Type 2 Deiodinase and Host Responses of Sepsis and

Acute Lung Injury

Shwu-Fan Ma'*, Lishi XieZ*, Maria Pino-Yanes34*, Saad Sammani2, Michael S. Wade?,
Eleftheria Letsiou?, Jessica Siegler?, Ting Wang?, Giovanni Infusino?, Rick A. Kittles>,
Carlos Flores34, Tong Zhou?, Bellur S. Prabhakaré, Liliana Moreno-Vinasco?, Jesus Villar®73,
Jeffrey R. Jacobson?, Steven M. Dudek? and Joe G. N. Garcia?

TSection of Pulmonary and Critical Care, Department of Medicine, University of Chicago, Chicago, lllinois; ?Institute for Personalized Respiratory
Medicine, Section of Pulmonary, Critical Care Sleep and Allergy, University of lllinois at Chicago, Chicago, lllinois; 3Centro de Investigacion
Biomedica en Red Enfermedades Respiratorias, Instituto de Salud Carlos Ill, Madrid, Spain; “Research Unit, Hospital Universitario Nuestra Sefora de
Candelaria, Tenerife, Spain; >Section of Hematology and Oncology, Department of Medicine, and; ®Department of Microbiology and Immunology,
University of lllinois at Chicago, Chicago, lllinois; ’Research Unit, Hospital Universitario Dr. Negrin, Las Palmas de Gran Canaria, Spain; and 8Keenan
Research Center at the Li Ka Shing Knowledge Institute of St. Michael’s Hospital, Toronto, Canada

The role of thyroid hormone metabolism in clinical outcomes of the
critically ill remains unclear. Using preclinical models of acute lung
injury (ALI), we assessed the gene and protein expression of type 2
deiodinase (D102), a key driver for synthesis of biologically active
trilodothyronine, and addressed potential association of DIO2 ge-
netic variants with ALl in a multiethnic cohort. DIO2 gene and protein
expression levels in murine lung were validated by microarrays and
immunoblotting. Lung injury was assessed by levels of bronchoal-
veolar lavage protein and leukocytes. Single-nucleotide polymor-
phisms were genotyped and ALl susceptibility association assessed.
Significant increases in both DIO2 gene and D2 protein expression
were observed in lung tissues from murine ALl models (LPS- and
ventilator-induced lung injury), with expression directly increasing
with the extent of lung injury. Mice with reduced levels of DIO2
expression (by silencing RNA) demonstrated reduced thyroxine lev-
els in plasma and increased lung injury (increased bronchoalveolar
lavage protein and leukocytes), suggesting a protective role for DIO2
in ALIL. The G (Ala) allele of the Thr92Ala coding single-nucleotide
polymorphism (rs225014) was protective in severe sepsis and severe
sepsis—associated ALl after adjustments for age, sex, and genetic
ancestry in a logistic regression model in European Americans. Our
studies indicate that DIO2 is a novel ALI candidate gene, the non-
synonymous Thr92Ala coding variant of which confers ALl protec-
tion. Increased DIO2 expression may dampen the ALl inflammatory
response, thereby strengthening the premise that thyroid hormone
metabolismisintimately linked to the integrated response to inflam-
matory injury in critically ill patients.

Keywords: acute respiratory distress syndrome; hypothyroidism; me-
chanical ventilation; sepsis

Acute lung injury (ALI) is one of the major causes of acute respi-
ratory failure that usually develops in response to major insults,
such as sepsis, trauma, pneumonia, and multiple transfusions
(1). Although mechanical ventilation (MV) is indispensable for
the survival of patients with ALI (2), clinical trials have shown
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that improperly delivered MV causes or worsens lung injury,
a syndrome known as ventilator-induced lung injury (VILI).
ALl and VILI are characterized by augmented capillary leakage,
acute inflammation, and increases in inflammatory cytokine ex-
pression (3, 4). Microarray analyses have identified a number of
AlLI-associated candidate genes correlated with the outcome of
both ALI and VILI (5-8). Case—control association studies fur-
ther support that genetic variants in these genes contribute to
susceptibility and survival of sepsis and ALI (8-12). Despite these
increasing insights into ALI/VILI pathobiology, ALI continues
to carry an unacceptably high mortality (>30%), and the basis
for the increased ALI morbidity/mortality remains poorly
understood.

