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Surviva advantage associated with heterozygous factor V Leiden mutationin
patients with severe seps's and in mouse endotoxemia
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Sepsis is associated with systemic inflam-
mation, coagulopathy, and disrupted pro-
tein C (PC) pathway function. The effect
of prothrombotic polymorphism, factor V
Leiden (Arg506GIn; FV Leiden), was exam-
ined in alarge clinical trial (PROWESS) of
severe sepsis and a mouse endotoxemia
model. In PROWESS, 4.1% (n = 65) of
patients were heterozygous FV Leiden
(VL*/7) carriers. The 28-day mortality was
lower in VL*/~ (13.9%) than in non-FV
Leiden (VL=/~; 27.9%) patients (P = .013).
The mortality benefit of recombinant

human activated PC (rhAPC) treatment
was similar in VL*/~ (placebo, 15.6%;
rhAPC,12.1%) and VL™~ patients (pla-
cebo, 31.0%; rhAPC, 24.7%; interaction
P = .981). VL*/~ status did not appear to
influence baseline biomarkers of coagu-
lopathy and inflammation or disease se-
verity, with the exception that vasopres-
sor usage was less in VL*/~ patients
(46.2% versus 63.0%; P = .009). In a me-
dian lethal dose (40 mg/kg) endotoxin
mouse model, VL*~ mice had lower mor-
tality than wild-type mice (19% versus

57%; P = .008), whereas the mortality of
homozygous (VL**) mice was almost
identical to that of wild-type mice (65%
versus 57%; P = .76). The findings sug-
gest that FV Leiden constitutes a rare
example of a balanced gene polymor-
phism that maintains the FV Leiden muta-
tion in the general gene pool due to a
survival advantage of VL*~ in severe
sepsis. (Blood. 2003;102:3085-3092)
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Introduction

Coagulation activation and inflammation are both parts of the
innate host response to infection that may contribute to organ
dysfunction and death when control of these systems is compro-
mised.12 The protein C (PC) pathway suppresses excessive activa-
tion of blood coagulation and protects against inadvertent blood
clots by inactivation of coagulation factors Va and Vllla. Three
independent point mutations in factor V (Arg506GIn, FV Leiden;
Arg306Thr, FV Cambridge; and Arg306Gly, FV Hong Kong)
disrupt the activity of this natural anticoagulant pathway by rendering
factor Vapartidly resigtant to inactivation by activated protein C (APC).
Despite increasing the risk of thrombosisin heterozygous and homozy-
gous carriers the FV Leiden dleleis highly prevalent in the Caucasian
population with an incidence between 4% and 6%.4° Whereas FV
Cambridge is very rare, the FV Hong Kong dlele, which is associated
with uncertain thrombotic risk,87 is present in about 3% to 5% of
Southeastern Asians®® The relaively high prevdence of FV Hong
Kong and FV Leiden has prompted speculation about an associated
survival advantage exerting a positive sdlection pressure%™ for ex-
ample, by reducing blood loss during childbirth or by enhancing, via
some unknown mechanism, embryo implantation.*>14

Here we examine the hypothesis that the FV Leiden mutation
confers a survival advantage in severe sepsis. This hypothesis is
based on several observations. First, animal studies have shown
that natural anticoagulants, in particular the components of the PC

pathway (eg, thrombomodulin [TM] and PC/APC), can reduce
mortality associated with septic shock.'>16 Second, a recent large
clinical trial (recombinant human activated Protein C Worldwide
Evaluation in Severe Sepsis [PROWESS]) demonstrated that
treatment with recombinant human APC (rhAPC) reduced relative
all-cause 28-day mortality by 19.4% in patients with severe sepsis
as compared to patients treated with placebo.'” Third, although a
study of 184 in-hospital patients with meningococcemia found
increased morbidity in heterozygous FV Leiden carriers, there was
atrend toward reduced mortality in FV Leiden carriers compared
with noncarriers.®® Fourth, infusion of low concentrations of
thrombin in dogs significantly protected the animal s from endotoxin-
induced mortality.’® The infused thrombin likely resulted in
augmented activation of endogenous PC by the TM-thrombin
complex, thus potentially increasing endogenousAPC levels. Fifth,
both antithrombin 111 and tissue-factor pathway inhibitor failed to
demonstrate a significant reduction in 28-day mortality in phase 3
clinical trials.202! Potentially these compounds may have prevented
the generation of APC from its zymogen, either by inhibiting the
active site of thrombin or by preventing the generation of thrombin.
These data taken together suggest that mutations that enhance
thrombin formation, such as FV Leiden, might have a similar
beneficial effect on surviva in sepsis, due to augmentation of
endogenous PC activation.
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An dternative hypothesis is that FV Leiden mutation is
detrimental to patients with severe sepsis. It is believed that the
consequence of an exaggerated and uncontrolled systemic host
inflammation and coagulation (increased thrombin generation)
response to the infecting pathogen(s) may lead to microvascular
thrombosis, multiple organ dysfunction syndrome, and death in
severe sepsis.222 Thrombin is a multifunctional protein that causes
endothelial cell perturbation aswell asthrombosis. The presence of
the prothrombotic FV Leiden mutation, together with aloss of TM
function due to endothelial damagein severe sepsis,? may result
in increased thrombin generation, microvascular thrombosis,
and tissue injury. These changes could result in higher morbid-
ity, as seen in the study of patients with meningococcemia,’® or
higher mortality.

