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Abstract

Activated protein C resistance (APC-R) due to the single-nucleotide polymorphism
factor V Leiden (FVL) is the most common cause of hereditary thrombophilia. It is found
predominantly in Caucasians and is uncommon or absent in other populations.
Although FVL is responsible for >90% of cases of hereditary APC-R, a number of other
F5 variants that also confer various degrees of APC-R and thrombotic risk have been
described. Acquired APC-R due to increased levels of coagulation factors, reduced
levels of inhibitors, or the presence of autoantibodies occurs in a variety of conditions
and is an independent risk factor for thrombosis. It is common for thrombophilia
screening protocols to restrict assessment for APC-R to demonstrating the presence or
absence of FVL. The aim of this Scientific and Standardisation Committee communi-
cation is to detail the causes of FVL-independent APC-R to widen the diagnostic net,
particularly in situations in which in vitro APC-R is encountered in the absence of FVL.
Predilution clotting assays are not FVL specific and are used to detect clinically sig-
nificant F5 variants conferring APC-R, whereas different forms of acquired APC-R are
preferentially detected using the classical activated partial thromboplastin time-based
APC-R assay without predilution and/or endogenous thrombin potential APC-R assays.
Resource-specific recommendations are given to guide the detection of FVL-
independent APC-R.
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MOORE ET AL

1 | INTRODUCTION

Activated protein C (APC), with its cofactors protein S (PS) and factor
V (FV), functions as a natural anticoagulant through proteolytic
cleavage of activated factor V (FVa) and activated factor VIII (FVIlla),
thereby inactivating the cofactors of the prothrombinase and intrinsic
tenase complexes, respectively [1]. Functional abnormalities of the
protein C (PC) pathway, manifesting in vitro as a reduced anticoagu-
lant response of the plasma to APC, are associated with an increased
risk of venous thromboembolism (VTE) arising from resistance to the
actions of APC [2].

The factor V Leiden (FVL) single-nucleotide polymorphism
(1691G>A) leads to a single amino acid change (Arg506GIn) that
abolishes the predominant APC cleavage site in FVa and confers
activated protein C resistance (APC-R) [3]. Specifically, this cleavage
site is required for efficient inactivation of FVa by APC and for the
expression of the APC cofactor activity of native FV, in synergy with
PS, which results in FVIlla inactivation [1]. Predominantly found in
Caucasians, FVL thrombophilia is the most common hereditary
thrombophilia, accounting for ~20% of unselected patients with first
VTE, up to 50% of those with familial thrombosis, and >90% of those
with hereditary APC-R [1,4]. Consequently, diagnostic hemostasis and
thrombosis facilities tend to restrict testing for APC-R to the detec-
tion of FVL, some even bypassing phenotypic assays and directly
performing DNA analyses [4-6].

The recent recommendations by the International Society on
Thrombosis and Haemostasis Scientific and Standardisation Commit-
tee (ISTH-SSC) for clinical laboratory testing for APC-R concentrated
on FVL detection, recommending screening using phenotypic assays
and confirmation using DNA analyses, and only briefly considered
hereditary and acquired FVL-independent APC-R [7]. The present
ISTH-SSC communication is intended as an adjunct to that publication
to detail FVL-independent APC-R and recommend approaches for
testing. FVL-independent APC-R has been reported to occur in 10% to
15% of the general population [8,9] and to be associated with an
increased risk of VTE [10,11].

2 | NON-FVL APC-R

The occurrence of hereditary APC-R in the absence of FVL suggests
the existence of additional genetic causes of APC-R, particularly in
ethnic groups in which FVL is (virtually) absent. Although the classical
activated partial thromboplastin time-based activated protein C
resistance (CAPC-R) test can detect the effects of mutations that in-
crease the levels of factor VIII (FVIII) (eg, FVIII Padua [12]) or factor Il
(FI) (eg, F2 G20210A [13]), F5 (encoding FV) remains the main genetic
determinant of the APC-R phenotype as measured using the activated
partial thromboplastin time-based assay [14].

FVa plays a central role in the PC pathway because it is both a
substrate and cofactor of APC [15]. APC inactivates membrane-bound
FVa via proteolytic cleavage of the heavy chain at positions Arg3®®,
Arg®%®, and Arg®”? [16,17]. Cleavage at Arg®®® usually occurs first but

Essentials

« Factor V Leiden thrombophilia is the most common he-
reditary thrombophilia.