Clinicians have had a long-standing interest in the enigmatic
role of thyroid hormones (THSs) in critically ill patients (13) who
exhibit low concentrations of thyroid prohormone, thyroxine
(T4), and active hormone, 3,3',5-tri-iodothyronine (T3), in con-
cert with elevated concentrations of inactive reverse TH, rT3
(14-16). These profound changes in thyroid function tests have
been correlated directly with the severity of illness, implying the
poorest prognosis for survival (17). In addition, hypothyroidism
appears to aggravate the clinical setting of lung injury, and TH
deprivation impedes alveolar fluid clearance, resulting in persis-
tent hypoxia, reduced antioxidant profiles, and worsening lung
function (18). In contrast, administration of TH to critically ill
patients with ALI or sepsis improves lung mechanics (19).

The exact role of TH in ALI is likely related to the enzymatic
activities of the three types of deiodinases, particularly the type 2
deiodinase (D2) encoded by the type 2 deiodinase gene (DIO2;
HGNC:2884). D2 plays a vital role in the maintenance of circu-
lating and tissue hormone levels via outer-ring deiodination of T4
to drive synthesis of the biologically active T3. More recently, D2
has been suggested to regulate locally TH signaling in a tissue-
and time-specific fashion, independently of TH serum concen-
trations (20). Although TH metabolizing genes have not yet been
explored in the context of sepsis or ALI, DIO2 variants are asso-
ciated with multiple disorders, including bipolar disorder, diabe-
tes, osteoarthritis, and mental retardation (21-24).

In this study, we identified a significant dysregulation of DIO2
expression in murine ALI models. Case—control association
studies determined association of the DIO2 nonsynonymous
Thr92Ala (rs225014) single-nucleotide polymorphism (SNP)
with susceptibility to sepsis and ALI. As increases in D/O2 lung
expression may serve to dampen the inflammatory response to
ALLI these results strengthen the premise that TH metabolism
is intimately linked with the integrated response to inflamma-
tory injury in critically ill patients.
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Figure 1. Type 2 deiodinase
gene (DIO2) expression in
mouse lung tissues correlates
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—— ues (Affymetrix Microarray;
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from the four datasets described
in MATerIALS AND METHODS  and
DIO2 expression levels assessed
in two preclinical models of
acute lung injury (ALI). (A) Box
duration-dependent
DIO2 expression in LPS-induced
lung injury lungs. (B) Box plot of
tidal volume-dependent DIO2
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MATERIALS AND METHODS

NCBI Genome-Wide Expression Profiles of Preclinical Murine
ALI Models

Microarray datasets GSE2368 (6), GSE11662 (7), GSE9368 (5), and
GSE14525 (25) generated in spontaneously breathing (SB), LPS-, or
VILI-challenged mice were evaluated. Signal intensities were normal-
ized using robust microarray analysis (26), analyzed by Spearman’s
ranked correlation test, and expressed as log, values.

In Vivo D102 Silencing, Bronchoalveolar Lavage Protein,
Leukocytes, and Western Blot Analysis in Murine Lungs

Silencing (si) DIO2 (siDIO2) or siCTRL (10 mg/kg) was delivered intra-
tracheally to mice 72 hours before LPS or VILI challenge. Bronchoal-
veolar lavage (BAL), lungs, blood, and plasma were extracted. Protein
and leukocytes in the BAL were assayed as previously described (27).
D2 expression levels in lung lysates were assessed by Western blot as
previously described (5-7). All animal procedures conformed to the
University of Illinois at Chicago Animal Care Committee guidelines.