This study addresses the question of whether thrombin genera-
tion in sepsis is beneficial (eg, via increased APC generation) or
detrimental (eg, viaincreased microvascular thrombosis and wors-
ened multiorgan dysfunction). By (1) analyzing the effect of FV
Leiden carrier status on mortality in a large clinica study on the
efficacy of rhAPC in the treatment of severe sepsis and (2) using a
mouse FV Leiden endotoxemia model, we attempt to resolve the
question whether the prothrombotic FV Leiden mutation protects
against or aggravates the lethal consegquences of infection.

Patients, materials, and methods
Patients

Clinical study in patients with severe sepsis. PROWESS was a
randomized, double-blind, placebo-controlled phase 3 tria evaluat-
ing the efficacy of rhAPC (drotrecogin afa [activated]) in severe
sepsis. The primary efficacy end point was 28-day all-cause
mortality. Details of the trial design including inclusion and
exclusion criteria were previously reported.’” The study was
conducted in 164 hospitals in 11 countries (Australia, Belgium,
Brazil, Canada, Germany, Spain, France, Netherlands, New Zea-
land, United States, and South Africa) after approval from the
respective ethics review boards. Patients entered into the study
were randomized 1:1 to a 96-hour infusion of drotrecogin alfa
(activated) at 24 wg/kg/h (n = 850) or placebo (n = 840). Approxi-
mately two thirds of the 1690 patients enrolled in PROWESS were
from North America and the 5 participating European countries.
Informed consent obtained from all patients included permission
for a blood sample for the determination of the 3 factor V single
nucl eotide polymorphisms, the only genetic marker determinations
in this study.

Statistical analysis. Baseline comparisons used Fisher exact
tests for categorical and Wilcoxon rank-sum tests for continuous
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variables. As recommended by the Consolidated Standards of
Reporting Trials (CONSORT) guidelines?* for subgroup analyses,
we reported the relative risk point estimates and the 95% confi-
dence intervals (Cls) for the complementary subgroups. We
assessed potential treatment-by-subgroup interactions using the
Breslow-Day interaction test for homogeneity of odds ratios across
strata. Stepwise logistic regression was used to model odds of
28-day al-cause mortality as a function of FV Leiden status,
therapy, age, sex, the Acute Physiology, Age, and Chronic Health
Evaluation 1l (APACHE Il) score, vasopressor use, preexisting
conditions (hypertension, chronic obstructive pulmonary disease,
diabetes, malignancy, and cardiomyopathy). Forward and back-
ward selection were used with P < .1 to retain terms in the model.
D-dimer and activated partial thromboplastin time (APTT) data
were transformed using natural logarithms to normalize residuals
and analyzed with repeated measures and an unstructured covari-
ance matrix. Results of pair-wise comparisons between treated and
untreated patients are noted at each time point in Figure 1.
Two-sided P < .05 was regarded as significant and 95% Cls are
reported. SAS for Windows versions 8.2 and 6.09 (SAS Institute,
Cary, NC) were used for these analyses.

PCR determinations of FV gene mutation. Whole blood
anticoagul ated with either citrate or EDTA (ethylenediaminetetraace-
tic acid) was spotted onto an FTA card (Fitzco, Spring Park, MN),
air dried at room temperature, and shipped to Lilly Research
Laboratories in a desiccant pack for the determination of FV
Leiden and FV Hong Kong/Cambridge. Blood samples were
available from 1605 of the 1690 patients in the PROWESS study.
Samples from the remaining patients were not collected, improp-
erly collected, or not received by the central testing laboratory.
Samplesfrom 4 and 22 patients failed to amplify for the FV Leiden
and FV Hong Kong/Cambridge polymerase chain reaction (PCR)
analyses, respectively. Factor V mutation genotypings by PCR was
performed on ablock thermal cycler for amplification, followed by
digestion with restriction enzyme Mnl1 (New England Biologicals,
Beverly, MA) or restriction enzyme BstNI (New England Biologi-
cals) for FV Leiden or FV Cambridge/Hong Kong, respectively,
and separation/identification by ethidium-bromide stained agarose
gel electrophoresis. Primers were obtained from Genosys: 5'-
GGAACAACACCATGATCAGAGCA and 3'-TAGCCAGGAGA-
CCTAACATGTTC for FV Leiden; 5-TGTCTTCTGTCCTAAC
and 3'-TCTTGAACC for FV Cambridge/Hong Kong. An alternate
method was also used for FV Leiden genotyping. The FV Leiden
mutation was detected by fluorescent resonance energy transfer
probes with the LightCycler (Roche Molecular Biochemicals,
Indianapoalis, IN) and the FV Leiden mutation kit (Roche Diagnos-
tics, Indianapoalis, IN). DNA from a subject with FV Hong Kong
genotype was a generous gift from Professor Raymond H. Liang,
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Figure 1. Effect of recombinant human APC treatment and FV Leiden mutation status on coagulation markers. Log APTT values and log D-dimer levels (fibrin
degradation product) are shown for the first 7 study days in PROWESS (4 days of drug infusion, 3 days after infusion) for VL*/~ patients (A,C) and VL~/~ patients (B,D)

