variation and the high ratio between clotting time—based
and chromogenic assay, case 13 could possibly also be classi-
fied as type I. Taking PC activities of 58% to 63% in the
chromogenic assay from previous examinations into account,
case 8 should be classified as PC deficiency type I. We assume
pseudonormalization of the PC activity due to postdelivery-
related hemostasis activation, leading to “false” classification
following a “snapshot mode.”

Treatment with NOAC was stopped in 5 patients more
than 17 hours before blood collection (cases 4, 5, 10, 12,
and 14, Table 3). Therefore, an impact of NOAC therapy on
clotting time—based PC activities can be ruled out, indicated
by their corresponding low trough levels. The PC activity
measured by clotting time—based assay in case 18 might
even be overestimated, indicated by the high NOAC level
(measured by anti-FXa activity), which is explained by the
used therapeutic dosage of rivaroxaban (15 mg twice daily),
renal impairment (glomerular filtration rate of 27 mL/min),
and stopping NOAC treatment for only 12 hours before
blood sampling.

We found positive LA in case 5 and case 12 (diluted
Russell viper venom ratio of 1.33 and 2.00, respectively)
and APC resistance due to heterozygous factor V Leiden
mutations in cases 3, 4, 8, 15, 18, and 19, which might have
contributed to an increased PC activity, measured by clot-
ting time—based assay.

Genetic Findings

In our collective, we found 9 different variations located in the
catalytic domain (exons 7 and 9) of the PROC gene (Figure 1).
Furthermore, 3 different variations were detected in the pro-
peptide region and 1 in exon 5. Exon 5 is the EGF-homologous
domain of the PROC gene and interacts with PS and thrombo-
modulin. Cases 3 and 7 carry variations which have not been
described in the international PC variation register (Human
Genetic Variation Database [HGVD]) previously (exon 9:
p-Val287Ile and p.Leu325Ile, respectively; Figure 1 and
Table 3). All other variations were described and associated
with hereditary PC deficiency?’=® (Table 3).

One relative of the family carrying the p.Asn348Ser variation
(case 21, Supplement Figure 1, Supplement Table 1) was not
listed in Table 3 because his PC activity of 66%, determined by
chromogenic assay, was below the reference value of 70%.
Additional 3 patients (cases 22, 23, and 24 [Supplement Table 1])
are carriers of PC variations also found in our 20 cases
(p.Arg220GIn, p.Gly412Ser, and p.Arg57Trp, respectively) and
showed relatively high residual PC activities of 65%, 66%, and
69% in the chromogenic assay, while corresponding clotting
time—based PC activities were 57%, 50%, and 35%, respec-
tively. An additional, probably nutritive VK deficiency was
found in case 23, carrying the p.Gly412Ser variation (case 23,
Supplement Table 1), indicating that in absence of VK defi-
ciency this case should have been listed in Table 3 as well.

Predictive Values

The predictive values for identification of an underlying PC var-
iation on the basis of the respective PC activity performed by
chromogenic versus clotting time—based assay were 64% versus
39% for PPV, 88% versus 97% for NPV, 80% versus 99% for
sensitivity, and 75% versus 18% for specificity (Table 4).

In order to increase the NPV of the chromogenic assay, it
would seem obvious to advance the lower reference range for
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Table 4. Predictive Values for PC Activity Obtained by Chromogenic and Clotting Time—Based Assays.

Four-fold table for calculation of predictive values

PC Activity Screening Test

<70% (= “Positive”)

>70 (= “Negative”)

Patient Characteristics Chromogenic Assay

Clotting Time—Based Assay

Chromogenic Assay Clotting Time—Based Assay

Genetic testing

Negative n =46 n= 15l n = 140 n=34
Positive n =8l n=295 n=20 n=1I
Predictive values by assay
Assay Sensitivity Specificity NPV PPV
Chromogenic 0.80 0.75 0.88 0.64
Clotting time—based assay 0.99 0.18 0.97 0.39
Abbreviations: NPV, negative predictive value; PC, protein C; PPV, positive predictive value.
Sensitivity Specificity
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Figure 3. Changes in predictive values by varying the cutoff for protein C (PC) activity.