Prohormone T4 and Thyroid-Stimulating Hormone Levels
in Plasma

T4 and thyroid-stimulating hormone (TSH) levels were measured using
a DRI Thyroxine Assay kit (Microgenics Corporation, Fremont, CA)
and an immunoradiometric assay (Gold Standard Diagnostics, Davis,
CA), respectively.
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Endothelial Cell Cultures and Cyclic Stretch Studies

Human microvascular endothelial cells (ECs) were exposed to
18% cyclic stretch (CS) or static conditions for 24 hours, and D2 con-
tent in cell lysates was analyzed by Western blotting, as described
previously (13).

Study Populations and Demographics

A total of 327 European Americans (EAs) and 261 African Americans
(AAs) were used in this study. Severe sepsis and ALI were defined using
the American—-European Consensus Criteria (28) and the Society of
Critical Care Medicine Consensus statements (29).

SNP Selection and Genotyping

TaglIT 3.03 software (30) was used to select tagging SNPs (tSNPs) from
HapMap phase II data (31, 32). Genotyping was conducted using the
iPLEX Gold platform (Sequenom Inc., San Diego, CA) and validated
by the TagMan allelic discrimination assay (Life Technologies Corpo-
ration, Carlsbad, CA).

Assessment of Population Stratification among
Case-Control Samples

EAs were genotyped for 93 ancestry informative markers (33). AAs
were genotyped for 96 ancestry informative markers selected with av-
erage allele frequency differences > 0.6 among European, West Afri-
can, and Native American/Asian populations (34, 35). EIGENSOFT
was used to perform principal component analysis (36).

s * Figure 2. D2 protein expression in LPS- and ventilation-
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Statistical Analysis

Animal results were analyzed using one-way ANOVA or Newman-
Keuls test. Demographics were compared by two-tailed Mann-
Whitney test, and all groups were compared across diagnosis groups
by one-way ANOVA. Survival rates were compared by Chi-square tests.
Departures from Hardy-Weinberg equilibrium (HWE) were calculated
using the Exact test (37). Association of tSNPs with disease was
assessed using the Cochran-Armitage trend test. Multiple logistic re-
gression analysis was used to adjust for age, sex, and population
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Figure 3. VILI is augmented by silencing (si) DIO2 (siDIO2). (A) In vivo
silencing effect of custom-designed siDIO2 in lung homogenates was
confirmed by Western blotting (inset), quantified by densitometry, and
expressed in bar graphs as normalized D2 densitometry in relative units.
Significant reduction of D2 expression was observed in siDIO2 pre-
treated SB mice. D2 level augmented by VILI was markedly reduced
by siDIO2 compared with VILI vehicle control (CRTL) or scrambled
siRNA (siCTRL) mice. (B) Bronchoalveolar lavage (BAL) protein levels
in SB and VILI mice. Significant increase of BAL proteins was observed
in siDIO2-pretreated SB or VILI mice compared with CRTL or siCTRL
mice. (C) BAL leukocytes (white blood cells [WBCs]) were expressed as
105/ml in SB and VILI mice. A significant increase of BAL leukocytes was
observed in siDIO2-pretreated SB or VILI mice compared with CRTL or
siCTRL mice. A tidal volume of 30 ml/kg for 4 hours was used for the
VILI model, which was evidenced by minimal inflammatory cells ob-
served in SB mice treated with vehicle control (CTRL) or siCTRL,
whereas inflammation and protein leak increased in VILI mice (CTRL
or siCTRL). siDIO2 (10 mg/kg) or siCTRL was delivered intratracheally
72 hours before the experiments. Results are from at least five indepen-
dent experiments; *P < 0.05.

stratification. SPSS (SPSS Inc., Chicago, IL) was used to estimate the
odds ratio (OR) and 95% confidence intervals (CI). Testing UNtyped
Alleles (TUNA) software version 1.1 (38) was used to estimate allele
frequencies and to perform indirect association testing of untyped
SNPs with minor allele frequency = 5% and multilocus linkage dis-
equilibrium values (Mp) = 0.7. PHASE 2.1 (39) was used to estimate
the DIO2 haplotypes. False discovery rate was assessed by QVALUE
(40). EPIDAT 3.0 (http://dxsp.sergas.es) was used to perform a joint
analysis using the Mantel-Haenszel test. Haplotype associations were
tested using Hapstats software (41). Detailed methods are described in
the online supplement.

