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Abstract Objective: Alterations in
coagulation, including elevated pul-
monary and systemic concentrations
of urokinase, are frequent in patients
with acute lung injury (ALI). Uroki-
nase potentiates neutrophil activation
and contributes to the severity of pul-
monary injury in preclinical models
of ALI. The objective of this study
was to examine associations between
polymorphisms and haplotypes of
urokinase with risk for and outcomes
from ALI. Design: Prospective co-
horts of healthy European-American
adults and those with infection-
associated ALI. Setting: Academic
medical centers participating in NIH
funded studies of low tidal vol-
ume ventilation for ALI. Patients:
Controls were 175 healthy European-
American subjects. Patients were 252
individuals with infection-associated
ALI, prospectively followed for 60

days for mortality. Interventions:
Genetic polymorphisms and hap-
lotypes in the urokinase gene were
determined. Measurements and
main results: Six polymorphisms,
rs1916341, rs2227562, 152227564,
1s2227566, rs2227571, and rs4065,
defining 98% of all urokinase hap-
lotypes, were analyzed. There were
no statistically significant associa-
tions between any single urokinase
polymorphism or haplotype and risk
for developing ALIL In contrast,
there was a statistically significant
relationship between the CGCCCC
haplotype and both 60-day mortality
and ventilator-free days that remained
present in a multivariate analysis
controlling for age and sex (p =0.033
for 60-day mortality and < 0.001
for ventilator-free days). Conclu-
sions: These results identify a spe-
cific urokinase haplotype as a gen-
etic risk factor for higher mortality
and more severe clinical outcome
in patients with infection-associated
ALL
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Introduction

Acute lung injury (ALI) is clinically defined by hypox-
emia and bilateral infiltrates on chest radiographs without
evidence of left-sided cardiac failure [1]. Histopathologic
examination of the lungs obtained from experimental mod-
els or patients with ALI demonstrates interstitial edema,
microvascular thrombi, neutrophil accumulation, and alve-
olar fibrin formation [2, 3]. Alterations in pathways related
to coagulation and fibrinolysis are present in patients with
ALI and are postulated to play an important role in medi-
ating the microvascular and inflammatory changes in the
lungs that accompany ALI [3, 4].

Urokinase is a serine protease that cleaves plasminogen
to generate plasmin, a potent mediator of fibrinolysis [5, 6].
In addition to its fibrinolytic properties, urokinase has
recently been shown to enhance neutrophil activation and
participate in the development of experimental ALI [7].
Bronchoalveolar lavage concentrations of urokinase are
increased in human volunteers after local instillation
of LPS into the lung [8]. In the setting of pneumonia,
urokinase levels are elevated in the involved segments of
the lungs [9, 10]. Both serum and bronchoalveolar lavage
concentrations of urokinase are increased in patients
with ALI [9, 11]. In patients with ALI or severe sepsis,
levels of plasminogen activator inhibitor 1 (PAI-1), which
inhibits the fibrinolytic properties of urokinase through
binding to its protease domain, are usually increased to
a greater degree than are those of urokinase, resulting in
a procoagulant state that is present both systemically and
in the lungs [12-15]. However, portions of the urokinase
molecule that are not involved in fibrinolysis or interaction
with PAI-1, such as its kringle sequence, also have proin-
flammatory effects and participate in the pathogenesis of
experimental ALI [16, 17].

The urokinase gene is located in the 10q24 chromoso-
mal region [18]. Polymorphisms in urokinase appear to be
functionally significant and are associated with diseases
involving altered immune regulation, including asthma,
rheumatoid arthritis, type 1 diabetes, colorectal cancer,
and late-onset Alzheimer’s disease [19-24]. Therefore,
given the importance of alterations in coagulation, neu-
trophil activation, and inflammation in ALI, and the ability
of urokinase to participate in all of these processes, we
hypothesized that genetic variants in urokinase might be