* Some rare F5 variants are associated with activated
protein C resistance (APC-R) and thrombosis.

« Acquired APC-R, with thrombotic risk, occurs in a variety
of conditions.

« Appropriate assay selection is required to detect
different causes of APC-R.

causes only partial loss of cofactor activity. Complete FVa inactivation

306 ‘which is ~20-fold slower

requires lipid-dependent cleavage at Arg
but greatly stimulated by the APC cofactor PS [18,19]. On the other
hand, FV enhances the proteolytic inactivation of membrane-bound
FVIlla by the APC-PS complex [20] by stimulating cleavage of FVIlla
at both Arg®*¢ and Arg®®? [21]. The APC cofactor activity of FV re-
quires APC-mediated cleavage of FV at Arg®®® [22] and an intact
junction between the B domain (C-terminal portion) and the light

chain of FV [23].
Both the roles of FV in the PC pathway (ie, FVa as a substrate and

FV as a cofactor of APC) are probed using the CAPC-R assay [15], and
predilution of sample plasma in factor V-deficient plasma (FVDP) in the
modified activated protein C resistance (MAPC-R) assay increases the
sensitivity and specificity for FV defects conferring APC-R. An F5 mu-
tation may be suspected whenever the MAPC-R assay yields positive
results at repeated testing and the genetic test for FVL yields negative
results. Notable exceptions are rare cases of liver or bone marrow
transplantation between individuals with different FVL genotypes [24],
wherein a genotype or phenotype discrepancy arises, because the
circulating FV assessed in the functional assay originates from the liver,
whereas the genomic DNA used for FVL genotyping is usually isolated
from bone marrow-derived blood cells. If necessary, a patient’s own

genotype can be assessed using DNA isolated from a buccal swab.
In the past 25 years, several F5 missense mutations and poly-

morphisms different from FVL have been shown to be associated with
APC-R in various populations (Table). These variants may affect an
APC cleavage site directly, make one of these sites less accessible to
APC-mediated cleavage, or interfere with the binding of FVa to
negatively charged phospholipids, which is required for both FVa
inactivation and the APC cofactor activity of FV. Moreover, they may
reduce the expression or secretion of FV, thereby decreasing the
availability of FV as an APC cofactor and lowering the level of
circulating tissue factor pathway inhibitor-a (TFPla) [25].

Two different mutations affecting the Arg®®® APC cleavage site
have been reported. FV-Arg306Thr (FV Cambridge) was first
described in a British patient with VTE and APC-R in the absence of
FVL [26] and later sporadically encountered in other patients and
controls, all of Caucasian descent [27-29]. FV-Arg306Gly (FV Hong
Kong) was originally discovered in Hong Kong Chinese [30], among

whom, 4.5% of blood donors are carriers [31]; however, it is also
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TABLE

Non-FVL APC-R
Hereditary

FV Cambridge

FV Hong Kong

FV Liverpool

FV-Met443Leu, FV-Glu461Gin,
FV-Gly493Glu

FV Bonn
FV-Glu666Asp

FV Nara

FV Kanazawa

FV Besancon

FV (H)R2

FV-Arg485Lys

Acquired

Elevated FVIII

Elevated prothrombin

Reduced FPS

Reduced TFPla

Hormone-induced (OC,
pregnancy, HRT)

Solid tumors

Hematologic malignancies

Antiphospholipid syndrome

Thrombotic risk

Little or none

Little or none

Thrombotic risk

Unclear

Thrombotic risk

Weak thrombotic risk

Thrombotic risk

Thrombotic risk

Thrombotic risk

Only in combination with FVL

Little or none

Thrombotic risk

Thrombotic risk

Thrombotic risk

Thrombotic risk

Thrombotic risk

Thrombotic risk

Thrombotic risk

Thrombotic risk

Non-factor V Leiden causes of activated protein C resistance.