RESULTS

Increased DIO2 Gene and D2 Protein Expression in Murine
LPS/VILI Models and in CS-Activated Human
Microvascular Endothelium

Lung expression of genes involved in TH synthesis or metabolism
(DIO1, DIO2, and DIO3) were assessed in SB control and pre-
clinical murine LPS/VILI models. Neither DIO1I nor DIO3 gene
expression was significantly dysregulated (data not shown),
whereas DIO2 expression was markedly up-regulated, with the
magnitude correlated with lung injury. Gene expression increased
with either increasing duration of LPS exposure (Figure 1A) or
increasing tidal volumes (17 ml/kg << 30 ml/kg << 40 ml/kg)
(Figure 1B), with maximal DIO2 expression in the LPS-
challenged mouse model comparable to expression in the highest
tidal volume used for MV (5- to 15-fold). D2 protein expression in
lung homogenates was highly consistent with increased DIO2
gene lung expression after LPS or VILI (Figure 2). We next
assessed D2 expression (Western blotting) in human microvascu-
lar ECs subjected to increased mechanical stress via 18% CS. D2
expression was significantly up-regulated in human ECs upon
exposure to 18% stretch (24 h; n = 3; P < 0.05) relative to static
conditions (see Figures E1A and E1B in the online supplement).

siDIO2 Expression Augments LPS- and VILI-Mediated

Lung Injury

Exposure to a silencing RNA directed at DIO2 successfully
reduced DIO2 gene and subsequent D2 protein expression
(P < 0.0001 versus SB controls) (Figure 3A, inset). In addition,
VILI-mediated increases in D2 protein expression were signif-
icantly reduced by siDIO2 pretreatment (P < 0.0001 versus
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VILI) (Figure 3A). DIO2-silenced VILI mice exhibited marked
susceptibility to lung injury with increased BAL protein level
(Figure 3B) and total leukocytes count compared with VILI
CTRL or VILI siCTRL mice (Figure 3C), indicating augmen-
tations of VILI by siDIO2. Similar to VILI, siDIO2 significantly
attenuated LPS-induced increases in lung D2 protein levels
(Figure 4A, insef) and exacerbated LPS-induced lung injury
reflected by BAL protein (Figure 4B) and BAL leukocytes
(Figure 4C), represented primarily by increased neutrophil in-
flux (Figure 4C, inset).

T4 levels in plasma were reduced in either LPS- or VILI-
challenged mice (CTRL, siCTRL) compared with SB controls,
whereas T4 levels were significantly augmented in LPS- or
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Figure 4. LPS-induced lung injury is augmented by siDIO2. (A) In vivo
silencing effect of custom-designed siDIO2 in lung homogenates was
confirmed by Western blotting (inset), quantified by densitometry, and
expressed in bar graphs as normalized D2 densitometry in relative
units. A significant reduction of D2 expression was observed in
siDIO2-pretreated SB mice compared with vehicle control (CRTL) or
scrambled siRNA (siCTRL) mice. D2 level augmented by LPS was mark-
edly reduced by siDIO2 compared with LPS vehicle control (CRTL) or
scrambled siRNA (siCTRL). (B) BAL protein levels in SB and LPS mice.
Significant increase of BAL proteins was observed in siDIO2-pretreated
SB or LPS mice compared with CRTL or siCTRL mice. (C) BAL leukocytes
(WBC) were expressed as 10%/ml in SB and LPS mice. A significant
increase of BAL leukocytes (light gray bars) represented primarily by
increased neutrophil influx (dark gray bars) was observed in siDIO2-
pretreated SB or LPS mice compared with CRTL or siCTRL mice. LPS
(1 mg/kg) was intratracheally administrated for 18 hours for the LPS
model. Minimal inflammatory cells were observed in SB treated with
vehicle control (CTRL) or siCTRL, whereas inflammation and protein
leak were increased in LPS mice (CTRL or siCTRL). siDIO2 (10 mg/kg)
or siCTRL was delivered intratracheally 72 hours before the experi-
ments. Results are from at least five independent experiments; *P <
0.05.

