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Abstract

dysfunction associated with ALI

Introduction: Our purpose was to investigate variation within the IL-32 promoter and gene, and susceptibility to
and outcomes from infection associated acute lung injury (ALI).

Methods: Retrospective case-control study involving healthy individuals (controls) and patients (cases) with
infection-associated ALl. Two hundred fifty-eight healthy normal controls and 251 patients with infection-associated
ALl were used for comparison. The IL-32 promoter/gene was sequenced in 52 healthy Caucasian individuals to
identify single nucleotide polymorphisms (SNPs). Allelic discrimination was performed on 11 SNPs to determine
differences between cases and controls and outcomes in patients with infection associated ALl

Results: Logistic and normal regression models were used to evaluate the associations with SNPs in cases and
controls, and outcomes in patients with infection associated ALl rs12934561, an intronic SNP, was found to be
associated with risk for ALl in the case-control study and with more severe clinical course, as shown by increased
time on the ventilator and the presence of fluid unresponsive hypotension. Further, it was found that rs12934561
has gender-specific effects and strongly interacts with other SNPs.

Conclusions: A common IL-32 genotype, 1512934561, is associated with the risk of ALl as well as the need for
prolonged mechanical ventilatory support. This finding suggests that IL-32 is not only involved in the initiating
inflalnmatory and cellular events that result in ALl, but also participates in determining the severity of pulmonary

Introduction
Acute lung injury (ALI) and its more severe form, the
acute respiratory distress syndrome (ARDS), are fre-
quently associated with sepsis [1,2]. Major cellular popu-
lations involved in these processes include alveolar and
tissue-based macrophages, epithelial and endothelial
cells, and activated neutrophils that migrate from the
circulation into the interstitial and alveolar spaces,
where they release reactive oxygen species and proin-
flammatory cytokines and chemokines, including TNF-
o, IL-1B, and IL-8 [3-8]. The acute inflammatory pro-
cess associated with ALI disrupts epithelial and endothe-
lial integrity, resulting in interstitial edema, leakage of
protein into the alveolar space, and tissue injury [9].
IL-32 has been proposed to play an important role in
modulating innate and adaptive responses to infection.
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In initial studies, IL-32 was shown to induce the expres-
sion of TNF-a and IL-8 via the activation of p38 and
nuclear factor-kappa B (NF-xB) [10]. IL-32 has also
been shown to associate with nucleotide oligomerization
domain (NOD) 1 and NOD?2 ligands, facilitating the
release of IL-1B and IL-6 in a manner independent of
Toll-like receptor (TLR) activation [11]. IL-32 has been
reported to be constitutively expressed in human umbi-
lical vein endothelial cells and pulmonary vascular
endothelial cells, suggesting a role for IL-32 in endothe-
lial inflammation and endothelial initiated events,
including intravascular coagulation [12]. Increased levels
of IL-32 are present in the lungs of patients with
chronic obstructive pulmonary disease and correlate
with airflow decreases that are associated with this con-
dition [13]. Additionally, IL-32 has been linked to other
inflammatory diseases, including psoriasis [14,15],
Crohn disease [16], and rheumatoid arthritis [14-19].
The IL-32 gene is located on chromosome 16 p13.3
and comprises four splice variants: IL-32 a, f3, 6, and y
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[10]. A study by Choi and colleagues [20] demonstrated
that, although all four isoforms are biologically active,
IL-32y was the most potent at inducing the production
of the cytokines in peripheral blood mononuclear cells
and macrophages. Polymorphisms have been described
in the /L-32 gene by the National Center for Biotechnol-
ogy Information; however, association studies between
IL-32 polymorphisms and disease have not been
reported. Therefore, given the involvement of IL-32 in
inflammation and its association with diseases associated
with dysregulated inflammatory responses, we hypothe-
sized that single-nucleotide polymorphisms (SNPs)
within the IL-32 gene or promoter (or both) would be
associated with susceptibility to or outcomes in patients
with infection-associated ALL

Materials and methods

Case control

Volunteer selection

Healthy Caucasian volunteers, 19 to 89 years of age,
were recruited to determine polymorphisms in the /L-32
gene. The volunteer population consisted of 115 males
(with a mean age of 32.0 + 8.9 years) and 143 females
(with a mean age of 37.0 = 11.6 years). Each volunteer
signed an informed consent document. The study was
approved by the University of Colorado institutional
review board.

Patients with acute lung injury

All patients included in this study had been enrolled in
National Institutes of Health (NIH) ARDS Network stu-
dies and had received low tidal volume ventilation in
accordance with previously published protocols and ful-
filled all NIH ARDS Network protocol inclusion and
exclusion criteria [21]. All patients were Caucasian and
had infection-associated ALI as characterized by either
systemic or localized pulmonary infection as the investi-
gator-identified primary etiology for ALI. ALI was
defined by standard criteria [21]. Septic shock was
defined as a systolic blood pressure of less than 90 mm
Hg for at least 30 minutes despite fluid replacement or
the use of inotropic support to maintain blood pressure.
This genetic analysis study was approved by the Univer-
sity of Colorado Health Sciences Center and the Univer-
sity of Alabama at Birmingham institutional review
boards. Consent was obtained from all patients or their
surrogates before enrollment as part of their enrollment
into the NIH protocols.