Table 1 Genotyped single

nucleotide polymorphism (SNP) Elljnl:ble]? 103}?;;' o

characteristics &
rs1916341 A/C
1s2227562 G/A
1s2227564 C/T
1s2227566 T/C
1s2227571 T/C
rs4065 T/C
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associated with susceptibility to or outcome from ALI. To
explore this hypothesis, we examined outcome in a well-
characterized cohort of patients with infection-associated
ALLI and found that a specific urokinase haplotype was as-
sociated with survival and need for prolonged ventilatory
support in ALIL

Materials and methods

Volunteer selection

Healthy white volunteers, 19-89 years of age, were re-
cruited to determine urokinase polymorphisms. The sam-
ple included 98 males (mean age 30.0 &= 6.7 years, range
19-57 years) and 77 females (mean age 32.0 &= 10.0 years,
range 19-89 years). The study was approved by the institu-
tional review board, and each volunteer signed an informed
consent document.

Patients with acute lung injury

All patients included in this study had been enrolled in NIH
ARDS Network studies and had received low tidal volume
ventilation using previously published protocols [25].
All patients were European-American and had infection-
associated ALI, as characterized by either systemic or
localized pulmonary infection as the investigator-identified
primary etiology for ALI. ALI was defined by standard cri-
teria. Septic shock was defined as a systolic blood pressure
of <90 mmHg for at least 30 min despite fluid replace-
ment or the use of inotropic support to maintain blood
pressure. Exclusion criteria included age below 18 years,
a neurologic condition that could impair weaning from
mechanical ventilation, severe chronic respiratory disease,
severe chronic liver disease (defined as a Child—Pugh
score of > 10), burns covering > 30% of total body
surface area, malignancy or other irreversible condition
for which the mortality at 6 months was estimated to be
above 50%, use of high-dose immunosuppressive therapy,
and a history of lung or bone marrow transplantation.
Table 2 shows characteristics of the patients. This genetic
analysis study was approved by the University of Colorado
Health Sciences Center and the University of Alabama

Minor allele Chromosomal Genomic

frequency location features

0.41 75341168 Intron

0.11 75342967 Intron

0.34 75343107 Exon 5
Nonsynonymous P141L

0.43 75343737 Intron

0.48 75343885 Intron

0.38 75346470 3’UTR
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at Birmingham institutional review boards. Consent was
obtained from all patients or their surrogates as part of
their enrollment into the NIH protocols.

Allelic discrimination

Real-time polymerase chain reaction (PCR) allelic dis-
crimination assays were developed by the assay-by-design
service offered by Applied Biosystems (Foster City,
CA). Probe and primer combinations were designed
for the six urokinase single nucleotide polymorphisms
(SNPs), rs1916341, rs2227562, rs2227564, 1s2227566,
1$2227568, and rs4065, which capture all haplotypes with
frequency greater than 2.2% in the European-American
population as per the Seattle SNPs database (Table 1).
PCR reactions were performed in a final volume of 25 ul,
which consisted of 1-25ng of DNA diluted in dH;O,
12.5 ul of 2 x TagMan Universal PCR Master Mix, and
1.25ul of 20 x TagMan SNP genotyping Assay Mix.
PCR was performed using an Applied Biosystems 7300
Real-Time PCR system. There were no missing geno-
types. An approach similar to the one proposed by Scheet
and Stephens [26] was used to check for genotyping
errors. There was no statistical significant evidence for the
appearance of genotyping errors in the data.

Single-marker and haplotype analysis

For single-marker analysis, two approaches were used to
analyze the data. The first was based on a set of score tests
for binary response, as described by Zhao et al. [27-29],
without considering other covariates; the other analysis
was based on a regression approach where the other
covariates were included [30-32]. For haplotype analysis,
two regression-based methods (for binary, continu-
ous, and time-to-event responses) as described by Schaid
etal. [33] and Lake et al. [34] and by Lin and Zeng [30-32]
where the other covariates were included and excluded,
were employed. For haplotype analysis, we performed
both joint-effect analysis and separate-effect analysis. All
significance levels reported are two-tailed.

Results

Characteristics of the patient population

A total of 252 European-American patients with infection-
associated acute lung injury (ALI) were available for ana-
lysis (Table 2). The primary source of infection was the
lungs, involving 55% of these patients. Men and women
were equally represented in the ALI patients. An addi-
tional population of 175 healthy volunteers was recruited
for comparison.