receiving either placebo (O) or rhAPC (®). The 95% Cls are indicated. *P < .05.



BLOOD, 1 NOVEMBER 2003 « VOLUME 102, NUMBER 9

Department of Medicine, University of Hong Kong. A segment of
DNA containing the mutation was cloned and the plasmid used asa
positive control. FV Cambridge and Hong Kong genotypes in
patients were confirmed by sequencing.

Measurement of endogenous levels of APC in placebo-treated
patients. Three to 7 blood samples were collected from placebo-
treated patients enrolled in North Americain the PROWESS study
for the measurement of endogenous APC levels over the first 4
study days. Details of the sampling time, sampling method, and
assay methodology have been published.?> The lower limit of
quantification of the immunocapture assay for APC was 10 ng/mL.

Measurement of coagulation and inflammation biomarkers.
Serial blood sampleswere drawn beforeinfusion and on days1to 7
after the start of study drug infusion. All biomarkers except
interleukin 6 (1L-6) levels were determined at each time point from
citrated plasma. IL-6 levels were determined from serum. Citrated
plasma and serum samples were stored at —70°C until analyzed
centrally. The last 403 patients enrolled were analyzed for at least
one of the following additional biomarkers: prothrombin fragment
F1.2 (F1.2); thrombin-antithrombin complex (TAT); plasminogen
activator inhibitor 1 (PAI-1); thrombin activatable fibrinolysis
inhibitor (TAFI); a,-antiplasmin (a,-AP); plasminogen; and soluble
TM (STM). The following assays were performed on either STA or
STA compact coagulation analyzers (Diagnostica Stago, Asnieres,
France) using Diagnostica Stago test kits. Activated partial throm-
boplastin time (APTT, STA-APTT), prothrombin time (PT, STA-
Neoplastine Cl plus), PC (Staclot Protein C), and protein S (Staclot
Protein S) were all measured with coagulation-based activity
assays. D-dimer levels were measured immunoturbidimetrically
with the STA Liatest D-DI immunoassay. Antithrombin (AT,
Stachrom ATIII), ax-AP (Stachrom Antiplasmin), plasminogen
(Stachrom Plasminogen), and PAI-1 (Stachrom PAI) levels were
quantitated with chromogenic activity assays. TAFl (enzyme-
linked immunosorbent assay [EL I SA], Enzyme Research L aborato-
ries, South Bend, IN), sTM (Asserachrom Thrombomodulin,
Diagnostica Stago), F1.2 (Behring Diagnostics, Westwood, MA),
TAT (Behring Diagnostics), and IL-6 (Quantikine Human IL-6 HS
kit; R&D Systems, Minneapolis, MN) antigen levels were mea-
sured by enzyme immunoassay. Platelet counts were performed
using flow cytometric methodol ogy.

FV Leiden mouse endotoxemia model

Animals. All animals were housed and the experiments were
performed in the Oscar F. Peterson Animal Resource Center at the
Medical College of Wisconsin, following standards and procedures
approved by the Animal Care and Use Committee (protocol no.
318-97-1). TMPro and FV Leiden mice (a kind gift of David
Ginsburg, University of Michigan, Ann Arbor) were maintained on
a C57BL/6 genetic background and are as previously de-
scribed.?628 |n this study we used TMPro mice that were homozy-
gous for the Glu404Pro mutation. Age- and sex-matched littermate
mice derived from heterozygotic (VL */~) matings were used for all
experiments. Genotyping was performed as previously described
using amultiplex PCR technique.®

Enzyme capture assay for APC. Because no assay for analysis
of mouse APC is currently available, the potential for activation of
endogenous PC was estimated by infusing human PC and measur-
ing its conversion to APC. In vivo levels of APC were determined
using apreviously described enzyme capture assay.?° Briefly, 20 g
human PC (Enzyme Research Laboratories) was injected into the
femoral vein. Blood samples were collected from the inferior vena
cavaafter 10 minutesinto amixture of 0.38% sodium citrate and 50
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mM benzamidine HCI (fina concentrations). APC was captured
using amonoclonal antibody to human APC (HAPC 1555; kind gift
of C. Esmon, Oklahoma Medica Research Foundation, Oklahoma
City). Captured APC activity was determined with an APC-specific
chromogenic substrate (PCa; American Diagnostica, Greenwich,
CT)® measured against a human APC (APC 1380; Enzyme
Research Laboratories) standard curve.

