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Protein quantitative trait loci analysis identifies genetic variation 
in the innate immune regulator TOLLIP in post lung transplant 
primary graft dysfunction risk
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Summary

We previously identified plasma plasminogen activator inhibitor-1 (PAI-1) level as a quantitative 

lung injury biomarker in PGD. We hypothesized plasma levels of PAI-1 used as a quantitative 

trait could facilitate discovery of genetic loci important in PGD pathogenesis.

A 2-stage cohort study was performed. In stage 1, we tested associations of loci with PAI-1 

plasma level using linear modeling. Genotyping was performed using the Illumina CVD Bead 

Chip v2. Loci meeting a p<5×10−4 cutoff were carried forward and tested in Stage 2 for 

association with PGD.

297 enrollees were evaluated in Stage 1. 6 loci, associated with PAI-1, were carried forward to 

Stage 2 and evaluated in 728 patients. rs3168046 (Toll interacting protein, TOLLIP) was 

significantly associated with PGD (p=0.006). The increased risk of PGD for carrying at least one 

copy of this variant was 11.7% [95% CI: 4.9%, 18.5%]. The false positive rate for individuals with 

this genotype who did not have PGD was 6.1%.

Variants in the TOLLIP gene are associated with higher circulating PAI-1 plasma levels and 

validate for association with clinical PGD. A protein quantitative trait analysis for PGD risk 

prioritizes genetic variations in TOLLIP, and supports a role for toll-like receptors in PGD 

pathogenesis.
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INTRODUCTION

As many as 30% of lung transplant recipients develop primary graft dysfunction (PGD)[1, 2] 

making it the most common cause of death in the first 30 days and one of the more common 

causes of death in the first year.[2–4] Despite this frequency and the association of PGD with 

both short and long-term morbidity and mortality, its mechanism remains incompletely 

understood.[5, 6]

Large scale genetic association studies of categorically-defined clinical syndromes, such as 

PGD, may be hampered by lack of power, increasing the risk that important variants are 

missed.[7] Quantitative traits have been used to increase the statistical power for genetic 

association studies of many clinical syndromes,[8, 9] yet a quantitative trait has yet to be used 

in the study of PGD.

We have previously demonstrated that plasma plasminogen activator inhibitor-1 (PAI-1) 

levels are elevated post transplantation in recipients with PGD and are a useful biomarker 

for discrimination of this syndrome.[10] PAI-1 is an acute phase reactant and an endogenous 

inhibitor of tissue plasminogen activator that is increased in non-transplant acute lung injury 
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(ALI)[11] with increased circulating levels being associated with mortality.[12] For these 

reasons, PAI-1 was selected for study as a PGD quantitative trait. We hypothesized that 

genetic variants could be identified based on elevated plasma PAI-1 level and then 

subsequently validated in a separate cohort for association with clinical PGD.

METHODS

Study Population and Data Collection

Subjects were selected from the Lung Transplant Outcomes Group cohort (LTOG) which is 

a multi-center, prospective cohort study of lung transplant recipients (NCT00457847).[2] 

Institutional review board approval and informed written consent was obtained prior to the 

recruitment of subjects. Consecutive subjects transplanted between May 2002 and August 

2010 at 10 centers (University of Pennsylvania, Columbia University, Vanderbilt University, 

Stanford University, University of Alabama at Birmingham, University of Michigan, Johns 

Hopkins University, Duke University, University of Pittsburgh, and University of Chicago) 

were enrolled. A two stage study design was utilized (Figure 1). Stage 1 consisted of 297 

subjects enrolled between May 2002 and October 2006, in whom PAI-1 protein levels were 

measured as part of a previous study of biomarker discrimination.[10] Stage 2 consisted 

mostly of LTOG subjects enrolled in a subsequent era between November 2006 and 

December 2010; however 38 subjects with DNA samples not included in Stage 1 due to 

insufficient plasma for protein analyses dating from March 2003 were also included in Stage 

2. Clinical data were collected prospectively as previously described.[2] Subjects not 

included either did not consent for participation or did not have sufficient quantity or quality 

samples for analysis.