Table 2 Characteristics of acute lung injury patients

N 252

Age, years (mean & SD, range) 51.3+15.6, 17-90

Male 51.9+16.1, 17-90
Female 50.8 £15.0, 22-88
Male, % 50.0
Apache III (mean + SD) 96.2 +29.7
Male 96.6 £31.5
Female 95.8 +28.0
Mechanical ventilation, % 100
60-Day mortality, % 25.0
Male 26.0
Female 24.0
Source of infection
Lung: primary, % 55.0
Lung: secondary, % 21.0
Peritoneum, % 4.0
Vascular line, % 4.0
Skin, % 2.0
Gastrointestinal/biliary tract, % 2.0
Other, % 12.0

Case—control comparison of urokinase polymorphisms
and haplotypes in healthy control and acute lung injury
populations

Prior to analysis, Hardy—Weinberg equilibrium (HWE)
was tested using the approaches described by Guo and
Thompson [35] as implemented in Arlequin version 3.0a
[http://anthro.unige.ch/software/arlequin/]. SNP 5 showed
marginal departure from HWE (unadjusted p-value 0.046)
on the pooled cases and controls. When tested on cases
and controls separately, HWE held at all SNPs (unadjusted
p-values > 0.092). For this analysis, all patients and
controls were included.

As an initial approach, single-marker analysis of the six
urokinase polymorphisms was undertaken, using the meth-
ods by Zhao et al. [28, 29], as implemented in the Nonlin-
ear program. As shown in Table 3, there were no signifi-
cant differences between the frequency of polymorphisms
in the control population and patients with ALI. Analy-
sis, with age and sex included, was also performed, using
the approach described by Lin and Zeng [30-32], as im-
plemented in the HAPSTAT program. No significant evi-
dence of association between any polymorphism and risk
for ALI was found with this approach.

Six haplotypes with frequencies larger than 0.01 for
urokinase were identified (Table4). Haplotype analyses
were conducted using both a joint-effects model [30-34],
in which all haplotypes except the most frequent one are
compared to the most frequent haplotype simultaneously,
and a separate-effect model [30-32] in which each hap-
lotype is compared to all of the other haplotypes (i.e.,
all other haplotypes pooled together as baseline), one
at a time, after controlling for age and sex. The HAP-
STAT [27-29] and HAPLO.STATS [33, 34] programs
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; Test 2065 3855 3955 4625 5634 7358

p-values, for urokinase poly- rs1916341  1s2227562  rs2227564  rs2227566  1s2227571  rs4065

morphisms in healthy controls

and patients with ALI Chi-square 0.447 0.622 0.405 0.727 0.460 0.597
Entropy * 0.439 0.616 0.395 0.723 0.452 0.590
Exponential*  0.439 0.614 0.394 0.723 0.453 0.590
Polynomial*  0.439 0.614 0.394 0.723 0.453 0.590
Sigmoid * 0.439 0.614 0.393 0.723 0.452 0.590
Gaussian ® 0.439 0.614 0.393 0.723 0.452 0.590
Reciprocal > 0.440 0.617 0.398 0.723 0.453 0.591

4 Score tests are presented as proposed in [28, 29]; The p-values presented in the table are not adjusted

for multiple comparisons

Table4 Urokinase haplotypes and their frequencies in patients with ALI and healthy controls. Haplotypes with frequencies greater than

0.01 are shown

2065 3855 3955 4625 5634 7358 Haplotype Haplotype
rs1916341 1822275462 1s2227564 1s2227566 182227571 rs4065 frequency: ALI frequency: controls
A G C T C T 0.020 0.020

C A C C C C 0.144 0.148

C G C C C C 0.042 0.029

C G C C C T 0.010 0.011

C G T C C C 0.241 0.254

A G C T T T 0.531 0.514

were used for haplotype analysis. Neither analysis found
significant association between any haplotype and risk for
ALL