Statistical analysis

Multiple-SNP logistic and linear models We used two
logistic and linear regression models to analyze our data.
The first model (the main-effect model) simultaneously
fitted age and sex, and all 22 main effects (that is, both
additive and dominant effects) of the 11 SNPs. The
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second model (the interacting model) simultaneously
titted age, sex, 22 main effects, 22 SNP-sex interactions,
and 220 epistatic interactions.

We standardized the continuous covariate, age, to
have a mean of 0 and a standard deviation of 0.5, and
coded sex as 0/1 binary variables, indicating males/
females, respectively. For each SNP, we denoted com-
mon homozygote (that is, the homozygote with higher
frequency), heterozygote, and rare homozygote by ¢, h,
and r, respectively. We coded the main-effect predictors
by using the Cockerham genetic model. The Cockerham
model defines two main effects for each SNP (that is,
additive and dominance effects, denoted by the suffixes
‘a’ and ‘d’ at the end of the SNP rs numbers). The addi-
tive predictor is coded as -1, 0, and 1 for ¢, h, and r,
and the dominance predictor as -0.5 for ¢ and r and 0.5
for h, respectively [22,23]. The additive effect ‘a” repre-
sents the genotypic effect (r - ¢)/2, and the dominance
effect ‘d’ measures h - (c + r)/2. A positive additive
effect (for example, odds ratio (OR) >1) indicates that
the rare homozygote increases risk compared with the
common homozygote, and a positive dominance effect
means that the heterozygote increases risk compared
with the mean of two homozygotes. The SNP-sex and
epistatic predictors were constructed by multiplying two
corresponding main-effect variables, introducing two
SNP-sex interactions for each SNP (that is, sex-additive
and sex-dominance interactions) and four epistatic
interactions for a pair of SNPs (that is, additive-additive,
additive-dominance, dominance-additive, and domi-
nance-dominance interactions).

Multiple-SNP analysis relieves the problem of multiple
testing encountered in single-SNP analysis, can accom-
modate linkage disequilibrium (LD) among the SNPs,
and has the advantage of providing potentially increased
power and reduced false-positives to detect causal var-
iants, better separating highly correlated predictors, and
more efficiently detecting epistatic interactions [24-26].
However, traditional regression procedures are usually
problematic, owing to potentially large numbers of cor-
related and complex variables. We addressed such issues
by using a Bayesian approach that places appropriate
prior distributions on coefficients to obtain stable esti-
mates. Specifically, we used Student-t prior distributions,
i.e.,,lerj2 ~ N(0, sz)andeZN Inv—x2(vj, 51»2), with the
hyperparameters (v;s;) reasonably preset, where f3; is the
jth coefficient in the model [25,26]. For covariates and
main effects of SNPs, we used the weakly informative
priors by setting (v;,s;) to be (1, 2.5) [27]. For sex-gene
and epistatic interactions, we chose (1, 2.5 K, .in/KgEg)
and (1, 2.5K,,in/Kgg), respectively, where K ain, Kge,
and Kgg are the total numbers of main, SNP-sex, and
epistatic effects in the model [26]. We used the
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expectation-maximization algorithm to fit the models
with the Student ¢ priors by estimating the marginal
posterior modes of the coefficients [25,26].

We used two summary measures, the deviance and

the Akaike information criterion (AIC), to compare dif-
ferent models. Lower deviance and AIC mean better fit
to data. On the basis of the fitted multiple-SNP logistic
models, we calculated the average predictive probability
for each genotype of each SNP averaging over all the
data points in the dataset and all other variables. We
performed similar calculations for each pair of SNPs
that showed significant epistatic interactions. We also
calculated the gender-specific average predictive prob-
abilities for SNPs that showed significant sex-specific
effects. The average predictive probabilities show which
genotypes increase or are protective against the risk and
how a genotype depends on the genotypes of another
SNP or covariate.
Haplotype analysis We performed haplotype analysis
on the data as a secondary approach complementary to
the above analysis. We employed the haplotype-sharing
approach, which is implemented in the software CHASe
[28]. Because CHASe handles genotype data only, age
and sex were not included in the haplotype analysis.

Results

Sequencing of the IL-32 gene

Sequencing the /L-32 gene and promoter identified a
total of 23 SNPs with allele frequencies ranging from 6%
to 48% (Additional file 1, Table S1). Nine SNPs were in
the promoter and 14 were located within the gene. One
SNP in the promoter (-954) and one in the intron (613)
had not been previously described. Rs4786370,
rs55699988, and rs28372698 (r° = 0.87) as well as
rs56037566 and rs11861531 (° = 0.84) were tag SNPs.
Analysis of pairwise LD was relatively weak for the IL-
32 promoter and gene within this population (Addi-
tional file 1, Figure S1).

Characteristics of the ARDS Network population

Two hundred fifty-one Caucasian patients who had
infection-induced ALI and who were enrolled from NIH
ARDS Network trials were available for analysis. As
shown in Table 1, the average age of patients was 51.3 +
15.6 years, and men and women were equally repre-
sented. Overall mortality for this population was 25%.
The primary source of infection was the lung, and pul-
monary infections were present in 55% of the patients.
An additional 258 healthy Caucasians were used to
determine associations between cases and controls.