Immunosuppressive regimens were similar between institutions and included an induction 

agent, followed by intra-operative steroid administration with post-operative steroid, 

calcineurin inhibitor and anti-metabolite. PGD grade was determined using the consensus 

definition of the International Society of Heart and Lung Transplantation (ISHLT) using two 

blinded readers with adjudication as previously described.[2] We used any grade 3 PGD 

occurring within the first 72 hours following lung transplantation as our primary case 

definition. A sensitivity analysis was conducted using PGD grade 3 present at 48 or 72 hours 

as an alternate, more severe and restrictive outcome definition as compared to the primary 

definition, which includes grade 3 PGD occurring at arrival to ICU, 24, 48 or 72 hours per 

ISHLT guidelines.[13]

Collection and Processing of PAI-1 Samples

Plasma samples were collected in citrated tubes 24 hours after reperfusion of the lung 

allografts. Plasma samples were processed within 30 minutes and then stored at −80°C. 

PAI-1 plasma levels were measured in duplicate utilizing a commercially available ELISA 

assay (American Diagnostica) as previously described.[10] The mean coefficient of variation 

for the assay was 6.8%. All laboratory personnel were blinded to the PGD status of the study 

subjects.
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Genotyping Strategy

For all loci tested, we used the Human CVD Bead Chip (Illumina, San Diego, CA).[14] This 

platform was specifically designed with hypothesis-driven prioritized loci thought to 

increase risk of respiratory, cardiovascular, metabolic, and inflammatory diseases and 

assesses the majority of known acute lung injury associated genes.

General Assumptions

Plasma PAI-1 levels vary after transplant according to severity of PGD.[10] We hypothesized 

that plasma PAI-1 levels could be used to identify genotypes that are associated with these 

levels, and thus that genotypes identified using this quantitative trait (plasma PAI-1 levels) 

would identify variants important in PGD pathogenesis.

Statistical Analysis

A two-stage association study was performed.[15] In stage 1, we tested genetic variant 

association with plasma PAI-1 protein level using linear regression models, assuming 

additive genetic models (meaning quantitative changes are proportional to allele dosage with 

a heterozygote having half the effect of a homozygote of interest) adjusted for recipient age, 

use of cardiopulmonary bypass, diagnosis, and population admixture.[2] BMI and pulmonary 

artery pressures were not used for adjustment because their presence may be important in a 

genetic causal pathway of PGD pathogenesis. Population admixture can cause false 

associations or suppress the true associations due to population stratification because of 

allelic frequency differences between cases and controls due to ancestral differences. One 

solution to this problem is to include the top principal components derived from the ancestry 

informative genetic markers (AIMs) in the regression models.[16] We used 1800 AIMs on 

the Human CVD Bead Chip, implemented the analysis in the software package PLINK, and 

adjusted for the top two principal components.[17] Genetic variants demonstrating chip-wide 

significance at 5×10−4 level were carried forward to stage 2, as has previously been 

reported.[18] In stage 2, the association between PGD and selected stage 1 loci was tested 

using logistic models. Loci with strong linkage disequilibrium (R2 0.9; D’ 1.0),[19] allele 

counts <10, or considered housekeeping/AIM genes were excluded. Linkage disequilibrium 

plots were constructed using SNAP.[20] Using an additive logistic regression model, clinical 

factors previously shown to associate with PGD[2] were included as covariates in the 

association between genotype and PGD in Stage 2. Genetic variants were considered 

significantly associated with PGD in the validation set after applying a Bonferroni-adjusted 

alpha level to account for the number tested. A Bonferroni-adjusted P < 0.008 was 

considered significant to account for the six unique regions tested. Post estimation methods 

were used to define the adjusted risk difference and the false positive rate in true negatives. 

We estimated that a sample size of 750 subjects in the validation set would provide 80% 

power to detect a locus that explains 1.1% of the gene expression at the significance level of 

0.05. For loci with minor allele frequency (MAF) of 0.05, 0.1, 0.2, and 0.3, we estimated 

80% power to detect a minimum relative risk of 1.5, 1.3, and 1.2 at the significance level of 

0.05 respectively given the same sample size and the estimated frequency of PGD (30%).
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RESULTS

A total of 1079 subjects were enrolled in this study with 297 subjects tested for genetic 

association with PAI-1 protein level in stage 1 and 728 subjects used for association of loci 

with PGD in stage 2 (Figure 1). Within the stage 1 and 2 association cohorts, 79 of 297 

(26.6%) and 225 of 728 (30.9%) developed grade 3 PGD within 72 hours, respectively. 