Endotoxin challenge. Endotoxin from Escherichia coli sero-
type O55:B5 (Sigma Chemical, St Louis, MO; lot no. 96H4015)
was reconstituted in sterile, tissue-culture—grade phosphate-
buffered saline (Gibco BRL, Grand Island, NY) and delivered by
intraperitoneal injection in a volume of 100 to 160 w.L. Blood was
collected 2 or 18 hours after endotoxin administration from the
inferior vena cava into 0.38% sodium citrate (final concentration).

ELISAs for TAT, D-dimer, and cytokines. Plasma samples
were analyzed for TAT using the commercialy available Enzyg-
nost TAT micro kit (Dade Behring, Marburg, Germany). D-dimers
were quantified with the Asserachrom D-Di (Diagnostica Stago)
ELISA. These assays have been validated with respect to cross-
reactivity with mouse antigens as described.?” Cytokine assays
were performed utilizing Quantikine M kits specific for the
indicated murine cytokines (R&D Systems). In al cases the assays
were performed according to the manufacturer’s directions.

Results
FV Leiden carrier status in the PROWESS patient population

Blood samples were obtained from all patients with severe sepsis
(defined as patients with a confirmed or clinically suspected
infection associated with one or more acute organ dysfunctions)
enrolled in the PROWESS study to identify the FV mutation carrier
status (Arg506GIn as factor V Leiden, Arg306Thr as factor V
Cambridge, and Arg306Gly as factor V Hong Kong). No homozy-
gous FV Leiden patients were found in the PROWESS patient
population, which is not inconsistent with the estimated frequency
of 0.06% to 0.25% in the general Caucasian population.3! The
incidence of VL*/~ carriers (4.1%; Table 1) is consistent with the
known incidence in the general population of the countries from
which the patients were enrolled. The 65 FV Leiden carriers in the
PROWESS study were enrolled from 10 of the 11 participating
countries and 44 of the 164 participating study hospitals. Most (61
of 65) of the patients with the FV Leiden mutation were Caucasian.

Table 1. Comparison of the incidence of factor V mutations in the
PROWESS* study to the general population

Incidence of factor V mutation

FV Leiden FV Cambridge FV Hong Kong

PROWESS study
All patientst 4.1% (65/1601) 0.13% (2/1582) 0.06% (1/1582)
Caucasians 4.6% (61/1315)  0.15% (2/1301) 0% (0/1301)

Western Asians$
East/Southeast Asians

9.1% (1/11)
0% (0/18)

0% (0/10)
0% (0/17)

0% (0/10)
5.9% (1/17)
General population?:32:33.47
Rare?33
None reported3?
3%-5%

4%-6%
2%-4%
~ 0%

Caucasians Rare (< 0.5%)
None reported®

None reported??

Western Asians
East/Southeast Asians

*Patients in the PROWESS study with Factor V mutations were all heterozygous.

1tThe remaining 3 FV Leiden carriers were enrolled from North America with
either Hispanic or African ancestry.

FWestern Asians defined in the PROWESS study to include patients from
Pakistan and the India subcontinent.
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All 4 non-Caucasian patients who were carriers of the FV Leiden
mutation were enrolled from North America: one had ancestry
from the Indian subcontinent, 2 were of Hispanic descent, and one
had African ancestry.

There were only 29 Asian patients (11 Western Asians and 18
East and Southeast Asians) enrolled in the PROWESS study; FV
mutation data were available from 27 of these 29 patients. The
prevalence of FV Cambridge and Hong Kong®®32 among
PROWESS patients was similar to the frequency of these muta-
tions in the general population and by ethnicity (Table 1).67:3233
Because only 3 cases of these 2 mutations (2 for heterozygous FV
Cambridge and one for heterozygous FV Hong Kong) were found
among al the PROWESS patients, no further anaysis was
performed.

Baseline characteristics by FV Leiden status in PROWESS

Except for alessfrequent need of vasopressor treatment at baseline
for maintaining blood pressure (al so reflected in baseline cardiovas-
cular Sepsis-Related Organ Failure Assessment [SOFA] score®),
VL*/~ carriers were not significantly different from non-Leiden
patients with respect to baseline clinical disease severity indices,
preexisting conditions, or baseline status of biomarkers of coagula-
tion activation, fibrinolysis, inflammation, and endothelial function
(Tables 2-3). The Clsfor these biomarkers were wide and there was
no significant imbalance between the 2 groups of patients. Endoge-
nous APC levels over the first 4 study days in the placebo-treated
VL*/~ carriers were all below the lower limit of quantification (10
ng/mL) of the assay.

