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Background: Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease that is a mediator of the immune response to sepsis. PCSK9 is also highly expressed in pneumocytes and pulmonary endothelial cells. We hypothesized that serum PCSK9 levels would be associated with death and ICU outcomes in patients with ARDS.

Methods: Using data and plasma samples from the NIH BioLINCC data repository, we assembled a cohort of 1,577 patients with the acute respiratory distress syndrome (ARDS) enrolled in two previously completed clinical trials, EDEN and SAILS. We measured PCSK9 levels in plasma within 24 h of intubation using commercially available ELISA kits (R&D Systems). We assessed the association of PCSK9 with mortality using Cox proportional hazard models. We also assessed clinical factors associated with PCSK9 level and the association of PCSK9 with the number of days free of mechanical ventilation and days free of ICU care.

Results: In 1,577 ARDS patients, median age was 53 years (IQR 42–65 years) and median APACHE III score 91 (72–111) connoting moderate critical illness. PCSK9 levels were 339.3 ng/mL (IQR 248.0–481.0). In multivariable models, race, cause of ARDS, body mass index, pre-existing liver disease, body temperature, sodium, white blood cell count and platelet count were associated with PCSK9 level. Presence of sepsis, use of vasopressors and ventilator parameters were not associated with PCSK9 level. PCSK9 levels were not associated with in-hospital mortality (HR per IQR 0.96, 95% CI 0.84–1.08, P = 0.47). Higher PCSK9 levels were associated with fewer ICU and ventilator free days.

Conclusions: Plasma PCSK9 is not associated with mortality in ARDS, however higher PCSK9 levels are associated with secondary outcomes of fewer ICU free and ventilator free days. Clinical factors associated with PCSK9 in ARDS are largely unmodifiable. Further research to define the mechanism of this association is warranted.
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INTRODUCTION

The acute respiratory distress syndrome (ARDS) is a common cause of respiratory failure, associated with 1 in 10 ICU admissions (1) with mortality approaching 50% for the most severe cases (1) and novel strategies are needed for risk stratification and treatment. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease receiving increased attention for therapeutic role in cholesterol metabolism. PCSK9 has recently been implicated as a critical mediator of the immune response to sepsis, whereby PCSK9 inhibits hepatic clearance of lipopolysaccharide in the liver leading to increased inflammation and worse outcomes (2–4). PCSK9 is highly expressed in pneumocytes (alveolar epithelial cells type I and type II) and pulmonary endothelial cells (5) where its function is not known. This increasing body of evidence suggests that PCSK9 is expressed in extra-hepatic and extra-renal tissues including lung tissue and endothelial cells (4, 6, 7). Elevated levels of PSCK9 were associated with reduced clearance of endotoxin in sepsis and inhibiting PSCK9 attenuated inflammatory response to sepsis and improved survival in a mouse model (3). Similar findings of reduced inflammatory response to sepsis and improved outcomes were discovered among humans who had genetic loss-of-function of PCSK9 (3). PCSK9 serum levels were highly correlated with the development of subsequent multiple organ failure, which is a major mediator of mortality in ARDS (8). Thus, a conceptual model exists whereby PCSK9 is an inhibitor of clearance of circulating LPS in sepsis, and reduced PCSK9 activity is associated with an attenuated inflammatory response and improved outcome. Therefore, PCSK9 is a key mediator of the systemic inflammatory and endothelial response to critical illness, (3, 9) however its role in ARDS is not established.

We sought to characterize circulating PCSK9 as a novel biomarker of outcome in ARDS. We hypothesized that higher levels of circulating PCSK9 assessed by ELISA would be associated with increased mortality, fewer ventilator-free days, and more extrapulmonary organ dysfunction in patients with ARDS.