VILI-challenged mice pretreated with siDIO2 compared with
LPS- or VILI-challenged mice pretreated with vehicle (CTRL)
or scrambled silencing RNA (siCTRL), respectively, confirming
the potential protective role for D2 in ALI. T4 levels in each
animal model under specific treatment are listed in Table 1.
However, TSH levels measured were below detectable level
(<0.03 ng/dl) within each experimental group (data not shown).

A DIO2 Coding SNP (Thr92Ala) Associates with
Human Risk for ALI

We next performed a case—control association study to test
whether DIO2 genetic variants were associated with suscepti-
bility to sepsis-associated ALI. Demographic and disease sever-
ity characteristics are depicted in Table 2. All subjects with
sepsis enrolled experienced either severe sepsis or septic shock,
with the lung serving as the most common site of infection. Age,
Acute Physiology and Chronic Health Evaluation II scores
(mean *= SD), and comorbid factors were not significantly dif-
ferent between AAs and EAs. Hospital survival, measured up
to 60 days, was reduced in patients with ALI versus those with
sepsis for both ethnic groups.

Genotyping completion rate of all tSNPs was > 97% (see
Table E1 in the online supplement). SNPs that showed a minor
allele frequency < 1% in EAs (i.e., 1s225019 and rs17110436)
were excluded from analysis. Considering the number of tests
performed, three SNPs (rs225017, rs225011, and rs12885300)
significantly deviated from HWE in EA subjects with severe
sepsis. However, these SNPs were retained for association anal-
ysis, as HWE deviations were observed only in ALI group, and
association tests did not rely on the assumption of HWE. None
of the tSNPs deviated from HWE in the control group or in AA
samples. Genotyping was blinded to case—control status and
ethnicity, and population stratification correction was per-
formed in association tests.

The strongest direct association in EAs was found for
15225014, predicting a coding SNP within exon 3 resulting in
a nonsynonymous amino acid change (Thr92Ala). This SNP
was associated with reduced susceptibility for severe sepsis
(P = 0.009; g = 0.030) and severe sepsis—associated ALI (P =
0.004; g = 0.020) (Table E2, Figure 5), and remained significant
after adjustments for age, sex, and population stratification
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TABLE 1. PROHORMONE THYROXINE BLOOD LEVELS IN
SPONTANEOUS BREATHING, VENTILATION-INDUCED LUNG
INJURY, AND LPS-INDUCED LUNG INJURY MURINE MODELS

T4 Level

(rg/dl)
Treatment SB Model VILI Model LPS Model
CTRL 3.8 =05 1.5+ 0.2* 1.8 +0.2°
siCTRL 4.9 = 0.5 1.9 0.2 1.7 £ 0.3
siDIO2 3.5+0.2 2.9 +0.3% 2.6 +0.1°
Definition of abbreviations: CTRL, control; SB, spontaneous breathing;

siCTRL, silencing control; siDIO2, silencing type 2 deiodinase; T4, thyroxine; VILI,
ventilation-induced lung injury.
T4 level is presented as mean
nonparametric Newman-Keuls test.
*P < 0.05 for VILI CTRL versus SB (CTRL, siCTRL, and siDIO2).
t P < 0.05 for LPS CTRL versus SB (CTRL, siCTRL, and siDIO2).
P = 0.041 between VILI siDIO2, VILI CTRL, and VILI siCTRL.
§ P = 0.0039 between LPS siDIO2, LPS CTRL, and LPS siCRTL.