Mortality outcome by FV Leiden status in PROWESS

The 28-day mortality rate among VL+/~ patients (9 of 65 patients;
13.9%) was about half that observed for non-Leiden patients (428
of 1536 patients; 27.9%; P = .013). Modeling with stepwise
logistic regression confirmed that, after adjusting for other impor-
tant predictors of mortality including age, disease severity (ie,
APACHE Il score), and cardiomyopathy as a preexisting condition,
VL*/~ patients had a 2.8 times better odds of surviva than
non-Leiden patients (1.3-5.8; P = .006). Explicitly adjusting for
the differences in baseline vasopressor use or ethnicity did not
significantly influence these results (odds of survival for VL*/~
carriersincreased 2.7 or 2.8 times, P = .008 or .007). The relative
risk of death with recombinant human APC treatment in VL*/~
carriers was not significantly different than in non-Leiden patients
(Table 4) and, using the above model, the odds of survival with
rhAPC treatment were about 1.3 times that of placebo-treated
patients (1.1-1.7; P = .013). The Breslow-Day interaction P (.981)
was nonsignificant, supporting the conclusion that the effect of
rhAPC therapy was similar in VL*/~ and non-Leiden patients.
Further, the protective effect of heterozygous FV Leiden polymor-
phism and the beneficia effect of rhAPC therapy appeared to be
independent of one another (interaction P = .974). These observa-
tions suggest, but do not prove, that VL */~ carriers derive asimilar
benefit from treatment with rhAPC as non-L eiden patients.

Reduced anticoagulant response of rhAPC in FV
Leiden carriers

No significant differences in clinically obvious thrombosis were
found between VL*/~ and non-Leiden patients (placebo and
treatment group) during the 28-day study period. No serious
bleeding events were reported in any of the VL ™/~ carriers. Serious
bleeding was significantly more frequent in the non-L eiden patients
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Table 2. Baseline characteristics of patients with severe sepsis by
Leiden mutation status in the PROWESS study*

VL= VL=
patients patients
Baseline characteristics (n =65) (n = 1536) P
Demographics
Age,y 63.16 = 14.92 60.54 + 16.79 .27
Male sex, % 58.46 57.03 .898
Caucasian race, % 93.85 81.64 .008
Prior or pre-existing conditions, %
Hypertension 32.31 36.91 512
Myocardial infarction 12.31 13.48 1.00
Congestive cardiomyopathy 6.15 7.55 1.00
Diabetes 21.54 21.22 1.00
Pancreatitis 3.08 3.84 1.00
Liver disease 0.0 2.47 401
Chronic obstructive pulmonary
disease 29.23 23.96 374
Cancer 24.62 17.64 .184
Recent trauma 1.54 4.17 .516
Recent surgical history 36.92 29.56 214
Indicator of disease severity
APACHE Il score 24.86 * 8.05 2475 = 7.71 .825
Shock, % 69.23 71.16 .780
Use of any vasopressor, % 46.15 62.96 .009
SOFA (cardiovascular) 2.29 + 0.184 2.66 = 0.038 .052
Overt disseminated intravascular
coagulation, T % 23.08 22.01 .879
No. of dysfunctional organs, % .815
1 21.54 24.67
2 32.31 32.42
3 or more 46.15 42.90
Site of infection,f % .592
Intra-abdominal 24.62 20.18
Lung 55.38 53.26
Urinary tract 6.15 10.16
Other§ 13.85 16.41
Infection type,|| % 425
Pure gram positive 24.62 25.39
Pure gram negative 26.15 23.44
Mixed gram 18.46 10.94
Pure nonbacteria 3.08 3.06
Mixed organisms 1.54 2.67
Unknown 26.1 34.51

*Where applicable, results are means *= SD. Because of rounding, not all
percentages total 100.

TOvert DIC was defined according to the definition of the International Society on
Thrombosis and Haemostasis.*®

$The site of infection was presumed on the basis of clinical findings.

8O0ther sites of infection included the blood, skin, central nervous system, bones
and joints, cardiac system, head/eyes, ears, nose and throat, pleural, vascular
catheter, and reproductive organs.

||Patients may have had more than one organism cultured. Classification of
infection type is based on adjudication from the clinical evaluation committee.

(P = .048) and occurred in 1.0% of patients treated with placebo
and in 2.3% of patients receiving rhAPC. Infusion of rhAPC into
VL*/~ carriers with severe sepsis failed to prolong the APTT and
resulted in a less pronounced decrease in plasma D-dimer levels
than in non-Leiden patients (Figure 1A-D), confirming a reduced
anticoagulant effect of rhAPC inVL*/~ carriers.