METHODS


Study Population

Using data and plasma from the NIH BioLINCC data repository (10, 11), we constructed a cohort of 1,577 patients with ARDS enrolled in the previously completed EDEN trial (12) and SAILS trial (13). The EDEN trial enrolled patients from 44 hospitals with ARDS defined as hypoxemia with PaO2/fiO2 ratio < 300 and bilateral pulmonary infiltrates not clinically attributed to heart failure (12). Individuals were randomized within 48 h of ARDS onset to one of two enteral feeding strategies, and the endpoints of 60 day mortality, ventilator free days within 28 days of intubation and infectious complications were not different between groups (12). The SAILS trial included patients across 45 hospitals with ARDS defined identically to the EDEN trial (13). Additional inclusion criteria included suspected infection as a cause of ARDS and presence of criteria for the systemic inflammatory response syndrome (WBC > 12,000 or < 4000; or >10% band forms; or temperature >38°C or < 36°C) (13). We included individuals who were enrolled within 24–48 h of ARDS onset with available trial day 0 plasma.



PCSK9 Measurement

We measured circulating PCSK9 levels in plasma using commercially available ELISA kits (R&D Systems). The limit of detection (LoD) of the assay is 0.6 ng/mL and coefficient of variation < 8%.



Outcome and Covariates

The primary outcome was 90-day mortality from time of trial enrollment. The outcomes of ventilator free days and ICU free days were defined as the number of days out of 28 days that each patient was not receiving mechanical ventilation or not receiving ICU care, starting from trial enrollment. Models were adjusted for covariates of a priori interest based on our conceptual model including age, sex, trial and degree of critical illness.



Statistical Analysis

Baseline characteristics are compared across quartiles of PCSK9 level using linear regression across quartiles for continuous variables and chi-squared tests for dichotomous variables. The distribution of PCSK9 was right skewed and therefore PCSK9 was log-transformed for use as the dependent variable in linear regression models. Univariable regression models were performed with clinical characteristics as the independent variable and natural log of PCSK9 as the dependent variable. Covariates were entered in the multivariable model if P < 0.1 in univariable analysis. Covariates were removed from the multivariable model if non-significant at a P < 0.05 level and assessed as a group using the Wald test. The final covariates in the model were verified by comparing the model to models generated using both automatic forward and backward stepwise regression. Model diagnostics include assessment of the variance inflation factor, inspection of the residuals vs. predicted values plot and inspection of the residuals for normal distribution using Q-Q plots.

For the survival analysis, PCSK9 was rescaled by a factor representing the inter-quartile range. We performed Cox proportional hazard modeling adjusting for factors determined a priori and plotted Kaplan-Meier survival curves. The proportional hazard assumption was assessed and satisfied. To determine the association of PCSK9 with the count of ICU free days and ventilator free days, we first fitted adjusted models using Poisson regression, however the model was overdispersed based on goodness-of-fit test. Due to the fact that over 24% of patients had 0 ICU free and ventilator free days, we proceeded to fit zero-inflated Poisson and negative binomial models. The models were compared using Akaike information criteria and the zero inflated negative binomial model was selected. All analyses were performed using Stata 14.0. A two-tailed p value < 0.05 was considered statistically significant.




RESULTS


PCSK9 in ARDS

In 1,577 ARDS patients, median age was 53 years (IQR 42–65 years), 76% had pneumonia or aspiration as the cause of ARDS, 52% required vasopressors, and the median APACHE III score was 91 (72–111), connoting moderate critical illness (Table 1). Median PCSK9 level in the ARDS cohort was 339.3 (IQR 247.8–481.0) ng/mL with right-skewed distribution as shown in Figure 1. Patients with greater PCSK9 levels had higher weight and body mass index, lower white blood cell counts and higher temperature and glucose levels. Patients with lower PCSK9 levels had a greater frequency of chronic liver disease and cirrhosis (Table 1).


Table 1. Characteristics of study participants by quartile of PCSK9 level.
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FIGURE 1. Circulating plasma PCSK9 in 1,577 subjects with ARDS.