Preferred phenotypic assays for
routine APC-R diagnostics

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay

Predilution clotting assay or
ETP-based APC-R*

Predilution clotting assay

Predilution clotting assay

CAPC-R

CAPC-R

ETP-based APC-R

ETP-based APC-R

ETP-based APC-R

CAPC-R

ETP-based APC-R

CAPC-R or ETP-based APC-R

Further information

Not all heterozygotes experience
thrombosis

May not manifest in phenotypic
clotting assays

Heterozygotes are asymptomatic;
thrombotic risk when FV level is
reduced

Further functional studies required

Heterozygosity is a thrombotic risk

Not all subjects with phenotypic
APC-R experience thrombosis

Heterozygotes are asymptomatic
and have intermediate APC-R
ratios; homozygosity associated
with reduced FV and TFPla

Heterozygotes are asymptomatic;
thrombotic risk when FV level is
reduced (mild APC-R)

Heterozygotes are asymptomatic;
homozygosity associated with
reduced levels of FV and TFPlq;
marked APC-R, especially with
PRP in ETP-based assay

Phenotype more severe than that
for FVL heterozygosity alone

Conflicting reports of the presence
or absence of APC-R and of
clinical significance

APC-R does not manifest in other
assays

APC-R can manifest in ETP and
theoretically in the RVV-X assay
without predilution

APC-R can manifest in CAPC-R if
FPS <20%

APC-R does not manifest in clotting
assays

APC-R due to elevated FVIII levels
can manifest in CAPC-R

APC-R does not manifest in other
assays

APC-R can manifest in CAPC-R if
FPS <20%

APC-R in ETP associated with
thrombosis; potent LA-induced
APC-R may manifest in
predilution clotting assays

(Continues)
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TABLE (Continued)

Non-FVL APC-R
Other autoantibodies (PC, PS, FV)

Thrombotic risk

Thrombotic risk

Preferred phenotypic assays for
routine APC-R diagnostics

CAPC-R or ETP-based APC-R

Further information

Potent antibody-induced APC-R
may manifest in predilution
clotting assays

APC-R, activated protein C resistance; CAPC-R, classic activated protein C resistance assay; ETP, endogenous thrombin potential assay; FPS, free protein
S; FX, factor X; FXa, activated factor X; FV, factor V; FVIII, factor VIII; FVL, factor V Leiden; HRT, hormone replacement therapy; LA, lupus anticoagulant;
OC, oral contraceptive; PC, protein C; PRP, platelet-rich plasma; PS, protein S; RVV, Russell’s viper venom; TFPla, tissue factor pathway inhibitor o.

2 It is likely that the markedly reduced FV activity in a homozygous patient would compromise CAPC-R and predilution APC-R assays. Suitable predilution
clotting assays include those based on activated partial thromboplastin time, Crotalus viridis helleri FX activator, exogenous FXa, FX activator from RVV-X,

and a combination of the FV activator from RVV-V and noscarin.

present at a very low frequency in other ethnic groups [27,28,32,33].
Recombinant FV Cambridge and FV Hong Kong are functionally
indistinguishable and show incomplete APC-catalyzed FVa inactiva-
tion, which is improved by PS, and slightly decreased APC cofactor
activity in FVIlla inactivation [34]. This translates to mild APC-R in
reconstituted FV-deficient plasma [34,35]. The contribution of these
mutations to the risk of VTE seems modest, if any at all [36].

The FV-11e359Thr (FV Liverpool) mutation was identified in the
pseudohomozygous condition in 2 Caucasian brothers with recurrent
VTE in their teens and mild APC-R [37]. This amino acid substitution

357

induces glycosylation of Asn>” in the heavy chain of FV, which, in

turn, hinders the APC-mediated cleavage of FVa at Arg®®® and abol-
ishes the APC cofactor activity of FV [38]. In the 2 brothers, the
procoagulant properties of FV Liverpool were probably exacerbated
by FV deficiency on the counterpart allele (through a pseudohomo-
zygous APC-R mechanism [39], see subsequent sections). In fact, the
probands’ mother, who carried only FV Liverpool, had neither APC-R
nor a history of VTE despite 4 pregnancies.

Sequencing of F5 exon 10 in Chilean Amerindians with VTE and
APC-R in the absence of FVL revealed 3 private variants (FV-
Met443Leu, FV-Glu461GIn, and FV-Gly493Glu) that were absent in
100 healthy subjects from the same population [40]. The association
of these variants with APC-R needs to be confirmed in a larger cohort
and/or using functional studies of the recombinant mutants.