Baseline demographics by PGD status for each stage are summarized in Table 1. Among 

patients with PGD, there were significantly higher rates of cardiopulmonary bypass use and 

differences in recipient diagnosis; however, we did not identify significant differences in 

donor age, organ total ischemic time, recipient age, recipient gender or transplant type 

consistent with previous reports.[2]

Stage 1: Genetic association with PAI-1 plasma protein level as a quantitative trait

Genotyping was successful in typing 49038 polymorphic variants. 3554 markers having 

significant departure from Hardy Weinberg Equilibrium (HWE) (p <= 0.001), 1452 Loci 

having missing rate larger than 5%, and 9287 Loci having a MAF less than 0.01 were 

excluded from the analysis. The remaining 38677 loci had a genotyping call rate of 98.8%. 

Table 2 displays the 11 gene variants with p-value less than the 5×10−4 cutoff for 

association with PAI-1 plasma protein level. From these 11 variants, only six distinct 

associations were identified given significant linkage disequilibrium (LD) identified among 

loci. In each case, the lowest p-value variant was chosen to represent the LD block.

Stage 2: Genetic association with clinical PGD

These 6 unique loci from Stage 1 were carried forward to test for association with PGD 

(Table 3). A single variant, rs3168046 met our Bonferroni adjusted significance threshold 

for association with clinical PGD (<0.008), within the TOLLIP gene encoding the Toll 

interacting protein (p=0.006, see Figure 2 for a summary of our pipeline). Additionally, the 

MAF did not vary across diagnosis (COPD (0.45), CF (0.45), IPF (0.48) and IPAH (0.41)), 

suggesting the variant had similar risk regardless of diagnosis. To define the risk this variant 

would pose to an individual patient, we also evaluated the genotype attributable risk 

difference in a dominant model (in which a subject would need only one copy of the variant 

to have an effect). Using this methodology, the added absolute risk difference for a patient 

carrying at least one copy of the A allele (AA or AG) at rs3168046 is 11.7% [4.88, 18.53] 

higher than the baseline risk of homozygous GG genotype (34.61% [30.69, 38.54] compared 

to 22.91% [17.35, 28.47]; p= 0.0008). Furthermore, the false positive rate for this genotype 

among those with no PGD was low at 6.05%. This variant was in strong linkage 

disequilibrium (R2 0.966) with rs3793965 identified in Stage 1 and moderately so with 

several other loci within TOLLIP (Figure 3). Additionally, rs3168046 is in marginal linkage 

disequilibrium with previously reported loci associated with susceptibility to idiopathic 

pulmonary fibrosis (rs5743894, R2 0.29; rs111521887, R2 0.26; rs35705950, R2 0.09).[21] 

Sensitivity analyses using a more restrictive definition of PGD (15.8% with grade 3 PGD at 

48–72 hours versus 30.9% in the primary definition of grade 3 PGD at any time point) 

demonstrated similar magnitude and direction of risk for rs3168046, though not reaching 

statistical significance likely due to smaller numbers of PGD subjects using this definition 

(OR 1.359 [0.997, 1.853]; p=0.052).
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Previously reported variants in PTX3, PTGES2, PTGER4 (rs2120243, rs2305619, 

rs13283456, rs11957406, rs4434423, rs4133101) were tested for association with PGD 

using an additive logistic regression model adjusted for diagnosis, cardiopulmonary bypass 

use and AIMs in the combined stage 1 and 2 cohorts (supplement Table 1). Directionality of 

effects and significance remained consistent with previous reports.[22, 23]

DISCUSSION

In this study, we have identified significant associations of genetic loci using an established 

protein quantitative trait for PGD. A strength of our methodology lies in our ability to utilize 

previously-validated, biologically-driven quantification of PGD to improve power for 

selection of variants from an array optimized to cover 85% of the known ALI associated 

genes.[24] Using this methodology, our results suggest TOLLIP, a mediator of innate 

immune mediated processes, is actively involved in the pathophysiology of PGD. These 

results are concordant with a growing body of human and basic science studies implicating 

innate immune activation as a key mediator of PGD following lung transplantation.[5, 23, 25] 

Additionally, the attributable risk of PGD for recipients having this variant is 11.7%, 

independent of other potential risks. When taking into consideration the low false positive 

rate (6.05%) in non-PGD patients, given the elevated attributable risk, it may be beneficial 

to consider genotype-stratified populations for lung transplant clinical trials evaluating 

therapeutics targeted at this mechanistic axis.