Case-control study
Prior to the determination of whether IL-32 SNPs were
associated with risk for ALI, Hardy-Weinberg equilibrium
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Table 1 Characteristics of acute lung injury in the ARDS
Network patient population

Number 251
Age in years
Mean + SD 513 + 156
Range 17 t0 90
Male 50.0%
APACHE Ill, mean + SD 96.2 £ 29.7
Mechanical ventilation 100%
Mortality
Overall 25.0%
Male 26.0%
Female 24.0%
Source of infection
Lung 55.0%
Peritoneum 4.0%
Vascular line 4.0%
Skin 2.0%
Gl/Biliary tract 2.0%
Other 33.0%

APACHE I, Acute Physiology and Chronic Health Evaluation Ill; ARDS, acute
respiratory distress syndrome; Gl, gastrointestinal; SD, standard deviation.

(HWE) was evaluated on cases and controls. SNPs
rs11860424 and rs9927163 showed some departure from
HWE (P < 0.05). Next, we compared 11 out of the 23
SNPs (which captured 14 out of the 23 SNPs using tag
SNPs) between healthy controls and patients with infec-
tion-associated ALL. We attempted to analyze the other
SNPs identified by sequencing; however, TagMan assays
for these SNPs failed. Figure 1 displays the coefficient esti-
mates, standard errors, P values, and ORs for all of the
effects under the main-effect and interacting models for
the case-control study. The main-effect model detected
rs9927163 with a marginally significant dominance effect,
which was also present in the interacting model. The
interaction analysis identified two sex-specific effects,
rs11861531a.sex and rs12934561a.sex, and two epistatic
interactions, rs12934561d.rs1554999a and rs11641468a.
rs12934561a. The association of rs12934561 with risk for
ALI, which was not significant under the main-effect
model, became significant under the interacting model.
The interacting model had lower deviance and AIC than
the main-effect model, indicating that inclusion of sex-spe-
cific effects and epistatic interactions improved the fit of
the model to data.

For rs9927163, the heterozygote increased the risk of
developing ALI whereas homozygotes decreased the risk
(Additional file 1, Figure S2). The genotypic effects of
rs11861531 and rs12934561 depended on gender, with
males demonstrating relatively greater protection from
ALI than females, and the genotypic effects of the inter-
acting SNP varied with the genotypes of the second
SNP.



Arcaroli et al. Critical Care 2011, 15:R138 Page 4 of 10
http://ccforum.com/content/15/3/R138
N
A 0 1 2 3 -1 0 1 2 3 4
L J | 1 | p OR L } 1 | I Ip OR
age i —®—196.2422.3(12.1.41) age ; —®—w.25 27.8(146.528)
,ﬂ-—.—: 0023 06(0.4-09) sex —@—, 0028 06(03-1)
H i
o e
s
i '}
L] ]
) )
‘ L
P .
°! o
p ®
o r89927163d e 0029 18(11.32)
S s,
1899271634 —— 005 17(1-29) ° .E
°! ™
o f
.. i e
‘e =
! L
e e
® °
® 1812934561 a——— | 0011 04(02:08)
°. 18129345614 | —— 0009 21{12:37)
® re11861531a sex —— 0043 19(1.37)
] . ]
! 1129345612 sex e 003 25(1157)
‘. rs129345614d r81554999a | — 0.0032 29(1 4.58)
e rs11641468a 8129345618 @ 0.0032 0.4 (03-08)
| T T T 1 I T T T T 1
1 0 1 2 3 -1 0 1 2 3 4
Dev =514.1, AIC = 564.1 Dev = 4827, AIC = 5427
Figure 1 Case-control study of the association of IL-32 SNPs with risk for developing infection-associated acute lung injury. The left
panel represents the analysis of simultaneously fitting age, sex, and main effects for all 11 identified IL-32 SNPs. The right panel represents the
analysis of simultaneously fitting age, sex, and main effects of all SNP, sex-gene, and epistatic interactions. The notation for main effects, a and d,
indicates additive and dominance effects, respectively. The term X;.X; represents interaction between X; and X,. Interactions with a P value of
greater than 0.05 are not displayed. The points and short lines represent estimates of effect and + 2 standard errors, respectively. The numbers
at the right side are the P values (p), odds ratios (ORs), and 95% confidence intervals. The deviance (Dev) and Akaike information criterion (AIC)
under each model are also shown. IL, interleukin; SNP, single-nucleotide polymorphism.

Analysis of IL-32 genotypes and death associated with
acute lung injury

Figure 2 displays the coefficient estimates, standard
errors, P values, and ORs for the main-effect model and
the interacting model for death at 60 days (that is, death
or not by day 60) after study inclusion. The main-effect
model detected no SNP that was significantly associated
with death at day 60. However, the interaction analysis
found that rs2239301d and rs1555001a were associated
with an increased risk of death in patients with infec-
tion-associated ALI. There were also a sex-specific
effect, rs1555001a.sex, and one epistatic interaction,
rs11861531a.rs1293461a, that were both associated with
diminished risk for death at day 60. The interacting
model had lower deviance and AIC than the main-effect
model, indicating that inclusion of sex-specific effects
and epistatic interactions improved the fit of the model
to data (Additional file 1, Figure S3). The gene-sex
interaction of rs1555001 occurred mainly for the rare
homozygote, with increased risk of death among women
with this SNP, and the gene-gene interaction of

rs11861531 and rs1293461 occurred mainly for the
common homozygote of rs11861531 and rare homozy-
gote of rs1293461 (Additional file 1, Figure S3).