FV-Ala512Val (FV Bonn) was identified as the underlying cause of
moderate APC-R (comparable with that of FVL heterozygotes in the
CAPC-R test) in 6 apparently unrelated Caucasian patients with VTE or
(recurrent) abortions and in 2 family members [41]. Characterization of
the recombinant mutant showed that FV Bonn interferes with both FVa
inactivation and the APC cofactor activity of FV because of reduced
APC-mediated cleavage at the nearby Arg°°® site [41]. FV Bonn also
demonstrates more procoagulant activity in the absence of APC,
possibly because of increased affinity for activated factor X (FXa), as
suggested by its central location in a major FXa-interaction surface [42].

The FV-Glu666Asp mutation was associated with APC-R in a
Chinese thrombophilic family, which was attributed to interference

679 site [42]. The mutation was

with cleavage of FVa at the nearby Arg'
absent in 50 healthy controls [43] and 163 unrelated patients who

underwent thrombophilia screening [44].

A 13-year-old Japanese boy with recurrent VTE, low level of FV
activity (FV:C 10%), and pronounced APC-R was found to be homo-
zygous for the FV-Trp1920Arg (FV Nara) mutation [45]. His hetero-
zygous parents had only mild APC-R and no history of VTE.
Recombinant FV Nara showed markedly delayed FVa inactivation,
especially in the presence of PS, and no APC cofactor activity in FVIlla
inactivation [45]. In contrast to the previous APC-R mutations, FV
Nara is located in the light chain of FV (C1 domain), which mediates
the binding of FV to phospholipids. This interaction is necessary for all
functions of FVa, including the assembly of the FVa-inactivating
complex, in which membrane-bound FVa and PS synergistically pro-
mote the binding of APC to phospholipids [46]. Defective interactions
of FVa Nara with phospholipids and/or PS account for its decreased
susceptibility to APC-mediated FVa inactivation [46] and might
explain its lack of APC cofactor activity.

A 42-year-old Japanese man with recurrent deep vein thrombosis
was compound heterozygous for Tyr1961Cys (FV Kanazawa) and
Asn1982_Ser1983del and had reduced FV activity and antigen levels
(6% and 38%, respectively). His brother, with the same variants, also
developed recurrent deep vein thrombosis; however, their parents,
carrying either variant in the heterozygous state, had no history of VTE.
The FV antigen and activity levels of recombinant FV-Tyr1961Cys (rFV-
Y1961C) were ~80% and 30%, respectively, of those of wild-type FV.
The patient’s plasma exhibited weaker APC-R than heterozygous FVL,
and rFV-Y1961C was less APC resistant than recombinant FVL. Tyrl%1
is located in the same C1 domain as FV Nara, and the binding capacity of
rFV-Y1961C to phospholipids was reduced. Therefore, FV Kanazawa is
similar to FV Nara in terms of symptoms and mutation sites and may
result in impaired inactivation of membrane-bound FVa by APC
(E. Morishita; unpublished observations).

A similar mechanism of APC-R is thought to apply to FV-
Ala2086Asp (FV Besancon), another missense mutation in the light
chain of FV (C2 domain), which was identified in the homozygous state
in a 37-year-old Moroccan patient with a history of recurrent VTE
since the age of 19 years [47]. Homozygosity for FV Besancon was
associated with FV deficiency (FV activity, 3%) and pronounced APC-
R, especially in the endogenous thrombin potential (ETP)-based assay
performed in platelet-rich plasma (whereas thrombin generation in

platelet-poor plasma suggested a hypocoagulable state). Functional
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characterization of FV Besancon in highly diluted plasma from the
patient provided indirect evidence for reduced phospholipid affinity
and showed delayed FVa inactivation in the presence of PS and
complete loss of the APC cofactor activity of FV in FVIlla inactivation
[47]. However, heterozygosity for the F2 G20210A mutation and a
low TFPla level may have also contributed to the patient’s APC-R
phenotype.

The FV (H)R2 haplotype, tagged by His1299Arg and Asp2194Gly
polymorphisms, is overrepresented (especially in the homozygous
state) among individuals with APC-R in the absence of FVL [48,49].
Moreover, it is enriched in FVL carriers with particularly marked APC-
R [48,50]. FV R2 carriership predicts slightly decreased FV levels [50]
and a relative increase in the level of a FV glycosylation isoform (FV1)
that has reduced affinity for phospholipids [51]. Both the changes
contribute to impaired APC cofactor activity in FVIlla inactivation,
which is the main mechanism of FV R2-associated APC-R [51]. The FV
R2 haplotype has a worldwide distribution, with an incidence of ~10%
in most populations [48,49]. Its associated risk of VTE is mild, if any
[52].