The protein product Tollip is an attractive candidate for PGD risk. The innate immune 

system, once thought to be a primitive first responder to pathogens, is well conserved among 

vertebrates and an integral part in the initiation and regulation of host defense.[26] Pattern 

recognition receptors (PRRs) which detect non-self, pathogen-associated molecular patterns 

(PAMPs) exhibit unique properties with regard to ligand recognition and subcellular 

localization.[27] Threats are recognized in the host by PRRs that are either localized to the 

cell membrane (e.g. Toll-like receptors, TLRs) or in the cytoplasm (e.g. Nod-like receptors, 

NLRs).[28] Tollip, an intrinsic regulator of TLR signaling is particularly relevant for TLR-

induced responses to immune stimulation.[27] There are 4 recently identified isoforms of the 

Tollip protein characterized in human macrophages;[29] however, there is limited 

information about the role of Tollip in human inflammatory diseases.[27] It is known that 

Tollip plays a role in inflammatory bowel disease and atopic dermatitis where dysregulation 

can cause chronic inflammation.[30, 31] Given these facts, it is tempting to speculate that 

variants of TOLLIP might alter TLR signaling and risk in post-transplant PGD. Therefore, 

our findings suggest that this mechanism is a significant component of PGD pathogenesis, 

which warrants further investigation.

In contrast to the better characterized TLRs, genetic variation in TOLLIP has limited 

characterization and the functional significance is only recently being explored in 

humans.[32] Recent evidence suggests TOLLIP polymorphisms can have significant effects 

with loss of function and alterations in expression.[32] These changes can increase 

susceptibility to chronic inflammatory diseases[21, 30, 31] and risk for pathogen derived 

infection.[32] Taken together, incompletely understood implications of TOLLIP genetic 

variation and its key role in other chronic inflammatory diseases suggest it may be a key 
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target for future therapeutics, particularly given the growing body of evidence from gene 

and protein studies implicating innate immune activation as a mechanistic feature of 

PGD.[22, 23, 25, 33] We and others are currently exploring how this pathway is targeted as 

part of additional studies.

We chose PAI-1 as our quantitative trait based on our prior study investigating multiple 

biomarkers for PGD discrimination.[10] Plasma PAI-1 levels have been demonstrated to be 

one of the highest performing biomarkers defining PGD[10] and an independent risk factor 

for ALI risk and mortality in non-transplant patients.[12, 34] Therefore, we believe that PAI-1 

protein expression provides an attractive quantification of the degree of lung injury that is 

concurrent with PGD development. While PAI-1 has been characterized as a marker of 

endothelial dysfunction, our prior study identified it as reflective of PGD when measured in 

plasma and other studies have shown that the lung epithelium can produce PAI-1.[35] 

Though evidence is accumulating that there is significant cross-talk between endothelial 

injury, impaired fibrinolysis and innate immunity,[36, 37] our approach may have selected 

variants mechanistically specific to PAI-1 pathway itself and thus may have excluded 

important variants associated with PGD. For example, our quantitative trait also identified 

the innate immunity mediator long pentraxin 3 (PTX3) and the inflammatory 

immunomodulators prostaglandin E2 synthase (PTGES2) and prostaglandin E2 receptor 

subtype 4 (PTGER4) as associated with severe PGD, although these genes did not meet 

Bonferroni adjusted significance. However, it is important to note that PTX3, PTGES2 and 

PTGER4 demonstrated directionality and association with PGD consistent with previous 

reports.[23] Despite this potential bias, variants uncovered using PAI-1 as a quantitative trait 

were subject to rigorous validation using a clinical definition of PGD, indicating importance 

of TOLLIP and innate immunity in clinical PGD.

There are potential limitations of this study. While we tested for QTL associated with only 

PAI-1, a well-validated marker of PGD risk and mortality, there may be additional plasma 

markers whose genetic regulation influences PGD risk and may not have been identified in 

this study. A common potential issue in genetic association studies is population admixture, 

which can falsely attribute associations based on unbalanced genetic ancestry. We addressed 

this issue analytically by adjusting for genetic principal components based on ancestry. With 

respect to TOLLIP, the frequency of the variant was similar to healthy genotyped 

populations suggesting that it is unlikely to be a false association. Furthermore, rs3168046 

was not enriched in patients with chronic lung diseases in our population. Additionally, it is 

possible that the association identified may not be a direct result of rs3168046 but rather to 

other nearby loci in tight linkage disequilibrium. Future studies employing regional 

sequencing and other techniques to determine the functional consequence of loci in this 

region are warranted. As in all large scale genotyping efforts, type I error is possible. 