+

SE and analyzed by one-way ANOVA or

using the first ancestral principal component scores in a logistic
regression model (for G [Ala] allele: OR = 0.66; 95% CI =
0.48-0.92; P = 0.013 for severe sepsis; and OR = 0.53; 95%
CI = 0.34-0.82; P = 0.003 for severe sepsis—associated ALI).
Duplicate genotyping of rs225014 using a TagMan assay showed
a minimal discrepancy rate with the results obtained by iPLEX
(0.15% [95% CI = 0.01-0.96%]), not affecting the association
significance. Indirect association testing of untyped variants us-
ing TUNA showed three additional SNPs (rs225015 at 3’ flank-
ing, rs225013, and rs225010 in intron 2) associated with severe
sepsis and with severe sepsis—associated ALI (0.001 < P <
0.033; 0.020 < g < 0.083) (Table E2). However, all these three
SNPs showed moderate-to-strong linkage disequilibrium with
SNP 15225014 (0.73 < D’ <1, 0.50 < /* < 0.78), suggesting
the existence of a single association. The results were largely
similar if the three SNPs significantly deviating from HWE were
excluded during TUNA computations (data not shown).

For AAs, only the rs12885300 SNP (a.k.a. [ORFa]-Gly3Asp)
located on the 5’ flanking region of DI/O2 was associated, albeit
weakly, with severe sepsis—associated ALI (P = 0.039, ¢ =

1207

0.156), and failed to reach significance after covariate adjust-
ments including population stratification (OR = 2.26; 95%
CI = 0.92-5.51). Indirect association testing of untyped variants
using TUNA did not show any other associated SNPs among
AAs. Similarly, none of the DIO2 genetic variants associated
significantly with sepsis survival (Table E3). A search for the
presence of associations across combined EA and AA groups
did not identify additional associated SNPs, and failed to in-
crease the statistical significance of the four SNPs (rs225015,
rs225014, rs225013, and rs225010) previously found to be asso-
ciated with either severe sepsis or severe sepsis—associated ALI
in EAs (Table E2).

Pleiotropic effects have been described for genetic variants
and complex diseases for which any prior knowledge of being
affected by overlapping pathways was lacking (42). Thus, we
assumed that haplotypes of rs225014 and rs12885300 of DIO2
gene, which were previously associated with osteoarthritis, may
exert similar effects in ALI. Subsequently, we tested if haplo-
types of 15225014 and rs12885300 were associated with ALI
(both associated in this study at least at nominal significance).
Our data revealed three common haplotypes (frequency > 5%)
in both EA and AA groups. The common haplotype,
15225014G-1s12885300C, showed a significant association with
severe sepsis (P = 0.026) and severe sepsis—associated ALI
(P = 0.005), but only among EAs. However, the association
was weakened after adjusting for age, sex, and genetic ancestry
(Table E4).

DISCUSSION

The role of THs and metabolism in ALI outcomes, although
likely important (43-45), is complex and incompletely under-
stood. Our preclinical and clinical studies in this report are the
first to directly implicate lung tissue expression and enzymatic
activity of D2 in the response to ALI. Our microarray data show
that DIO?2 expression was increased during lung injury. It is also
interesting to evaluate the expression of DIO2 in the context of
other classes of genes in the family to determine whether D102
up-regulation is dependent on other genes. However, with the
current microarray technology, we are unable to determine the

TABLE 2. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF THE STUDIED POPULATION