FV-Arg485Lys, another common variant with a wide geographic
distribution [53], was initially reported as a neutral polymorphism [54].
Later studies have suggested its association with APC-R [55], VTE
[56], coronary artery disease [55], and pre-eclampsia [57,58] in
different ethnic groups. However, these findings are not consistent
among the studies and need to be confirmed.

Finally, it is worth noting that the coinheritance of an APC-R mu-
tation on 1 F5 allele and a FV deficiency mutation on the other F5 allele
results in enhanced APC-R and risk of VTE. This rare condition, known
as “pseudo-homozygous APC-R” [39], has been best studied for FVL but
also applies to other F5 mutations that confer APC-R. Pseudohomozy-
gous individuals are genotypically heterozygous but functionally ho-
mozygous for APC-R mutations because the counterpart (non-APC-R)
allele is not expressed. As a consequence of low FV levels, the APC
cofactor activity of FV and the TFPla level are also reduced, increasing
the APC-R and the risk of VTE well beyond those in conventional het-

erozygotes with a normal counterpart allele [59,60].

3 | ACQUIRED APC-R

Acquired APC-R represents an independent risk factor for VTE and
can increase thrombotic risk in patients with hereditary thrombophilia
[1,8]. A variety of mechanisms can lead to acquired APC-R, such as
increased levels of coagulation factors and reduced qualitative and
quantitative levels of naturally occurring inhibitors, or it can be anti-
body mediated. Consequently, the detection of acquired APC-R is
assay dependent [61,62].

3.1 | Elevated coagulation factor levels

The ABO blood group and, hence, von Willebrand factor, have a marked
effect on the plasma levels of FVIII, with higher levels of von Willebrand

jth--
factor and FVIII being encountered in non-O groups (highest in the AB
group) [63]. Other contributors to higher FVIII levels include increasing
age, sex (higher in women), ethnicity, stress, exercise, surgery, preg-
nancy, and other causes of an acute-phase response [63]. Recently, a
gain-of-function duplication in the FVIII gene, designated as FVIII
Padua, was shown to be associated with markedly elevated FVIII levels
and severe thrombophilia [12]. Persistently elevated plasma levels of
FVIII (>150 IU/dL) are a prevalent, dose-dependent risk factor for VTE
and recurrence [63,64], which is associated with increased thrombin
generation and acquired APC-R [8,65].

Elevated FVIII levels are a common cause of acquired APC-R
when assessed using the CAPC-R assay, exhibiting an inverse rela-
tionship between plasma levels of FVIII and APC-R ratios [5,61,63,66].
The MAPC-R assay is insensitive to elevated FVIII levels because
dilution in FVDP normalizes the levels. Other assays, such as those
that employ snake venom coagulation activators, bypass the intrinsic
pathway and are innately unaffected by FVIII levels [5,61]. ETP assays
modified to detect APC-R are generally insensitive to APC-R caused
by elevated FVIII levels, likely related to the concentration of tissue
factor (TF) in the assays [61,67].

A similar situation exists for elevated Fll levels, whether due to F2
G20210A or other causes, in that it is associated with increased
thrombin generation and acquired APC-R when assessed using the
CAPC-R assay [1,13,68]. There is an inverse relationship between FlI
levels and CAPC-R assay ratios, and ratios low enough to indicate
APC-R have been reported in subjects with a FllI activity of >110 U/
dL [69], which may be reagent dependent [61]. Predilution in FVDP
normalizes the Fll levels, rendering the MAPC-R assay and other
predilution assays insensitive to the APC-R of elevated FIl. Although
PS and TFPla are the main determinants of ETP-based APC-R assays
[61], these assays are, nonetheless, able to detect APC-R associated
with elevated FlI levels [70]. As determined using the ETP-based APC-
R assay, Fll-induced APC-R is modulated by PS levels. The mechanism
of acquired APC-R arises from dose-dependent inhibition of APC-
catalyzed proteolysis of FVa by FII [71].

Both activated factor IX and FXa exhibit protective effects on
their cofactors FVllla and FVa from APC-mediated proteolysis, and
elevated levels of both the factors are associated with an increased
risk of VTE, although elevated factor X levels are not a risk factor
when the levels of other vitamin K-dependent factors are taken into
account [18,19,72-74]. Thus, elevated levels may cause APC-R
through increased cofactor protection [1], although no studies have
been performed to assess the detection of APC-R due to elevated
levels of factor IX and factor X in routinely employed assays.