Reduced mortality of heterozygous FV Leiden mice in
endotoxin model of sepsis

We have previously used genetically engineered mice with reduced
TM function (TMPro mice) to determine the consequence of PC
pathway disruption in an experimental model of endotoxemia.?”28
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Table 3. Baseline biomarkers in patients in PROWESS by Leiden mutation status

VL*/~ patients (N = 65)

VL~/~ patients (N = 1536)

Normal
Biomarkers range No. Median (95% ClI) No. Median (95% ClI)

Procoagulant markers

D-dimer, pg/mL 0.0-39 62 3.8 (3.1-5.9) 1413 4.2 (4.0-4.5)

TAT, pg/L 1-4.1 23 9.8 (6.3-16.6) 356 11.1 (10.3-12.6)

F1.2,nM 0.44-1.1 22 1.8 (1.2-2.2) 356 1.8 (1.5-1.9)
Anticoagulant factors

Protein C, % 81-173 63 49 (40-60) 1435 48 (46-50)

Protein S, % 60-155 61 36 (28-50) 1404 37 (35-39)

Antithrombin, % 80-120 62 63 (56-70) 1421 59 (58-61)
Global coagulation tests

Platelet counts, 109/L 140-400 59 172 (145-212) 1300 183 (178-188)

PT,s 10.6-14.5 62 18.2 (17.2-18.8) 1420 18.7 (18.4-18.9)

APTT, s 21-39 61 42.0 (39.2-46.6) 1425 42.4 (41.9-43.2)
Fibrinolytic factors

PAI-1, AU/mL 4-37.8 18 27 (16-38) 267 34 (30-37)

TAFI, ng/mL 2.8-9.2 19 6.3 (4.0-8.5) 287 4.6 (4.3-5.0)

ap-AP, % 80-120 19 102 (80-120) 287 96 (92-103)

Plasminogen, % 64-111 19 57 (51-77) 284 60 (58-63)
Endothelial injury marker

sTM, ng/mL 18-53 19 97 (71-134) 282 72 (66-78)
Inflammatory marker

IL-6, pg/mL 0.38-10.1 65 474 (232-1051) 1489 494 (427-558)

TMPro mice carry a single amino acid substitution in TM
(Glu404Pro) that eliminates the cofactor activity of TM in the
thrombin-dependent activation of PC. A dose of endotoxin produc-
ing about 50% lethality in wild-type controls resulted in 100%
mortality of TMPro mice, confirming that genetic disruption of the
PC pathway at the level of TM function increased mortality after a
severe inflammatory stimulus.?” The detrimental effect of the
TMPro mutation is likely caused by a combination of reduced PC
activation, the loss of TM cofactor function for activation of TAFI,
and reduced TM expression, which might concomitantly reduce the
anti-inflammatory effects of the TM lectin-like domain.3®

To further investigate the contribution of augmented coagula-
tion per se to the reduced survival of TMPro mice, we used FV
Leiden mice. We predicted that the FV Leiden mutation would
disrupt the anticoagulant function of the PC system to a similar
extent as the TMPro mutation, leading to substantially augmented
thrombin formation in either strain of mice. However, whereas the
TMPro mutation impairs PC activation,? the FV Leiden mutation
was predicted to result in enhanced PC activation. Hence, these 2
models permit comparison of the effect of increased thrombin
generation with either enhanced APC generation (FV Leiden) or
diminished APC generation (TMPro) on the magnitude of the
inflammatory response and survival.

We therefore examined the survival of FV Leiden mice after
challenge with amedian lethal dose (L Dsp) of endotoxin. Intraperi-
toneal injection of 40 mg endotoxin/kg body weight caused death

in approximately 60% of wild-type mice within 5 days (Figure 2).
Mortality of VL*/* mice was aimost identical to that of wild-type
mice (65% versus 57%; P = .76). VL*/~ mice were significantly
more likely to survive than wild-type mice (81% versus 43%
survival; P =.008), or VL*'* mice. VL** and VL*'~ mice
challenged with 40 mg E coli endotoxin/kg body weight consis-
tently produced more a-thrombin than wild-type mice, as deduced
from plasma TAT levels (Figure 3). The conversion of infused
human PC to APC (“Patients, materials, and methods’) was
augmented in lipopolysaccharide (LPS)—challenged VL*/~ and
VL*'* mice, demonstrating that the excess thrombin formed in FV
Leiden mice was available for interaction with TM and PC. Of
note, procoagulant activity in TMPro mice was almost identical to
that in VL*/~ mice, but APC formation was reduced, consistent
with previous data.?® Eighteen hours after endotoxin injection,
plasma TAT levels were similar in wild-type and VL*/~ mice
(21.7 = 6 versus 16.3 = 6 pg/L; P> .05) but were still much
higher in VL*/* mice (47.6 = 13 pg/L; P = .003) indicating a
persistent augmentation of thrombin formation only in VL*/*
mice. Plasma inflammatory cytokine levels of IL-6, IL-13, tumor
necrosis factor o (TNF-o), and IL-10, measured at baseline, and 2
and 18 hours after endotoxin injection, were similar in wild-type
and FV Leiden mice.

As reported earlier, TMPro mice challenged with a lower dose
of endotoxin (5 mg endotoxin/kg body weight) exhibited higher
plasma levels of I1L-6 and IL-13 compared with wild-type mice.?’