IL-32 SNPs and time on the ventilator and presence of
shock among patients with acute lung injury

To investigate a possible association between severity of
lung injury and SNPs, we analyzed the number of venti-
lator-free days (VFDs) associated with each IL-32 SNP
for patients with infection-associated ALI Figure 3 dis-
plays the coefficient estimates, standard errors, and P
values for the main-effect model and the interacting
model for VFDs, an indicator of need for mechanical
ventilation. The main-effect model detected three SNPs
- 1511860424, rs11861531, and rs12934561 - significantly
associated with VFDs through additive effects. The
interacting model identified not only these three additive
effects but also an additional epistatic effect, rs1555001d.
rs4786370d, that was associated with reduced VFDs.
The interacting model reduced deviance and AIC and
thus improved the model fit to the data. In a second
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Figure 2 Association between IL-32 SNPs and 60-day mortality in patients with infection-associated acute lung injury. The left panel
represents the analysis of simultaneously fitting age, sex, and main effects of all the SNPs. The right panel represents the analysis of
simultaneously fitting age, sex, and main effects of all the SNP, sex-gene, and epistatic interactions. The notation for main effects, a and d,
indicates additive and dominance effects, respectively. The term X;.X; represents interaction between X; and X,. Interactions with a P value of
greater than 0.05 are not displayed. The points and short lines represent estimates of effects and + 2 standard errors, respectively. The numbers
at the right side are the P values (p), odds ratios (ORs), and 95% confidence intervals. The deviance (Dev) and Akaike information criterion (AIC)
under each model are shown. IL, interleukin; SNP, single-nucleotide polymorphism.

analysis (Figure 4), we evaluated the association between
IL-32 SNPs and days on the ventilator (DOVs), another
indicator of the need for mechanical ventilation in criti-
cally ill patients with respiratory failure. The main-effect
model detected two SNPs, rs11861531a and
rs11641468a, that were significantly associated with
DOVs. rs11861531a was associated with a reduction in
the duration of requirement for mechanical ventilation,
whereas the time on mechanical ventilation was signifi-
cantly greater among patients with rs11641468. Under
the interacting model, the effect for rs11861531a, but
not that for rs11641468a, was still significant. The inter-
action analysis identified an additional SNP,
rs12934561a, that was associated with an increased
number of DOVs and three epistatic interactions,
rs12934561a.rs9927163a, rs11641468d.rs2239301a, and
rs11641468d.rs1555001a.

We next examined whether particular IL-32 SNPs
were associated with hemodynamic shock as assessed by

the Brussels criteria requirement of vasopressor support
to maintain normotension or by a systolic blood pres-
sure of less than 90 mm Hg despite adequate fluid
administration. Figure 5 shows the coefficient estimates,
standard errors, and P values for all of the effects under
the main-effect model and the interacting model for
shock using the Brussels score values. The main-effect
model detected one SNP, rs12934561a, significantly
associated with shock. The interacting model identified
not only this main effect but also one epistatic interac-
tion, rs1555001a.rs9927163a. This interaction reduced
deviance and AIC and thus improved the model fit to
the data. For rs1293461, the common homozygote was
associated with decreased risk of developing shock in
patients with infection-associated ALI, and the effects of
rs1555001 varied with the genotypes of rs9927163
(Additional file 1, Figure S4).

The main-effect model detected three SNPs -
rs11641468d, rs2239303d, and rs12934561d - that were
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significantly associated with shock, as defined by
sequential measurements of vital signs (Additional file 1,
Figure S5). The interacting model identified not only
the same three SNPs but also one epistatic interaction
(that is, rs11641468a.rs2239301a) (Additional file 1, Fig-
ure S6). The genotypic effects of rs11641468 varied with
the genotypes of rs2239301 (Additional file 1, Figure
S6).

Haplotype analysis

Because the haplotype method handles genotype data
only, the results are unadjusted for any covariates. Table
S2 of Additional file 1 shows the haplotypes and their
corresponding frequencies. The smallest P values from
analyzing each of the aforementioned phenotypes are all
within the region 1474 to 4153 (consisting of SNPs
rs9927163, rs2239301, rs11861531, rs11641468,
rs1555001, rs2239303, and rs12934561). After Bonfer-
roni correction, only the case-control and shock (as

defined by Brussels score criteria) phenotypes showed
significant signals. For the case-control phenotype, the
smallest P value is for the region 1544 to 2642 (consist-
ing of SNPs rs2239301, rs11861531, rs11641468, and
rs1555001; P value = 0.036 after Bonferroni correction).
However, several regions between 1474 and 4153 have
significant P values even after Bonferroni correction. For
shock defined by Brussels score criteria, the smallest P
value is in the region 3225 to 4153 (consisting of SNPs
rs2239303 and rs12934561; P value = 0.008 after Bonfer-
roni correction). The region 2642 to 4153 (consisting of
SNPs rs1555001, rs2239303, and rs12934561) is signifi-
cant as well (P value = 0.029 after Bonferroni
correction).