3.2 | Reduced levels of naturally occurring
inhibitors

Hereditary and acquired quantitative and functional deficiencies of
free PS can lead to APC-R through reduced APC cofactor activity in
the inactivation of FVa and FVIllla, and also from increased protection
of FVIlla by FXa, which is otherwise abrogated by normal PS levels
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[1,62,72]. If due to reduced levels of free PS alone, the acquired APC-
R will manifest in the CAPC-R assay only when the free PS levels are
<20%, and again, dilution in FVDP normalizes these levels, rendering
other such APC-R assays insensitive to reduced levels of free PS [5].
Although FIl and FVIII are the main determinants of the CAPC-R
assay, PS and TFPla are the main determinants of ETP APC-R assays
[61]. TFPIa, in conjunction with PS as the cofactor, inhibits only slow-
onset FXa and thrombin generation, such as that in the initiation
phase of coagulation, but is too slow to effectively inhibit fast generation
of FXa in ETP assays that employ high TF concentrations [75]. In the
high-TF-concentration ETP-based APC-R assay, reduced PS levels have
a marked effect because the anticoagulant effect of APC is >95% PS
dependent. At normal functional levels of TFPlx and PS, the TFPla-PS
system further reduces FXa formation once the APC-PS system suffi-
ciently retards thrombin generation, whereas reduced TFPla levels lead
to increased FXa formation, thereby facilitating the protective effect of
FXa on FVa proteolysis by APC [75]. Moreover, TFPla has been shown
to interact directly with FV [25,76] and inhibit its cleavage at Arg'>*°
[77], thereby delaying full FV activation [77], regulating prothrombinase
activity [76], and preserving the APC cofactor activity of FV in FVIlla
inactivation [23]. Impairment of these additional functions of TFPla

might also contribute to increased APC-R at low TFPla levels.

3.3 | Hormone-induced APC-R

Acquired APC-R through the effects of hormones can be encountered
with the use of oral contraceptives (OCs), during pregnancy, and with
postmenopausal hormone replacement therapy (HRT) [1]. Estrogen-
containing OCs and HRT medications are associated with altered
hemostatic balance and a dose- and preparation-dependent increase
in the risk of VTE [78,79]. Although there are changes in the levels of
several coagulation factors and inhibitors, marked reductions in TFPla
and PS levels are the main contributors to hormone-induced APC-R
[1,61,78,80]. Consequently, ETP-based APC-R assays should be used
to detect the acquired APC-R of OC and HRT [1,61,81,82]. A recently
described TF-activated fibrin clot kinetic assay, FibWave, exhibited
sensitivity comparable with that of a standardized ETP-based APC-R
assay for the detection of OC-associated APC-R and differentiation of
resistance levels [83]. Further standardization of methods and
confirmation of results are needed to establish the suitability of the
assay for routine clinical use.

Although similar hemostatic alterations are encountered during
pregnancy, the marked elevation in FVIII levels and reduction in PS
levels can permit acquired APC-R to also manifest in the CAPC-R
assay [84]. There are conflicting reports about whether acquired
APC-R during pregnancy is a risk factor for VTE [85,86], and an as-
sociation with recurrent fetal loss has been reported [87,88].

3.4 | Cancer-associated APC-R

Acquired APC-R is common in patients with cancer and is associated

with VTE; however, it is also found in patients with cancer and without

thrombosis [1,89]. Acquired APC-R in solid tumors is due mainly to
elevated levels of procoagulant factors, such as FVIII, and can be
detected using the CAPC-R assay [89]. Conversely, acquired APC-R
encountered in patients with hematologic malignancies is correlated
with decreased levels of PS and TFPl«, requiring ETP-based APC-R
assays for detection [90]. Some chemotherapeutic agents may also
contribute to the occurrence of APC-R [91].

3.5 | Autoantibodies and acquired APC-R

Acquired APC-R has been described in patients with autoantibodies
directed to targets in the PC system, such as PC itself, PS, and FV, and
can be accompanied by a severe thrombotic phenotype [92-94]. Such
antibodies often occur in association with antiphospholipid syndrome
and systemic lupus erythematosus but can also occur in isolation.
APC-R induced by these antibodies may manifest in clotting-based
assays and/or ETP-based APC-R assays.