Associations of urokinase polymorphisms and haplotypes
with outcome from acute lung injury

In order to test the association of genetic markers with
outcome from ALI, an analysis of the patients with
infection-induced ALI was undertaken. Of note, SNPs
1 (rs1916341) and 4 (rs2227566) were found to be in
complete linkage disequilibrium (LD), and were in very
strong LD with SNP 5 (rs2227571). Therefore, the results
for SNPs 1 and 4 are identical in all single-marker analyses
(Table 5). Unlike age, which was significantly associated
with 60-day survival among patients with ALI, as well as
ventilator-free days and the presence of fluid-unresponsive
shock, there was no statistically significant association

Table S Score tests, presenting

between any of the six single polymorphisms examined
and 60-day survival from ALI, using either 60-day mor-
tality as a binary response or as a time-to-event survival
response. This lack of association was present with or
without the inclusion of other covariates in the analysis.
In contrast, when haplotype analyses were performed
using a dominant-effect model, the haplotype CGCCCC
was found to be significantly associated with 60-day
mortality, either compared to the most frequent haplotype
(AGCTTT) in a joint-effect model (p =0.033) (Table 6),
or when compared to all other haplotypes in a separate-
effect model (p =0.021), after controlling for age and sex.
The association between the CGCCCC haplotype and
mortality at 60 days was also weakly supported by data
from a survival analysis (p =0.077).

Measurement of ventilator-free days is a clinically
relevant parameter in patients with ALIL, providing an
assessment of the duration of requirement for mechanical
ventilation. As was the case for 60-day mortality, no

; 2065 3855 3955 4625 5634 7358

p-values, for urokinase poly- 151916341 152227562  Rs2227564 152227566 152227571  rs4065

morphisms and 60-day mortality

in patients with ALI Chi-square 0.679 0.709 0.576 0.679 0.571 0.917
Entropy * 0.632 0.670 0.522 0.632 0.512 0.904
Exponential®  0.632 0.673 0.526 0.632 0.512 0.904
Polynomial®  0.632 0.673 0.526 0.632 0.512 0.904
Sigmoid @ 0.632 0.673 0.527 0.632 0.512 0.904
Gaussian ® 0.632 0.673 0.526 0.632 0.512 0.904
Reciprocal®  0.633 0.667 0.520 0.633 0.513 0.904

4 Score tests are presented as proposed in [28, 29]; The p-values presented in the table are not adjusted

for multiple comparisons
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Table 6 Analysis of urokinase

haplotypes and 60-day mortality Haplotype Estimate

in patients with ALI AGCTCT 0.243
CACCCC -0.105
CGCcCcCC 1.004
CGTCCC -0.082
Rare haplotypes ? 0.236
Age 0.030

Standard error t Statistic p-value
0.740 0.328 0.743
0.359 -0.292 0.770
0.467 2.151 0.033
0.318 -0.259 0.796
0.724 0.326 0.745
0.010 3.01 0.0029

4 Haplotypes with frequencies less than 0.01 were grouped together; Values presented are derived from
the HAPLO.STATS program under a dominant effects model; Haplotype AGCTTT, which has the
largest frequency, was used as baseline

individual urokinase polymorphism was significantly
associated with ventilator-free days. In contrast, there
was a statistically significant relationship between the
CGCCCC haplotype and ventilator-free days, either
compared to the most frequent haplotype (AGCTTT) in
the joint-effect model (p < 0.001), or compared to all
other haplotypes in the separate-effect model (p = 0.047),
after controlling for age and sex.

Days of shock were assessed both by sequential daily
measurement of vital signs, with a systolic blood pressure
of less than 90 despite adequate fluid administration,
being considered as shock, or by the Brussels system,
with requirement for vasopressor support to maintain nor-
motension being required for scoring as shock. However,
using either of these criteria, there were no statistically sig-
nificant relationships between shock and any single poly-
morphism or haplotype. In particular, for the CGCCCC
haplotype, which was significantly associated with 60-day
mortality and ventilator-free days, the p-values for associ-
ation with shock were > 0.11 using the Brussels scoring
system and > 0.26 using vital signs, in all the analyses
performed, even after controlling for the covariates of sex
and age.