Factors Associated With PCSK9 Levels

Table 2 displays the univariable regression model for clinical factors associated with PCSK9 levels in ARDS. Race, weight, cause of ARDS, as well as comorbidities of liver disease and hypertension and glucose levels were associated with PSCK9 levels. In multivariable models, shown in Table 3, cause of ARDS, race, BMI and medical compared to surgical admission, chronic liver disease, WBC, glucose and sodium levels and temperature were associated with PCSK9 levels. Degree of critical illness, presence of sepsis or shock, and more severe lung disease were not associated with PCSK9 levels. The R2 for the multivariable model was 0.108.


Table 2. Univariable regression table for factors associated with PCSK9 level in ARDS.
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Table 3. Multivariable regression table for factors associated with PCSK9 level in ARDS.
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Association of PCSK9 With Outcome

Survival curves for PCSK9 greater vs. less than the median value are shown in Figure 2, demonstrating no association of median PCSK9 level at day 0 with mortality. PCSK9 was not associated with mortality when considered as a continuous variable in univariable (HR 0.99 95% CI 0.86–1.14, P = 0.91) or adjusted (HR 0.93 95% CI 0.81–1.06, P = 0.26) models as shown in Table 4. Greater PCSK9 levels were associated with fewer ICU free days (IRR 0.96 per IQR of PCSK9, 95% CI 0.93–0.99, p < 0.004) and ventilator-free days (IRR 0.96 per IQR of PCSK9, 95% CI 0.94–0.98, p = 0.001), Table 4.


[image: Figure 2]
FIGURE 2. Kaplan-Meier curves for 90 day mortality as a function of PCSK9 greater or less than the median value.



Table 4. Cox model adjusted for age, sex, trial and severity of critical illness. Models of the association of PCSK9 level with the secondary outcomes of ICU free and ventilator free days.
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DISCUSSION

In this retrospective cohort study characterizing circulating serum PCSK9 levels in 1,577 patients with ARDS, we report several findings. First, circulating PCSK9 is detectable in ARDS with right-skewed distribution. Second, factors associated with PCSK9 levels in ARDS are largely unmodifiable and responsible for only a minority of the variation in levels. Finally, PCSK9 was not associated with mortality and may be associated with ICU-free and ventilator-free days. These data characterize PCSK9 as a biomarker in ARDS that was not associated with mortality, contrary to our hypothesis.


PCSK9 Levels in Critical Illness

Our results suggest that circulating PCSK9 is detectable in critical illness. Ridker et al. report baseline PCSK9 levels of approximately 300–305 ng/mL among previously healthy individuals who did and did not subsequently suffer a cardiovascular event (14). Pastori et al. reported levels of approximately 1,500 pg/mL in a cohort of patients with atrial fibrillation (15) and Laugsand et al. reported levels of approximately 150 ng/mL in the general population in Norway (16), both numerically lower than the levels observed in our cohort. Assays for PCSK9 are not standardized, however, which precludes direct comparison.



Specific Molecular Pathways Involved Between PCSK9 and Lung Injury

Most of the current PCSK9 literature centers around the development and progression of atherosclerotic cardiovascular disease. However, experimental evidence suggests that PCSK9 inhibition decreases inflammation via inhibiting the TLR4/NF-κB signaling pathway without having a significant impact on plasma cholesterol level. The TLR4/NF-κB signaling pathway has been found to be one of the main affected pathways mediating the PCSK9-induced increase in pro-inflammatory cytokines (17). Furthermore, data from a sepsis/ARDS rodent model suggests that inhibition of TLR4 signaling pathway may relieve sepsis-associated ARDS in through regulating macrophage activation and the inflammatory response (18). Furthermore, although PCSK9 is detected in lung tissue and may be involved in clearance of pathogenic phospholipids from the alveolar space after lung injury (19, 20), the precise mechanisms of PCSK9 in pulmonary epithelial and endothelial cells remains unknown at this point.