Discussion

IL-32 is a recently described cytokine that demonstrates
increased expression after engagement of TLRs and IL-1
receptors in endothelial, epithelial, monocytic, and other
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Figure 4 Association between IL-32 SNPs and days on ventilator. The left panel represents the analysis of simultaneously fitting age, sex,
and main effects of all the SNPs. The right panel represents the analysis of simultaneously fitting age, sex, and main effects of all the SNP, sex-
gene, and epistatic interactions. The notation for main effects, a and d, indicates additive and dominance effects, respectively. The term X;.X,
represents interaction between X; and X,. Interactions with a P value of greater than 0.05 are not displayed. The points and short lines represent
estimates of effects and + 2 standard errors, respectively. The numbers at the right side are the P values (p). The deviance (Dev) and Akaike
information criterion (AIC) under each model are shown. IL, interleukin; SNP, single-nucleotide polymorphism.

cell populations and that induces the production of
proinflammatory cytokines, including TNF-a and IL-1j,
through intracellular pathways involving NF-xB and the
p38 MAP kinase [16,29-31]. IL-32 appears to play an
important role in pathophysiologic states associated with
dysregulated inflammatory responses, including rheuma-
toid arthritis, chronic obstructive pulmonary disease,
psoriasis, and inflammatory bowel disease [13,18,32]. In
a mouse model of sepsis, IL-32 was shown to potentiate
peritonitis-induced elevations in serum levels of TNF-a
and IL-1pB, and overexpression of the IL-32f isoform led
to reduced time to death [33].

ALI is accompanied by an intense inflammatory
response in the lungs, driven by the proinflammatory
cytokine and chemokine generation that initiates and
accompanies the accumulation of large numbers of acti-
vated neutrophils in the pulmonary interstitium and air-
ways [34]. ALI is also characterized by endothelial
alterations that are associated with microvascular
abnormalities and epithelial dysfunction that leads to

the leakage of proteins into the alveolar space, resulting
in diminished lung compliance and hypoxemia [35,36].
While there is limited information linking IL-32 to ALI,
involvement of this cytokine in the inflammatory reac-
tion that characterizes ALI, as suggested by the present
data, is not surprising, especially given that sepsis asso-
ciated with pulmonary or extra-pulmonary infections is
the most common etiologic factor for ALI [35,36]. How-
ever, previous studies have not specifically examined
either the role of IL-32 in ALI or the possibility that
genetically determined alterations in IL-32 might be
associated with risk for or outcome from ALIL

In the present studies, we characterized 23 SNPs in
the IL-32 promoter and gene. One SNP (-954) in the
promoter and an intronic SNP (613) had not previously
been described. When the IL-32 genotypes were exam-
ined in a case-control study, two intronic SNPs were
associated with enhanced risk for developing ALI In
particular, heterozygosity of rs9927163 was associated
with an increased likelihood for the development of
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ALI, whereas rs12934561 was associated with risk for
ALI mainly through sex-specific effects and epistatic
interactions, and a diminished effect was found primar-
ily in men. Both of these genotypes are fairly common
in Caucasian individuals; the allele frequency for
rs22967163 is approximately 25% and that for
rs12934561 is about 41%. While the functional signifi-
cance of these genotypes in terms of IL-32 expression is
unknown at present, these findings indicate that IL-32
genotypes are associated with risk for development of
ALI and suggest that IL-32 occupies an important role
in the pathogenesis of ALL

Several IL-32 SNPs were significantly associated with
clinical outcome among patients with ALL In particular,
rs12934561, an intronic SNP that was found to be asso-
ciated with risk for ALI in the case-control study, also
demonstrated an association with a more severe clinical
course, as defined by a longer period on the ventilator,
using both VFDs and time on ventilator as measures of

the need for mechanical ventilation. rs12934561 was
also associated with a higher prevalence of fluid unre-
sponsive hypotension. Although effects of other SNPs,
including rs223930d, rs1555001a, rs11641468d, and
rs2239303d, were associated with worse clinical outcome
(such as increased mortality at day 60, prolonged
requirement for mechanical ventilation, or the presence
of shock), none of these genotypes was present for mul-
tiple clinical parameters, as was the case of rs12934561.
The present results indicate that IL-32 genotypes are
associated not only with risk for the development of
ALI but also with outcome from this critical illness.
Such associations between IL-32 SNPs and ALI are not
surprising given the multiple cellular populations that
express this cytokine and that participate in the patho-
genesis of ALI, including macrophages, endothelial, and
epithelial cells, as well as the ability of IL-32 to affect
inflammatory and other pathways known to mediate
pulmonary and extra-pulmonary organ dysfunction
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occurring with ALI In particular, IL-32 expression is
enhanced after engagement of TLR4 receptors by
ligands, including LPS, that play a major initiating role
in ALI due to sepsis, hemorrhage, trauma, or hyperoxia
[11,12,32,33]. IL-1p and TNF-a, two cytokines whose
expression is induced by IL-32, have been shown to be
present in high concentrations in the lungs during ALI
and to participate in potentiating neutrophil recruitment
and producing pulmonary injury in this setting [8,37,38].
Of note, IL-1B, which is found in high concentrations in
the alveolar space and airways during ALI, induces IL-
32 expression and thereby may participate in potentiat-
ing inflammatory cascades, resulting in upregulation of
its own levels as well as those for IL-32 [12,32,33]. IL-32
has been shown to upregulate the C-X-C chemokine IL-
8 [12], which is known to be expressed at high levels in
the lungs during ALI and has potent ability to enhance
recruitment of neutrophils, a cell population that plays a
major role in mediating pulmonary injury during ALI,
into the pulmonary parenchyma and airways [39-41].
Although IL-32 SNP rs12934561 was shown to be
associated with risk for and worse outcomes from ALI,
there are several limitations with this study. Only 11 out
of the 23 SNPs were genotyped (12 failed assay design),
and LD between rs12934561 and one or more of these
SNPs could possibly exist. Therefore, the potential SNP
associated with outcome from ALI may not be
rs12934561. In addition, the sample size in this study is
not robust. Therefore, it is possible that the association
between ALI and other SNPs may be missed because of
limited statistical power. Although our analysis controls
type I error rate well, there is the possibility that
rs12934561 is a false-positive finding, and this finding
will require confirmation with a validation population,
preferably with larger sample size and denser markers.
Finally, functional studies of rs12934561 were not per-
formed; thus, further studies are warranted to have a
better understanding of the role of this IL-32 SNP in
altering IL-32 function and ultimately outcomes in ALL