Table 4. The 28-day all cause mortality in patients by Leiden mutation status in the PROWESS study by treatment

Total no. of No. of patients 28-d all cause Relative risk of
FV Leiden status patients who died mortality, % death (95% ClI)
Negative
Placebo group 768 238 31.0 0.80 (0.68-0.94)
rhAPC group 768 190 24.7
Positive
Placebo group 32 5 15.6 0.78 (0.23-2.63)
rhAPC group 33 4 12.1

Breslow-Day interaction P = .

981.
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Figure 2. Endotoxin-induced mortality in mice. Wild-type (wt), heterozygous FV
Leiden (VL*/~), and homozygous FV Leiden (VL*/*) mice were injected intraperito-
neally with 40 mg E coli endotoxin/kg body weight. Survival under standard
husbandry conditions was monitored over a 7-day period.

In contrast, VL */* mice subjected to the same treatment exhibit on
average lower plasma concentrations of IL-6 and IL-13 than
wild-type mice. Thistrend was statistically significant only for IL-6
levels and was till noticeable, albeit to a lesser extent, in VL*/~
mice (Figure 4). These findings confirm that the FV Leiden and the
TMPro mutations both augment the procoagulant response associ-
ated with endotoxemia, but exert opposite effects on APC genera-
tion and, depending on the dose of endotoxin, on IL-13 and IL-6
elaboration. The unaltered survival of VL*/* mice on challenge
with LPS, despite a more pronounced coagulation response than
that seen in TMPro mice, provides direct experimental evidence (1)
that the compromised survival of micewith reduced TM functionis
not the result of augmented coagulation per se, and (2) hence
cannot be attributed to the loss of the anticoagulant function of
APC. More importantly, these experiments yielded the surprising
result that heterozygous carrier status for the FV Leiden mutation
affords a significant survival advantage in an animal model of
endotoxemia.

Discussion

The combined human and murine data in this report demonstrate
that VL*/~ carrier status is associated with a survival benefit in
severe sepsisin humans and confersasurvival advantage onto mice
in LPS-induced endotoxemia. Due to the low frequency of

I }
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Figure 3. Endotoxin-induced formation of thrombin and APC. A 40-mg dose of
E coli endotoxin/kg body weight was injected intraperitoneally into wild-type (wt),
heterozygous FV Leiden (VL*/~), homozygous FV Leiden (VL*/*), and homozygous
TMPro mice (n = 8 per group). After 2 hours, 20 pg human PC was infused through
the femoral vein, and 10 minutes after, blood was harvested for determination of TAT
and APC levels in plasma. *P < .05. Error bars indicate standard deviation.
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Figure 4. Endotoxin-induced inflammatory cytokine elaboration. Wild-type (wt),
heterozygous FV Leiden (VL*/~), homozygous FV Leiden (VL*/*), and homozygous
TMPro mice (= 5/group) were injected intraperitoneally with 5 mg E coli endotoxin/kg
body weight. After 2 hours, blood was collected for determination of IL-6 and IL-13
levels in plasma. *P < .05. Error bars indicate standard deviation.

homozygosity (0.06%-0.25%)3 of FV Leiden inthe general human
population, it was not possible to establish the effect of homozy-
gous carrier status on the outcome of severe sepsisin humans. In
the mouse endotoxemia model, homozygous carrier status did not
improve survival, suggesting that the FV Leiden polymorphism
may be an example of a balancing selection polymorphism in
inflammatory disease, where heterozygous carrier status for a
polymorphic alele lends a survival advantage over homozygosity
for either allele,3” akin to the classic sickle cell-malaria paradigm.

The endotoxemia model recapitulates only certain aspects of
sepsis, and the FV Leiden mutation may affect the progression of
septicemia by different or additional mechanisms than those
underlying the benefit seen in mice exposed to endotoxin, for
example, by reducing bacterial dissemination secondary to aug-
mented fibrin deposition around inflammatory foci.® Yet, the
prevalence of the FV Leiden polymorphism among patients
enrolled in the PROWESS study was very similar to that of the
general population, indicating that human heterozygous carriers of
FV Leiden mutations are neither protected from infection and
sepsis per se, nor from disease progression into clinicaly defined
severe sepsis.

The clinical trial (PROWESS) and the animal experiments
described here were initiated and conducted independently, and
neither approach was specifically designed to reveal the mecha-
nism by which the FV Leiden mutation altersthe outcome of severe
inflammatory disease. The animal experiments were based on the
working hypothesis that the protective effect of the FV Leiden
mutation might be mediated by enhanced activation of endogenous
PC, thus replicating the benefit derived from treatment with
exogenous rhAPC seen in human patients. We showed that VL*+/~
mice, and to a greater extent VL*/* mice, respond to an LPS-
induced inflammatory stimulus with augmented thrombin forma-
tion, and concomitantly increased activation of protein C. How-
ever, thrombin generation and concomitant PC activation were
augmented only mildly and transiently in VL */~ mice, as compared
with wild-type controls. Later on in the course of endotoxemia, that
is, shortly before the onset of mortality in this model, the co-
agulation response in VL */~ mice was indistinguishable from that
in wild-type mice. Likewise, human VL™~ carriers with severe
sepsisin PROWESS did not exhibit amoreintense coagulopathy as
compared to non-Leiden patients, and endogenous APC levels
remained below 10 ng/mL in the VL'~ carriers receiving placebo
over the first 4 days of the study. In independent studies of human
patients (with unknown FV Leiden carrier status) prior to and
during episodes of severe sepsis and septic shock, endogenousAPC
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levels were likewise only moderately and transiently elevated and
did not parallel the rise in thrombin generation.23.253%-42