In our haplotype analyses, we used the joint-effect
model as our primary analysis and the separate-effect
model as confirmation. Since SNP 5 showed marginal
departure from HWE in the pooled data, to be prudent, we
also conducted analyses with SNP5 excluded. The results
were similar to these presented above (data not shown).

Discussion

In this study, a significant relationship was demonstrated
between a specific urokinase haplotype, CGCCCC, and
increased 60-day mortality as well as requirement for pro-
longed mechanical ventilation among patients with ALL
This association between the CGCCCC haplotype and
worse outcome from ALI was present both when the hap-
lotype was considered alone and also in multivariate ana-
lysis, when both age and sex were included as covariates.
While the CGCCCC urokinase haplotype was associated
with outcome from ALI, there was no apparent relation-
ship between this haplotype and susceptibility to ALI,

with no significant differences in the frequencies of the
haplotype in healthy controls and patients with ALI. Such
findings indicate that while genetic alterations in urokinase
contribute to outcome in ALI, urokinase haplotypes do not
constitute a risk factor for this life-threatening condition.

There is only limited information about urokinase
polymorphisms and inflammatory conditions. In the
present study, we examined a series of tagged and com-
mon polymorphisms that were previously found in the
Seattle SNPs database to characterize all haplotypes
present in more than 2.2% of the European-American
population. The six haplotypes identified in the present
study encompass more than 98% of the subjects included
in the control and ALI populations examined, providing
a comprehensive assessment of the relationships between
genetic variation in urokinase and ALI.

While there have been reports of associations between
the nonsynonymous C — T polymorphism rs2227564
within intron 7 and Alzheimer’s disease, type 1 dia-
betes, and colonic cancer, this has not been a universal
finding [19, 20, 22, 23, 36]. Although previous studies
have shown associations between polymorphisms in
proteins related to coagulation and mortality associated
with sepsis [37, 38], there are no data on the relationship
between urokinase polymorphisms and outcome from
critical illness. In the present study, no association was
found between specific urokinase polymorphisms and
either the incidence or the outcome of ALIL

In addition to its well-characterized fibrinolytic
activity, urokinase has additional properties that are
likely to make it a relevant mediator of acute inflam-
matory processes, such as ALIL In particular, the high
concentrations of urokinase present in the lungs after
endotoxin exposure [8, 39], during pneumonia [9, 40,
41], and with ALI [3, 12, 14, 42-45], even if lacking
fibrinolytic activity because of association with PAI-1,
may still contribute to the accumulation of large numbers
of activated neutrophils which appear to play an important
role in the pathophysiology of ALI. Urokinase, through
interactions of its growth factor domain with the classic
uPA receptor (uPAR), has potent chemotactic effects on
neutrophils [46—49]. The kringle domain of urokinase has
recently been shown to have proinflammatory activity,
enhancing neutrophil release of cytokines relevant to ALI,



such as TNF-a and IL-1a [17]. In murine models, antibod-
ies to the urokinase kringle domain diminish the severity
of LPS-induced ALI [16]. Even though circulating and
pulmonary levels of PAI-1 are elevated in ALI, resulting in
inhibition of the fibrinolytic properties of urokinase, PAI-1
binds to the urokinase protease domain, without apparent
interaction with either the kringle or growth factor do-
mains [14, 50, 51]. Therefore, interactions between PAI-1
and urokinase would not be expected to modify effects
leading to neutrophil activation or accumulation in the
lungs that are modulated by urokinase domains distinct
from the protease domain.

To minimize confounding variables, such as racial ad-
mixture and heterogeneous etiologies for ALI, the present
study focused on European-American patients whose
primary etiology for ALI was infection. Management of
mechanical ventilation was standardized for these patients
as a result of being enrolled in studies in which protocols
were used with levels of compliance exceeding 98%. In
particular, all patients included in this study had been
enrolled in NIH ARDS Network studies and received low
tidal volume ventilation, presently considered the optimal
ventilatory therapy for ALI [1]. However, because of the
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