Conclusions

While the present studies do not establish the functional
significance of the IL-32 SNPs found to be associated with
risk for and outcome from ALI, they do support the
hypothesis that IL-32 plays an important role in the patho-
genesis of ALL The fact that a common IL-32 genotype,
rs12934561, was associated with ALI and interacted with
other SNPs as well as the need for prolonged mechanical
ventilatory support in patients with this condition suggests
that IL-32 not only is involved in the initiating inflamma-
tory and cellular events that result in ALI but also partici-
pates in determining the severity of pulmonary
dysfunction associated with ALIL Although future preclini-
cal and clinical interventional studies will be necessary to
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establish the involvement of IL-32 in ALI, the present
results are fully supportive of a major role for IL-32 in
determining both propensity for and severity of ALL

Key messages
« IL-32 appears to play an important role in patho-
physiologic states associated with dysregulated
inflammatory responses.
» The IL-32 SNP rs12934561 is associated with an
increased risk of acute lung injury (ALI) as well as
the need for prolonged mechanical ventilatory
support.
+ These results suggest that IL-32 not only is
involved in the initiating inflammatory and cellular
events that result in ALI but also participates in
determining the severity of pulmonary dysfunction
associated with ALL

Additional material

Additional File 1: Supplemental Data Supplemental Methods and J
Results.

Abbreviations

AIC: Akaike information criterion; ALI: acute lung injury; ARDS: acute
respiratory distress syndrome; DOV: day on ventilator; HWE: Hardy-Weinberg
equilibrium; IL: interleukin; LD: linkage disequilibrium; NF-kB: nuclear factor-
kappa B; NIH: National Institutes of Health; NOD: nucleotide oligomerization
domain; OR: odds ratio; SNP: single-nucleotide polymorphism; TLR: Toll-like
receptor; TNF-a: tumor necrosis factor-alpha; VFD: ventilator-free day.

Acknowledgements
This work was supported in part by grants GM087748 (EA), HL076206 (EA),
GM081488 (NL), and 2R01GM069430-06 (NY) from the NIH.

Author details

1Departmem of Medicine, University of Colorado Anschutz Medical Campus,
12801 E. 17th Avenue, Aurora, CO 80045, USA. “Department of Biostatistics,
Section on Statistical Genetics, University of Alabama at Birmingham, 1530
3rd Avenue South, Birmingham, AL 35294-0012, USA. 3Departmem of
Medicine, University of Alabama at Birmingham, 1530 3rd Avenue South,
BDB 420, Birmingham, AL 35294-0012, USA.

Authors’ contributions

JJA participated in study design, sequencing, SNP genotyping, data
collection, and manuscript preparation. NL and NY performed the statistical
analysis and prepared the manuscript. EA participated in study design and
data analysis and drafted the manuscript. All authors read and approved the
final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 21 January 2011 Revised: 21 April 2011
Accepted: 7 June 2011 Published: 7 June 2011

References

1. Beal AL, Cerra FB: Multiple organ failure syndrome in the 1990s. Systemic
inflammatory response and organ dysfunction. JAMA 1994, 271:226-233.

2. Deitch EA: Multiple organ failure. Pathophysiology and potential future
therapy. Ann Surg 1992, 216:117-134.


http://www.biomedcentral.com/content/supplementary/cc10258-S1.DOC
http://www.ncbi.nlm.nih.gov/pubmed/8080494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8080494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1503516?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1503516?dopt=Abstract

Arcaroli et al. Critical Care 2011, 15:R138
http://ccforum.com/content/15/3/R138

20.

21,

22.

23.

24,

Abraham E, Kaneko DJ, Shenkar R: Effects of endogenous and exogenous
catecholamines on LPS-induced neutrophil trafficking and activation. Am
J Physiol 1999, 276:L.1-8.

Blackwell TS, Blackwell TR, Holden EP, Christman BW, Christman JW: In vivo
antioxidant treatment suppresses nuclear factor-kappa B activation and
neutrophilic lung inflammation. J Immunol 1996, 157:1630-1637.
Cassatella MA: The production of cytokines by polymorphonuclear
neutrophils. Immunol Today 1995, 16:21-26.