If the protective effect of the FV Leiden mutation were indeed
attributable to enhanced PC activation, this probably occurs in a
transitory fashion during the early stage of disease and would not
be observed by the time patients progressed to the stage of severe
sepsis, when the endogenous capacity for PC activation is substan-
tially impaired secondary to the suppression of TM activity and the
consumption of PC. Indeed, the survival advantage seen in study
patients might reflect in part a carryover of a benefit established in
an earlier stage of disease, because VL*/~ carriers were distin-
guished from non-Leiden patients aready at study entry by aless
frequent need for vasopressor use and a corresponding reduction in
SOFA cardiovascular scores. The notion of an advantage estab-
lished early during the disease courseis consistent with the result of
the logistic regression model analysis of PROWESS patient data,
which suggested the survival benefit from treatment with rhAPC
and VL*/~ carrier status were independent of each other. The
administration of exogenous APC in a stage of disease character-
ized by reduced capacity for endogenous PC activation could
indeed augment the protective effect of the FV Leiden mutation
without overriding it, due to the dissociation of both effects. We
wish to point out, however, that the analysis of treatment effects
(both benefit and risk) of rhAPC in the FV Leiden subgroup must
be interpreted with caution due to the relatively small number of
FV Leiden carriers in the study. However, in adherence to the
CONSORT guidance?* for analyzing and interpreting complemen-
tary subgroupswithin alargetrial, there was no evidence to suggest
that VL */~ carriers with severe sepsis would not derive a treatment
benefit from rhAPC similar to non-L eiden patients.

A recent study®® of rhAPC effects in a human endotoxemia
model provides circumstantial evidence for acommon mechanism
underlying the benefit of FV Leiden carrier status and of rhAPC
therapy. rhAPC, given at 24 wg/kg/h, significantly attenuated the
drop in mean arterial blood pressure in healthy subjects challenged
with alow dose of endotoxin (2 ng/kg). Likewise, one of the most
significant improvements in organ function associated with rhAPC
treatment in PROWESS was reflected in the cardiovascular SOFA
score, due to reduced vasopressor requirement.** The diminished
need for vasopressor use among FV Leiden carriers at study entry
appears congruent with these rhAPC treatment effects.

Taken together, the proposed APC-dependent mechanism of
action of the survival benefit of the FV Leiden mutation, although
compatiblewith the presented data, must await stringent experimen-
tal verification. Similarly, the reason why the FV Leiden mutation
affords protection only in VL*/~, but not in VL */* mice subjected
to endotoxemia remains unclear. Because only VL */* mice but not
VL*= or wild-type mice exhibit a lasting augmentation of
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coagulation in the later stage of endotoxemia, it is conceivable that
the persistent prothrombotic state may produce more pronounced
thrombotic organ damage in VL*/* mice, which may negate the
benefit of any early protective effect. Alternatively, the lack of a
survival benefit in VL*/* mice might be due to the loss of some
unknown, potentially coagulation-independent function of the
normal FV molecule.

Our findings raise a host of important questions about the
genera role of coagulation in the pathogenesis of sepsis, about the
specific role of FV in this context, and about the therapeutic
approach to septic patients, in particular FV Leiden carriers. Do
drugs that inhibit thrombin generation without compensating for
reduced APC rob heterozygous carriers of the FV Leiden mutation
of their inherent survival advantage? Does rhAPC therapy provide
additional benefit in FV Leiden carriers, and, if so, what is the
contribution of APC’s anticoagulant function, as compared to its
vasoactive and cytoprotective effects on vascular endothelial
cells?546 Do other mutations that affect the interaction of APC and
FV, such asthe FV Hong Kong or FVV Cambridge mutations, confer
asimilar survival advantage? Do other prothrombotic gene polymor-
phisms, such as the prothrombin Gly0210Ala variant, replicate the
FV Leiden effect? Similar results would argue strongly for a
beneficial role for thrombin generation leading to endogenous APC
generation in severe sepsis. Does the FV Leiden mutation exert a
protective effect in inflammatory diseases other than sepsis? The
answer to these questions will likely emerge in equal parts from
future clinical studies encouraged by our findings and from further
basic studies addressing the precise molecular mechanism by
which the FV Leiden mutation prevents death in severe sepsis.
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