PC activity. However, advancing the lower reference range
would also increase sensitivity, but decrease PPV and specifi-
city (Figure 3). Assuming for example a higher lower limit of
the reference range of 75% (instead of 70%), the predictive
values for PC activity performed by chromogenic versus clot-
ting time—based assay would be 52% versus 36% for PPV, 89%
versus 100% for NPV, 88% versus 100% for sensitivity, and
56% versus 9% for specificity. The lower reference range value

for chromogenic assay was 73% for our in-house calculation
(for patients without anticoagulants).

Discussion
Limitations of Defining a Reference-Based Cutoff Value

Routine determination of natural clotting inhibitors is usually
performed as a step-by-step approach. In case of a reduced PC
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activity, the PC concentration is measured to distinguish
between PC deficiency types I and II. Type I is characterized
by a uniform reduction in PC activity and concentration, while
type II is characterized by a normal concentration and a dis-
proportionately reduced activity. The diagnostic workflow is
completed by genetic analysis for confirmation and family-
specific investigations. In case of a PC activity within the ref-
erence range, genetic analysis often seems to be dispensable in
clinical practice, as it is usually provided by only few specia-
lized laboratories.

However, clinical practice frequently lacks detailed infor-
mation on analytical conditions like the performed assay for PC
activity determination. Additionally, clinicians are often not
aware of the limitations of the various tests, bearing the risk
of an interpretation solely based on the reference range. There-
fore, better definitions of clinically irrelevant low activity val-
ues of natural coagulation inhibitors are required to improve
deduction of a genotype from a laboratory phenotype. Thus,
there is a need to define a cutoff value of “too low” PC activity,
which leads to subsequent genetic testing.

Caspers et al found PC activity levels ranging from 17% to
79% in patients with detectable PC variations. However, the
authors stated that genotyping is not advisable for PC activities
>70%.%” Their statement provides limited information on the
PC activity assay used. Our results showed that the chromo-
genic determination of PC activity fails the identification of
hereditary PC deficiency in a relevant proportion of patients
(20%) and this is consistent with prior findings of Allaart
et al.>® Furthermore, this proportion might even be underesti-
mated due to additional VK deficiency and/or the intra-assay-
specific variation of the chromogenic assay (coefficient of
variation 15% according to the manufacturer of the reagent).
This is further supported by those 3 cases (cases 22, 23, and 24
[Supplement Table 1]) with relatively high residual PC activ-
ities (65%-69%) carrying the same variations as individuals
described in Table 3.

The comparably lower NPV for the chromogenic versus
clotting time—based PC assay (88% vs 97%) indicates that
the lower reference range of the manufacturer’s reagent
does not meet the requirements of a suitable cutoff for PC
activity, which is illustrated in Figure 2. A recent compar-
ison between the chromogenic and clotting time—based PC
assay showed a good correlation (R = 0.94 and r2 = 0.88)
but also a significant bias, measuring on average 7.8% more
PC by chromogenic than by clotting time—based PC assay,>”
which might be more relevant for patients with borderline
results than with extreme alterations of PC activity. A recent
study in a Spanish cohort found 4 individuals carrying a PC
variation with PC activity ranging from 72% to 77% and 10
relatives ranging from 75% to 94%.%° Therefore, the authors
suggested genetic testing in families with PC activity around
the lower limit of the reference range. However, simply
increasing the cutoff of PC activity would of course increase
NPV and sensitivity but at the expense of lowering PPV and
specificity (see Figure 3).

Limitations of Laboratory Classification of PC Deficiency

The main explanation for the comparably lower NPV of the
chromogenic compared to the clotting time—based assay is the
presence of PC deficiency type IIb, which is not considered in
the abovementioned diagnostic workflow. Protein C deficiency
type 1Ib is characterized by a normal PC activity in the chro-
mogenic assay, a low PC activity in the clotting time—based
assay and a normal PC concentration. The incidence of this
subtype is considered to be rare,*'™** which could imply neg-
ligibility. However, a case report of an intractable cerebral vein
thrombosis caused by qualitative PC deficiency has recently
been described (PROC. ¢.577_579delAAG), which was not
detected by chromogenic assays,** thereby stressing the impor-
tance of additional tests.