Faggioni R, Gatti S, Demitri MT, Delgado R, Echtenacher B, Gnocchi P,
Heremans H, Ghezzi P: Role of xanthine oxidase and reactive oxygen
intermediates in LPS- and TNF-induced pulmonary edema. J Lab Clin
Med 1994, 123:394-399.

Gatti S, Faggioni R, Echtenacher B, Ghezzi P: Role of tumour necrosis
factor and reactive oxygen intermediates in lipopolysaccharide-induced
pulmonary oedema and lethality. Clin Exp Immunol 1993, 91:456-461.
Parsey MV, Tuder RM, Abraham E: Neutrophils are major contributors to
intraparenchymal lung IL-1 beta expression after hemorrhage and
endotoxemia. J Immunol 1998, 160:1007-1013.

Matthay MA, Zimmerman GA: Acute lung injury and the acute respiratory
distress syndrome: four decades of inquiry into pathogenesis and
rational management. Am J Respir Cell Mol Biol 2005, 33:319-327.

Kim SH, Han SY, Azam T, Yoon DY, Dinarello CA: Interleukin-32: a cytokine
and inducer of TNFalpha. Immunity 2005, 22:131-142.

Netea MG, Azam T, Ferwerda G, Girardin SE, Walsh M, Park JS, Abraham E,
Kim JM, Yoon DY, Dinarello CA, Kim SH: IL-32 synergizes with nucleotide
oligomerization domain (NOD) 1 and NOD2 ligands for IL-1beta and IL-6
production through a caspase 1-dependent mechanism. Proc Natl Acad
Sci USA 2005, 102:16309-16314.

Nold-Petry CA, Nold MF, Zepp JA, Kim SH, Voelkel NF, Dinarello CA: IL-32-
dependent effects of IL-1beta on endothelial cell functions. Proc Nat/
Acad Sci USA 2009, 106:3883-3888.

Calabrese F, Baraldo S, Bazzan E, Lunardi F, Rea F, Maestrelli P, Turato G,
Lokar-Oliani K, Papi A, Zuin R, Sfriso P, Balestro E, Dinarello C, Saetta M: IL-
32, a novel proinflammatory cytokine in chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2008, 178:894-901.

Sorrentino C, Di Carlo E: Expression of IL-32 in human lung cancer is
related to the histotype and metastatic phenotype. Am J Respir Crit Care
Med 2009, 180:769-779.

Seo EH, Kang J, Kim KH, Cho MC, Lee S, Kim HJ, Kim JH, Kim EJ, Park DK,
Kim SH, Choi YK, Kim JM, Hong JT, Yoon DY, Eun-Hee S, Kang J, Ki KH:
Detection of expressed IL-32 in human stomach cancer using ELISA and
immunostaining. J Microbiol Biotechnol 2008, 18:1606-1612.

Shioya M, Nishida A, Yagi Y, Ogawa A, Tsujikawa T, Kim-Mitsuyama S,
Takayanagi A, Shimizu N, Fujiyama Y, Andoh A: Epithelial overexpression
of interleukin-32alpha in inflammatory bowel disease. Clin Exp Immunol
2007, 149:480-486.

Shoda H, Fujio K, Yamamoto K: Rheumatoid arthritis and interleukin-32.
Cell Mol Life Sci 2007, 64:2671-2679.

Joosten LA, Netea MG, Kim SH, Yoon DY, Oppers-Walgreen B, Radstake TR,
Barrera P, van de Loo FA, Dinarello CA, van den Berg WB: IL-32, a
proinflammatory cytokine in rheumatoid arthritis. Proc Natl Acad Sci USA
2006, 103:3298-3303.

Cagnard N, Letourneur F, Essabbani A, Devauchelle V, Mistou S, Rapinat A,
Decraene C, Fournier C, Chiocchia G: Interleukin-32, CCL2, PF4F1 and
GFD10 are the only cytokine/chemokine genes differentially expressed
by in vitro cultured rheumatoid and osteoarthritis fibroblast-like
synoviocytes. Eur Cytokine Netw 2005, 16:289-292.

Choi JD, Bae SY, Hong JW, Azam T, Dinarello CA, Her E, Choi WS, Kim BK,
Lee CK, Yoon DY, Kim SJ, Kim SY: Identification of the most active
interleukin-32 isoform. Immunology 2009, 126:535-542.

Brower RG, Lanken PN, Maclntyre N, Matthay MA, Morris A, Ancukiewicz M,
Schoenfeld D, Thompson BT: Higher versus lower positive end-expiratory
pressures in patients with the acute respiratory distress syndrome. N
Engl J Med 2004, 351:327-336.

Cordell HJ: Epistasis: what it means, what it doesn’t mean, and statistical
methods to detect it in humans. Hum Mol Genet 2002, 11:2463-2468.
Zeng ZB, Wang T, Zou W: Modeling quantitative trait Loci and
interpretation of models. Genetics 2005, 169:1711-1725.

Balding DJ: A tutorial on statistical methods for population association
studies. Nat Rev Genet 2006, 7:781-791.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 10 of 10

Yi N, Banerjee S: Hierarchical generalized linear models for multiple
quantitative trait locus mapping. Genetics 2009, 181:1101-1113.

Yi N, Kaklamani VG, Pasche B: Bayesian analysis of genetic interactions in
case-control studies, with application to adiponectin genes and
colorectal cancer risk. Ann Hum Genet 2011, 75:90-104.