An additional consideration for patients with antiphospholipid
antibodies is that lupus anticoagulants (LA), anti-p2 glycoprotein |
(ap2GPI) and (aPS/PT)
antibodies can also induce clinically significant acquired APC-R

anti-phosphatidyl  serine/prothrombin
[95,96]. LAs are a particular analytical challenge because they can
interfere with baseline clotting times of the CAPC-R assay and, in
predilution assays, if the LA is sufficiently potent to overcome the
dilution, unless the assay is innately LA insensitive [5,95,97]. However,
the results are still reliable because LA-induced acquired APC-R, indi-
cated by a reduced ratio, is evidenced by a reduction in clotting time
with the addition of APC [5,95,97]. Acquired APC-R due to LAs, anti-p2
glycoprotein |, and antiphosphatidyl serine/prothrombin can manifest
in ETP-based APC-R assays.

3.6 | Liver transplantation and acquired APC-R

The transplantation of an FVL liver to a non-FVL recipient gives rise to
the intriguing concept of acquired hereditary APC-R, which can lead
to thrombosis in some cases [98]. A direct genetic analysis for FVL
using DNA from recipient leukocytes or a buccal swab will not detect
the phenotypic alteration, necessitating APC-R assessment using
functional assays. Hypercoagulability is a feature that occurs in the
first weeks after liver transplantation, and the associated elevation in
FVIII levels has been linked to acquired APC-R [99]. Thus, trans-
plantation of a non-FVL liver to a non-FVL recipient could, at first,
reveal APC-R in the CAPC-R assay, which is not reflected in the
MAPC-R assay or an FVIll-independent assay. If APC-R is detected in
the latter assays, it is suggestive of an FVL liver; however, they should

be checked again once any acute-phase response has subsided.

4 | WHICH ASSAYS TO USE AND WHEN

In line with recent recommendations on thrombophilia testing, indis-
criminate searches for hereditary causes of non-FVL APC-R are

discouraged [100-102]. In practice, where those recommendations
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are followed, attempts to detect non-FVL variants of F5 conferring
APC-R will only be initiated upon finding a positive APC-R assay but
absent FVL in patients already deemed appropriate for testing. As
depicted in the Table, there are a number of F5 mutations different
from FVL that can cause APC-R, and there are various causes of ac-
quired APC-R. One must consider which assay to perform first in a
practical setting, functional APC-R or genotypic FVL assay. A single
APC-R assay is likely less costly than FVL assays. However, as with
many other functional coagulation tests, the CAPC-R assay is affected
by many preanalytical variables such as changes related to acute
thrombosis, the use of anticoagulants, or the presence of an LA. Other
APC-R assays, particularly those that employ sample predilution, are
less affected by these issues compared with the CAPC-R assay, with
the degree of interference being dependent on assay design and re-
agent composition [7]. For instance, predilution in FVDP corrects for
factor deficiencies and elevations, including the effects of vitamin K
antagonists, and many reagents contain heparin neutralizers. Dilution
can also reduce interference by LAs, and some assays are designed to
be anyway insensitive to, or are unaffected by, LAs. Users should be
aware of interferences affecting functional APC-R assays in local use,
the details of which are given in the ISTH-SSC recommendations on
clinical laboratory testing for APC-R [7]. Predilution APC-R assays can
approach a sensitivity and specificity of 100% for F5 mutations that
confer APC-R, provided that interferences are robustly excluded;
however, the sensitivity to acquired APC-R is markedly reduced.
Therefore, repeat testing of APC-R is not uncommon, whereas
repeating a molecular assay for FVL is only rarely indicated [103],
although it can be more analytically complex and, thus, not available at
all centers.