In our study, we identified 15 patients (cases 6-20) which
could be formally classified as PC deficiency type IIb. How-
ever, one of these patients (case 8) met the criteria of PC
deficiency type IIb only in a snapshot mode (= without know-
ing/considering of previous PC activities) explained by pseu-
donormalization due to pregnancy-related activation of
hemostasis.*’ According to the definition of PC type IIb, the
ratio between clotting time—based and chromogenic assay
should be low. However, following an arbitrarily chosen ratio
below 0.6, this subtype was only found in 5 patients (cases 6,
10, 15, 16, and 20, Table 3). Furthermore, we classified 3
patients (cases 3-5, Table 3) with PC activity within the refer-
ence range, measured by chromogenic assay, but with identi-
fied variation, as PC deficiency type 1.

These data suggest that a clear classification of PC defi-
ciency type I or type II is often challenging and might lead to
different interpretations, depending on available prevalues of
the patients or affected family members. For PC deficiency
type IIb, PC activities between the 2 assays differ per defini-
tion. Consequently, the assessment of a disproportional reduc-
tion compared to the PC concentration is only feasible by
calculation of the clotting time—based assay, but of course not
of the chromogenic assay, which has to be normal in PC defi-
ciency type IIb.

Laboratory and genotype phenotype correlation. For membrane-
bound thrombin-thrombomodulin, activation of PC Gla
domain is essential.*® Thus, Gla-domainless PC could be one
explanation for the overestimation of measured PC activity by
chromogenic assay, which could be demonstrated in patients
receiving vitamin K antagonist (VKA).*” We found 5 patients
(cases 6, 9, 17, 19, and 20) with heterozygous nucleotide
exchange affecting the Gla domain (Figure 1). The nonrelated
cases 19 and 20 are carrier of the same variation of the Gla
domain (p.Ala43Thr) and have both a positive family history
for VTE. Case 20 has a lower PC ratio in comparison to case 19
and reveals an additional personal VTE history, whereas the
coinheritance of factor V Leiden mutation in case 19 poten-
tially could have both contributed to a falsely decreased PC
activity measured by chromogenic assay and the VTE in her
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Figure 4. Proposal of an algorithm for diagnosis of hereditary PC deficiency in adults combining clinical and laboratory data. First, acquired
conditions for PC deficiency should be excluded. If the patient is on NOAC/DTI therapy displays a positive LA or the chromogenic assay is the
first assay chosen, the algorithm follows the blue line. In case of a strong personal and/or family history for VTE additional performance of the
clotting time—based PC assay, even for PC activities close to the lower limit of the reference range should be considered. For patients without
NOAC/DIT therapy or known positive LA, the algorithm follows the green lines. *for example, VTE < | month, pregnancy, DIC, reduced liver
dysfunction, VK deficiency, L-asparaginase therapy. **if confirmed by a second plasma sample. **when PC chromogenic assay is available and
normal, consider PC deficiency type llb. @ if not possible and knowledge of hereditary PC deficiency would influence therapeutic decision-
making perform testing with careful interpretations of PC activity in relation to VK-dependent procoagulant clotting factors. ® if NOAC
therapy can be interrupted for >48 hours/parenteral DT therapy can be stopped. DTl indicates direct thrombin inhibitor; LA, lupus antic-
oagulant; NOAC, nonvitamin K antagonist oral anticoagulant; PC, protein C; VK, vitamin K; VTE, venous thromboembolism.
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family. Unfortunately, there are no data of the affected family
members of case 19, so this cannot be discussed in more detail.

Additionally, it has been assumed that variations affecting
the interaction with thrombin, endothelial PC receptor, phos-
pholipids, and PS are the reason for the failed detection in
chromogenic assays.”’ One patient (case 2) had an abnormal
interaction with the PS binding site, which was discussed to be
a functional alteration resulting in PC deficiency type ITb.***°
Furthermore, we found variations in the propeptide sequence in
3 cases (case 6, 9, and 10). In 12 (60%) patients, we detected
variations in the catalytic domain of PC, indicating a wide
variation in functional but not uniform molecule defects. In
this context, homology modeling could improve our knowl-
edge on variations which cause PC deficiency.