An upcoming study may shed more light on the importance of PCSK9 and associated molecular pathways in patients at risk for acute lung injury: IMPACT-SIRIO 5 study (NCT04941105). The IMPACT-SIRIO 5 is a randomized, double-blind, phase III clinical trial evaluating the safety and efficacy of PCSK9 inhibition on clinical outcome (need for intubation, death of any cause, and changes in IL-6 concentrations) in patients during the acute inflammatory stage of COVID-19 (21).



Factors Associated With PCSK9 Levels

Despite observing elevated PCSK9 levels, we found that clinical factors associated with critical illness explained only a minority of variation in PCSK9 levels. The negative association of PCSK9 with liver disease is intuitive given the role of PCSK9 with hepatic cholesterol metabolism- PCSK9 is intimately involved in cholesterol metabolism, by binding to the EGF-A domain of the low-density lipoprotein receptor (LDLR) and targeting it for lysosomal-mediated degradation (22). Similarly, the association of WBC and temperature with PCSK9 are consistent with the purported role of PCSK9 with the inflammatory cascade: elevated levels of PSCK9 were associated with reduced clearance of endotoxin in sepsis and inhibiting PSCK9 attenuated inflammatory response to sepsis and improved survival in a mouse model (3). Similar findings of reduced inflammatory response to sepsis and improved outcomes were discovered among humans who had genetic loss-of-function of PCSK9 (3). Other studies have found positive correlations between PCSK9 and inflammatory markers (23). PCSK9 serum levels were highly correlated with the development of subsequent multiple organ failure which is a major mediator of mortality in ARDS (8).

Despite these prior studies, our results suggest that factors associated with PCSK9 are largely unmodifiable, and it is notable that we found no association between degree of critical illness, presence of sepsis or severity of lung disease and PCSK9 levels. This is consistent with a study that observed no association of PCSK9 with severity of illness in patients with bacterial infection in the ICU (24). That observed variables account for only approximately 10% of the variation in PCSK9 levels in this ARDS cohort suggest that deeper understanding of the mechanism underlying circulation of PCSK9 in ARDS is needed.



PCSK9 and Outcome

PCSK9 was not associated with mortality in ARDS, contrary to our a priori hypothesis. In prior studies PCSK9 was associated with outcome in both human and murine models of septic shock (3, 8). PCSK9 was also associated with outcome in some (14, 25, 26) but not all (16) epidemiology studies in cardiac patients. That we observe association of higher PCSK9 with fewer ICU and ventilator free days but not mortality is consistent with prior literature that the association between circulating PCSK9 levels and clinical outcomes are at best mixed and unclear, perhaps due to the heterogenous causes of death in ARDS (27). A recent study suggested that neither genetic variants in PCSK9 nor predicted PCSK9 expression were associated with sepsis, cardiovascular events or death (28). Rannniko et al. found that lower levels of PCSK9 were associated with greater risk in the ICU (23) and inhibiting PCSK9 did not improve outcome of mice challenged with a septic stimulus (29). Overall, our results do not support the utility of PCSK9 as a biomarker of outcome in ARDS.



Limitations

Limitations of our study include retrospective, observational design. Thus, we describe associations rather than causal effects. Not all patients in the studies comprising the cohort had available plasma for analysis and it is not known if plasma on trial day 0 is representative of the trajectory of critical illness. The specific cause of death was not available in the parent studies, thus all-cause mortality rather than cause-specific mortality is reported. The assays for assessment of PCSK9 are not standardized in the literature, hence, these findings are exploratory. Finally, these trials were conducted in the past and it is possible that the epidemiology of critical illness and ARDS has changed in the past decade.




CONCLUSION

Circulating PCSK9 is elevated in ARDS and factors associated with PCSK9 levels in ARDS are largely unmodifiable and responsible for only a minority of the variation in levels. PCSK9 levels were not associated with mortality and may be associated with ICU-free and ventilator-free days. These data characterize PCSK9 as a biomarker in ARDS. Mechanistic data as to the role of PCSK9 in critical illness is needed.
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