The frequency of hereditary causes of non-FVL APC-R is far lower
than FVL. Consequently, many institutions bypass APC-R assays and
include FVL in their first-tier thrombophilia workup. However, geno-
typing for other rare F5 mutations may be performed as third-tier
workup because it cannot be performed even in most reference
clinical laboratories. Negative FVL and positive predilution APC-R
assay results can be employed as indicators of progression to geno-
typing for rare F5 mutations that confer APC-R in appropriate pa-
tients, ideally after the exclusion of acquired APC-R, with the
recognition that concomitant acquired APC-R and non-FVL hereditary
APC-R are not beyond possibility. Although acquired APC-R is
considered to be an independent risk factor, the risk factors for
thrombophilia that lead to acquired APC-R can be detected using
other assays such as FVIII, PC, PS, or LA assays. The clinical conditions
that can cause APC-R, such as cancer or estrogen use, can be assessed
using other diagnostic procedures or by history taking. To date, there
is no convincing evidence to show that the presence of APC-R in
patients with antiphospholipid syndrome should change clinical man-
agement in terms of the strength or duration of anticoagulant therapy.
The development of APC-R is not necessarily ubiquitous in conditions
associated with acquired APC-R. Testing using appropriate assays can
confirm the presence of APC-R as a potential contributor to any
thrombotic events and, in some situations, function as a risk stratifier
[96,104]. Some practitioners employ the CAPC-R assay in tandem

jth-
with a predilution assay to detect some forms of acquired APC-R
during first-tier screening, in which a reduced CAPC-R ratio but
normal ratio using the predilution assay suggests acquired APC-R
[7,97]. The European Medicines Agency recommends use of ETP-
based APC-R assays to investigate APC-R in the development of
steroid contraceptives in women [105]. The use of ETP-based APC-R
assays after 1 cycle of hormonal treatment has been suggested to
identify women who are oversensitive to combined OCs, with the
potential to alter prescribing decisions [106]. An ETP-based APC-R
assay has been validated for clinical investigation of steroid contra-
ceptives in women, although further clinical studies are required
before it can be recommended as a tool for clinical management de-
cisions [107,108]. As stated previously, after liver or bone marrow
transplantation, an APC-R assay should be performed because FVL
assays are performed using DNA from leukocytes, not the liver, which
is where circulating FV is synthesized.

FVL is more common in Caucasians, particularly in Europe, and
absent in the Southeast Asian, Japanese, and African populations
[109], such that patient ancestry can dictate whether to use APC-R or
FVL assays at the first instance. Native populations, such as those of
the Americas, Australia, and Greenland, also lack FVL unless admix-
ture with the White population has occurred.

When determining the best assay options, several factors need to
be considered: in-house laboratory or reference laboratory capabil-
ities for APC-R and FVL testing, patient population, and volume of
patients with thrombosis. A preanalysis of simple cost comparisons
between APC-R and FVL assays is difficult. Thrombophilia workup
guidelines should be in place based on local resources, expertise, and
patient demographics. Screening using functional APC-R assays fits
well where relatively large numbers are being tested and where
expertise and resources favor coagulation-based assays, although
positive test results require follow-up using genotypic FVL assays,
which may involve sample referral to reference centers. First-tier FVL
testing circumvents preliminary screening and provides direct confir-
mation of the presence or absence of the most common hereditary
causes of APC-R but risks missing other causes of APC-R if functional

APC-R assays are not available for appropriate patients.

5 | CONCLUSIONS

As shown in the Figure, APC-R is a complex phenotype. In the eval-

uation of thrombophilia, consideration should be given to acquired

causes of APC-R and hereditary APC-R in the absence of FVL.

5.1 | Key recommendations

* Guidelines for thrombophilia workup need to be developed
depending on the patient population, capacity of the hospital or
institution, and available resources.

+ If there is a strong suspicion of hereditary thrombophilia based on

positive APC-R and negative FVL assay results, molecular workup

for rare, non-FVL F5 mutations may be warranted.
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FIGURE Activated protein C resistance (APC-R) as a complex phenotype (modified from [1]). Factor V Leiden is responsible for >90% of
cases of hereditary APC-R; however, other F5 variants that confer variable degrees of APC-R and thrombotic risk exist. Acquired alterations to
the levels of coagulation factors and naturally occurring inhibitors or the presence of autoantibodies can also give rise to APC-R, which is
detectable using clotting-based and/or endogenous thrombin potential-based assays. APC-R, activated protein C resistance; Fll, factor Il; FV,
factor V; FVIII, factor VIII; FIX, factor IX; FX, factor X; FPS, free protein S; HRT, hormone replacement therapy; OC, oral contraceptive; PC,

protein C; TFPlq, tissue factor pathway inhibitor a.

» Although not readily available in most laboratories, ETP-based
APC-R and CAPC-R assays may assist in the evaluation of ac-
quired APC-R.

« If assessment for APC-R is indicated after bone marrow or liver
transplantation, a functional APC-R assay needs to be performed.
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