Finally, we found 2 previously unpublished variations. The
laboratory phenotype of one of these variations (p.Leu325Ile in
exon 9, chr2:128186109C>A (hgl9)) was classified as PC defi-
ciency type Il in case 7, while her clinically affected daughter
would rather be classified as type I (case 27, Supplement
Table 1) 52 days after ending therapy with VKAs. The same
variation was also observed in 2 other patients, case 28 with
and case 29 without personal VTE. Case 29 was classified as
PC deficiency type II, whereas his son (case 28) could not be
classified due to missing data of PC antigen. Interestingly, this
variation was not found in the daughter of case 29 (case 30),
even though she had a deep vein thrombosis under combined
estrogen contraceptives and after air traveling of 11 hours. We
are the first to find the heterozygous PC variation p.Leu325Ile
in 2 independent families. Due to personal and family history
of thrombotic events, it can be assumed that this variation
plays a role in the promotion of thrombotic events. Further-
more, in silico calculations (calculated via combined annota-
tion—dependent depletion®) indicated that an amino acid
exchange of Leu to Ile at protein position 325 might be likely
pathologic. This variation is located in the catalytic domain of
PC and 10 bases around this variation, there are published
variations associated with PC deficiency. Due to personal and
family history of VTE, as well as in silico calculation and
location, it can be assumed that this variation plays a role in
the promotion of VTE.

The second unpublished variation (¢.859G>A, p.Val287lle,
chr2:128185995G>A (hg19), case 3) is probably a non-disease-
causing polymorphism (calculated in silico via combined anno-
tation—dependent depletion). This suggestion is supported by 2
other carriers of this variation (case 25 and case 26, Supple-
ment Table 1) who presented with PC activities over 100% in
both assays. Both patients had positive personal and family
histories for VTE, probably associated by their heterozygous
factor V Leiden mutation. In case 3, a known APC resistance
might have influenced PC activity measured by clotting time—
based assay. Therefore, clinical significance of this variation
remains unclear.

In summary, classification of PC deficiency into different
laboratory subtypes is not sufficient to identify patients at risk
of VTE. It is assumed that the 2 laboratory types of PC defi-
ciency do not differ in their clinical manifestation,?**

indicating that both types—quantitatively or qualitatively—
contribute to the risk of VTE. This observation and our data
raise the question, how PC levels correlate with clinical man-
ifestations and variations in the PROC gene (Supplemental
Figure 2): while intersections A and C undoubtedly are asso-
ciated with an increased risk of VTE, this association might be
limited for intersection B and D. One explanation for the lack
of correlation between the clinical phenotype, the underlying
genotype, and PC plasma levels is the varying prevalence of PC
deficiency with and without VTE, while the prevalence of
heterozygous PC deficiency in healthy individuals is ~0.3%
and 6% in families with hereditary thrombophilia, but it is only
~3% in unselected patients with a first VTE.>!"5

Our findings indicate that a deduction of an underlying
genotype from the laboratory phenotype is limited. For PC
activity, we have to recognize that the term “normal” is not
synonymous to the term “within the reference range” and that
in particular neither can be used synonymously for the absence
of a variation. Consequently, we have to distinguish precisely
between the various levels of laboratory phenotype and geno-
type to come to a final interpretation of relevant or not relevant
PC deficiency. In this context, the assessment of the clinical
phenotype seems indispensable. Therefore, we propose an
algorithm (Figure 4) combining preanalytical and clinical data
as a guideline for clinical decision-making. All of our 20 cases
of hereditary PC deficiency were detectable by following this
algorithm.

In conclusion, we should be aware that there is no “ideal”
PC activity test so far, with which the genotype can be reliably
deduced from the laboratory phenotype. Apart from low inter-
laboratory variability, this “ideal” test should not be influenced
by APC resistance and should be insensitive to NOAC treat-
ment. In this context, innovative new assays might be promis-
ing.>* In absence of this “ideal PC assay,” we recommend using
the clotting time—based PC assay for patients with strong per-
sonal and/or family history for VTE. For patients without
NOAC or parenteral DTI use, the clotting time—based PC assay
should be preferred over the chromogenic test because of its
higher sensitivity. However, providing 2 different tests for one
parameter might not be feasible in clinical and laboratory prac-
tice. Therefore, our algorithm suggests choosing the assay
based on the preanalytical and clinical circumstances (Fig-
ure 4). Thus, indicating a single determination of PC activity
might not be sufficient for the exclusion of a relevant hereditary
PC deficiency. The key clinical information is (strong) per-
sonal and/or family history for VTE. Considering potential
therapeutic consequences for primary and especially for sec-
ondary prophylaxis, genetic analysis is necessary for confirma-
tion and should not be waived in case of uncertainty.
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