Gelman A JA, Pittau MG, Su YS: A weakly informative default prior
distribution for logistic and other regression models. Annals of Applied
Statistics 2008, 2:1360-1383.

Allen AS, Satten GA: A novel haplotype-sharing approach for genome-
wide case-control association studies implicates the calpastatin gene in
Parkinson's disease. Genet Epidemiol 2009, 33:657-667.

Hong J, Bae S, Kang Y, Yoon D, Bai X, Chan ED, Azam T, Dinarello CA, Lee S,
Her E, Rhof G, Kim S: Suppressing IL-32 in monocytes impairs the
induction of the proinflammatory cytokines TNF[alpha] and IL-1[beta].
Cytokine 2010, 49:171-176.

Barksby HE, Nile CJ, Jaedicke KM, Taylor JJ, Preshaw PM: Differential
expression of immunoregulatory genes in monocytes in response to
Porphyromonas gingivalis and Escherichia coli lipopolysaccharide. Clin
Exp Immunol 2009, 156:479-487.

Kobayashi H, Lin PC: Molecular characterization of IL-32 in human
endothelial cells. Cytokine 2009, 46:351-358.

Dinarello CA, Kim SH: IL-32, a novel cytokine with a possible role in
disease. Ann Rheum Dis 2006, 65:iii61-iii64.

Kobayashi H, Huang J, Ye F, Shyr Y, Blackwell TS, Lin PC: Interleukin-32f
propagates vascular inflammation and exacerbates sepsis in a mouse
model. PLoS ONE 2010, 5:29458.

Abraham E: Neutrophils and acute lung injury. Crit Care Med 2003, 31:
$195-199.

Wheeler AP, Bernard GR: Acute lung injury and the acute respiratory
distress syndrome: a clinical review. Lancet 2007, 369:1553-1564.

Ware LB, Matthay MA: The acute respiratory distress syndrome. N £ngl J
Med 2000, 342:1334-1349.

Suter PM, Suter S, Girardin E, Roux-Lombard P, Grau GE, Dayer JM: High
bronchoalveolar levels of tumor necrosis factor and its inhibitors,
interleukin-1, interferon, and elastase, in patients with adult respiratory
distress syndrome after trauma, shock, or sepsis. Am Rev Respir Dis 1992,
145:1016-1022.

Yoshinari D, Takeyoshi |, Koibuchi Y, Matsumoto K, Kawashima Y, Koyama T,
Ohwada S, Morishita Y: Effects of a dual inhibitor of tumor necrosis
factor-alpha and interleukin-1 on lipopolysaccharide-induced lung injury
in rats: involvement of the p38 mitogen-activated protein kinase
pathway. Crit Care Med 2001, 29:628-634.

Coldren CD, Nick JA, Poch KR, Woolum MD, Fouty BW, O'Brien JM,

Gruber MP, Zamora MR, Svetkauskaite D, Richter DA, He Q, Park JS,
Overdier KH, Abraham E, Geraci MW: Functional and genomic changes
induced by alveolar transmigration in human neutrophils. Am J Physiol
Lung Cell Mol Physiol 2006, 291:L1267-1276.

O'Grady NP, Preas HL, Pugin J, Fiuza C, Tropea M, Reda D, Banks SM,
Suffredini AF: Local inflammatory responses following bronchial
endotoxin instillation in humans. Am J Respir Crit Care Med 2001,
163:1591-1598.

Ware LB, Koyama T, Billheimer DD, Wu W, Bernard GR, Thompson BT,
Brower RG, Standiford TJ, Martin TR, Matthay MA: Prognostic and
pathogenetic value of combining clinical and biochemical indices in
patients with acute lung injury. Chest 2010, 137:288-296.

doi:10.1186/cc10258

Cite this article as: Arcaroli et al. Association between IL-32 genotypes
and outcome in infection-associated acute lung injury. Critical Care 2011
15:R138.



http://www.ncbi.nlm.nih.gov/pubmed/9887049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9887049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8759749?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8759749?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8759749?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7880385?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7880385?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8133151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8133151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8443968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8443968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8443968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9551941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9551941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9551941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16172252?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16172252?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16172252?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15664165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15664165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16260731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16260731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16260731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19228941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19228941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18703789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18703789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18703789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19628777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19628777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18852519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18852519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17590175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17590175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17619821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16492735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16492735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16464743?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16464743?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16464743?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16464743?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18771438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18771438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15269312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15269312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12351582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12351582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15654105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15654105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983374?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983374?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19139143?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19139143?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20846215?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20846215?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20846215?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19365859?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19365859?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19365859?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19880327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19880327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19438601?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19438601?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19438601?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19364659?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19364659?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17038476?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17038476?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20221440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20221440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20221440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12682440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17482987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17482987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10793167?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1586041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1586041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1586041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1586041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11373433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11373433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11373433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11373433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16861384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16861384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19858233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19858233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19858233?dopt=Abstract

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Case control
	Volunteer selection
	Patients with acute lung injury
	Statistical analysis


	Results
	Sequencing of the IL-32 gene
	Characteristics of the ARDS Network population
	Case-control study
	Analysis of IL-32 genotypes and death associated with acute lung injury
	IL-32 SNPs and time on the ventilator and presence of shock among patients with acute lung injury
	Haplotype analysis

	Discussion
	Conclusions
	Key messages
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