SS SS with ALI/ARDS Controls

Characteristics AA EA AA EA AA EA
Sample size 78 139 41 78 187 188
Sex, male/female 32/43 78/64 19/23 43/36 9/124 56/76
Age 53.9 = 19.3 62.0 = 16.1 44.6 = 15.4 58.6 = 16.9 548 =17.4 55.6 = 12.4
APACHE Il 271 7.0 28.4 7.6 28.0 £ 7.7 29.7 7.4 NA NA
Survival, % 62.7 64.1 52.4 62.0 NA NA
Smoking history, % 37.7 38.8 34.2 40.3 Unavailable Unavailable
Renal failure, % 29.3 19.0 21.4 19.0 0.0 0.0
Cancer, % 10.7 21.3 11.9 21.8 0.0 0.0
CLD, % 13.5 12.0 4.9 13.9 0.0 0.0
Diabetes, % 20.0 19.7 16.7 19.0 0.0 0.0
COPD, % 8.0 20.3 2.4 14.3 0.0 0.0
Anemia, % 13.3 8.5 9.5 7.7 0.0 0.0
AIDS, % 13.3 1.4 19.0 2.5 Unavailable Unavailable
Site of Infection*

Lung, % 57.3 63.4 71.4 73.4 NA NA

Abdomen/Gl, % 12.0 20.4 11.9 19.0 NA NA

UTI, % 16.0 18.3 9.5 10.1 NA NA

Other, % 28.0 26.8 21.4 21.5 NA NA

Definition of abbreviations: AA, African American; AIDS, acquired immune deficiency virus; ALI, acute lung injury; APACHE I, Acute Physiology and Chronic Health
Evaluation 1I; ARDS, acute respiratory distress syndrome; CLD, chronic liver disease; COPD, chronic obstructive pulmonary disease; EA, European American; Gl,
gastrointestinal; NA, not applicable; UTI, urinary tract infection; SS, severe sepsis.

*More than one site of infection is listed for some patients; sum of percentag

es exceeds 100%.
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dependence of dysregulation between genes. To ensure that
DIO2 up-regulation is selective after LPS or VILI challenges,
we assessed expression profiles for additional genes in the DIO
family (i.e., DIOI and DIO3), but failed to observe an expres-
sion pattern similar to DIO2. The DIO2 protein (D2) level was
increased in LPS and VILI animal models. Similarly, an in vitro
model exposing ECs to 18% CS, a strain relevant to pathophys-
iological conditions produced by MV and that causes progres-
sive cell death (46), increases D2 expression in human lung
endothelium. Reductions in DIO2 expression by siDIO2 aug-
mented the magnitude of lung injury induced by LPS or

rs1388378

High R squared

Low R squared

ventilation reflected by increased BAL protein level and leuko-
cytes. In most tissues, the majority of nuclear T3 is derived from
intracellular T4 conversion to biologically active T3 (47) driven
by D2. Reductions in T3 and TSH are observed in critically ill
patients and in preclinical models of sepsis and ALI (48, 49),
and correlate with the severity of illness and survival (17). In
our in vivo experiments, we observed T4 levels to decline with-
out a concomitant increase in TSH levels, likely reflecting the
transitional phase of the disease. In addition, TSH exhibits
a much shorter half-life (1 h), with short, pulsatile release or
diurnal fluctuations in secretion compared with T4 half-life
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(1 wk), consistent with acute perturbation of the pituitary—thyroid
axis, often resulting in transient non-steady-state conditions.
Together, our findings support the hypothesis that lung tissue—
specific expression of DIO2 may be an integral aspect of the
compensatory response to reductions in local TH signaling (50,
51) due to severe inflammation and mechanical stress. Studies
are underway to explore fully the potential mechanism of the
protective effects of D2 in lung injury.