However, we applied a conservative Bonferroni correction in the validation stage to guard 

against type I error. In addition, we capitalized on the hypothesis-driven Human CVD Bead 

Chip with dense genotyping of covered loci and met significance thresholds using a 

conservative Bonferroni correction (0.0062; Bonferroni cutoff 0.008). Nonetheless, given 

our relative small discovery sample size, important PGD variants may have been overlooked 

either because of insufficient power to identify smaller associations, overly restricted 
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selection of candidate variants due to the selected biomarker, or conservative methodology 

for multiple comparisons adjustment.

In summary, we have capitalized on the power of a protein quantitative trait approach to 

identify novel genetic variation that may be important in the PGD mechanistic pathway via 

the effects on PAI-1. Additionally, this methodology demonstrates a practical approach to 

human association studies in lung transplantation. This methodology successfully identified 

TOLLIP as an important priority locus for PGD risk, consistent with evolving evidence of 

the key role of innate immune mediated processes in the mechanism of PGD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study design
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Figure 2. Procedural pipeline
Abbreviations: HWE, Hardy Weinberg Equilibrium; SNP, single nucleotide polymorphism; 

MAF, minor allele frequency; PAI-1, plasma plasminogen activator inhibitor-1; LD, linkage 

disequilibrium.
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Figure 3. Regional Linkage Disequilibrium plot for locus rs3168046
Abbreviations: MUC5B, Mucin 5B, Oligomeric Mucus/Gel-Forming; MUC5AC, Mucin 

5AC, Oligomeric Mucus/Gel-Forming; TOLLIP, Toll Interacting Protein.

The diamond demonstrates rs3168046 which is the variant of interest and its association 

with PAI-1 in Stage 1 (the square is rs3793965 another variant in tight LD). The remaining 

squares are the known variants of TOLLIP within the Human CVD Bead Chip. The 

recombinant rate is illustrated by the grey line which demonstrates very low recombination 

events throughout this genetic region. The dashed line demonstrates the 5 × 10−5 cutoff.
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Table 2

Stage 1: association of loci with plasma PAI-1 levels

Locus Gene Counts Mean PAI-1 P value

*rs4149338 T/C ATP-Binding Cassette 1 23; 98; 106 190.2; 146.0; 97.9 0.0001

*rs30008 T/C CD37 Molecule 17; 74; 136 273.8; 122.3; 112.9 0.0001

*rs3168046 A/G Toll Interacting Protein 34; 126; 67 212.6; 115.3; 109.0 0.0001

*rs866223 A/G Mitogen-Activated Protein Kinase Kinase Kinase 1 35; 93; 99 208.6; 121.7; 105.5 0.0001

*rs832573 T/C Mitogen-Activated Protein Kinase Kinase Kinase 1 20; 95; 112 245.0; 129.0; 106.3 0.0002

rs3793965 T/C Toll Interacting Protein 34; 125; 68 212.6; 114.2; 111.0 0.0002

rs33328 A/G Mitogen-Activated Protein Kinase Kinase Kinase 1 34; 93; 100 208.0; 122.2; 106.2 0.0002

rs354022 G/A CD37 Molecule 17; 77; 133 273.8; 120.1; 114.0 0.0002

rs832577 G/A Mitogen-Activated Protein Kinase Kinase Kinase 1 34; 95; 97 208.0; 122.3; 105.7 0.0003

rs832552 G/T Mitogen-Activated Protein Kinase Kinase Kinase 1 41; 90; 92 194.2; 125.1; 102.8 0.0003

*rs10195871 T/C B-Cell CLL/Lymphoma 11A (Zinc Finger Protein) 34; 88; 105 83.9; 108.2; 158.9 0.0003

Locus column displays genotype categorized as heterozygous for the minor allele and major allele displayed in that order. Counts and means 
columns display number and mean plasma level in each genotype category (minor/minor; minor/major; major/major). Loci associated with PAI-1 

plasma levels at P < 10−4 are displayed by additive model P value risk adjusted for recipient age, use of cardiopulmonary bypass, diagnosis, and 
population admixture.

*
denotes loci carried forward to stage 2. Loci not marked with an asterisk were in strong linkage disequilibrium with respective loci carried 

forward. We considered loci with a pairwise linkage disequilibrium R2 ≥ 0.9 in the CEPH HapMap population to indicate the same association 
signal.
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