Consistent with this critical and protective role for D2 in the
response to acute inflammatory lung injury, we identified DIO2
as an ALI candidate gene, with variants conferring significant
risk for development of severe sepsis and severe sepsis—associated
ALI in critically ill patients. We observed that European de-
scent carriers of the G (Ala) allele at the nonsynonymous cod-
ing SNP (Thr92Ala, rs225014 A/G) were protected against
development of both severe sepsis and severe sepsis—associated
ALI but not among subjects of African descent. The failure to
replicate SNP associations with complex diseases between pop-
ulations of European and African descent has been well recog-
nized in the literature, even in well powered studies (52, 53). This
may reflect population-specific gene—gene or gene—environment
interactions, or complex pathways with exchangeable genetic
variants. Furthermore, a post hoc calculation of statistical power
for EA and A A samples indicated that the study attained power
of 78% for EAs and 61% for AAs to detect effects of a mini-
mum of 2.0 odd ratio with a two-sided P of 0.05 significance
level for SNPs with minor allele frequencies of 0.25. Thus, the
limited statistical power of the study in AA samples or the
genetic heterogeneity among populations (32) could account
for the lack of replication of rs225014 association in AAs. Al-
though the substitution of Thr to Ala is nonconservative (ali-
phatic for polar), codon 92 does not reside in the active catalytic
site of the enzyme, and is not phylogenetically conserved, as
rodents exhibit proline in the homologous position. It is worth
noting, however, that Thr92 is the first amino acid of the insta-
bility loop in D2, a key determinant of D2 turnover rate (54).
Studies addressing the functional consequences of this coding
SNP have yielded conflicting results, with in vitro studies failing
to identify a functional effect of Thr92Ala (55). However, re-
cent studies have demonstrated a strong allelic imbalance in
particular cell types where the G allele was expressed at higher
levels than the A allele (56), a finding that is congruent with the
protective role of DIO2 in ALIL In addition, in vivo studies
indicate that patients with athyroid 92Ala/92Ala require higher
T4 dosing for optimal TSH suppression (57, 58). Furthermore,
D2 reaction velocity is significantly lower in thyroid tissue and
skeletal muscle samples from subjects with 92Ala/92Ala (21,
50). Most recently, the Thr92Ala SNP has been used to predict
improved responses to combination T4/T3 replacement therapy
(59).

Although the Thr92Ala SNP does not appear to influence se-
rum TH levels in healthy subjects, a polymorphism in the 5'-
untranslated region of the DIO2 gene (rs12885300 [a.k.a.,
ORFa-Gly3Asp]) is associated with altered circulating TH
parameters (60, 61). Open reading frame a (ORFa) is the site
among the three short ORFs primarily responsible for the in-
hibitory effect of this 5'-untranslated region SNP on D2 trans-
lation (62). Genotypes 3Gly-3Gly, 92Ala-92Ala, as well as the
haplotype ORFa-3Gly-92Ala, decrease D2 enzymatic activity,
alter absolute and relative T3 and T4 levels, and contribute to
the pathogenesis of neurologic disease (23, 62), suggesting that
other functional genetic variants of DIO2 other than Thr92Ala
may be involved. Our results do not provide strong support for
rs12885300 (ORFa-Gly3Asp) in ALI susceptibility given the
nominal significance of association individually among AAs
and when combined into haplotypes (92Ala-ORFa-3Gly) in
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EAs. Although the association is not significant after statistical
adjustments for covariates, including genetic ancestry, this
DIO?2 haplotype associated with ALI protection is also associ-
ated with risk for osteoarthritis (24). In contrast, we identified
several DIO2 SNPs to be strongly associated with severe sepsis
and sepsis-associated ALI as well among EAs. These data sug-
gest a more complex scenario underlying the association of
DIO2 in ALI susceptibility, involving additional polymorphisms
and/or epistatic interactions. Further studies are required to
assess fully the impact of DIO2 genetic variants in sepsis and
ALL

In summary, our study sheds considerable light on the per-
plexing association of TH levels and metabolism with outcomes
in critically ill patient with sepsis and ALI. Although further
studies using D2 knockout mice or D2 overexpression models,
as well as additional replication and functional studies of
DIO?2 genetic variants, would establish a direct role of D2 in
ALI and sepsis, our genomic and genetic findings strongly indi-
cate DIO2 as a novel susceptibility gene conferring risk to se-
vere sepsis and to severe sepsis—associated ALI. Future
investigations should focus on the mechanism by which TH
might be causally related to the development of ALI, and ex-
amine gene—gene or gene—environment interactions. Strategies
designed to increase DIO2 lung expression or TH levels as
a platform for future targeted genotype-based therapy will ben-
efit critically ill patients at risk for ALI and VILI.
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