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BACKGROUND. In sepsis, there may be dysregulation in programed cell death pathways, typified by apoptosis and
necroptosis. Programmed cell death pathways may contribute to variability in the immune response. TRAIL is a potent
inducer of apoptosis. Receptor-interacting serine/threonine protein kinase-3 (RIPK3) is integral to the execution of
necroptosis. We explored whether plasma TRAIL levels were associated with in-hospital mortality, organ dysfunction, and
septic shock. We also explored the relationship between TRAIL and RIPK3.

METHODS. We performed an observational study of critically ill adults admitted to intensive care units at 3 academic
medical centers across 2 continents, using 1 as derivation and the other 2 as validation cohorts. Levels of TRAIL were
measured in the plasma of 570 subjects by ELISA.

RESULTS. In all cohorts, lower (<28.5 pg/ml) versus higher levels of TRAIL were associated with increased organ
dysfunction (P ≤ 0.002) and septic shock (P ≤ 0.004). Lower TRAIL levels were associated with in-hospital mortality in 2
of 3 cohorts (Weill Cornell-Biobank of Critical Illness, P = 0.012; Brigham and Women’s Hospital Registry of Critical
Illness, P = 0.011; Asan Medical Center, P = 0.369). Lower TRAIL was also associated […]
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Introduction
Sepsis and septic shock remain an intractable source of  lost life and prolonged morbidity across the world 
(1). Despite the burden of  this syndrome and significant effort applied to basic and clinical investigation, 
there remains no successful therapy for sepsis (2). Several factors contribute to the difficulty in creating such 
a therapy. The current definition of  sepsis identifies a heterogeneous population of  individuals with diverse 
patterns of  immune response, organ dysfunction, and outcomes (3, 4). This definition includes patients 
with a hyperinflammatory and others with an immunosuppressed phenotype at presentation to medical 
care (5). Host and pathogen responses evolve over the course of  an illness. Currently, there is no reliable 
way to characterize the immune phenotype at the bedside (2, 6). Programmed cell death pathways, such as 
apoptosis, have been shown to kill immune and epithelial cells in studies of  sepsis and may influence the 
immune response (7).

BACKGROUND. In sepsis, there may be dysregulation in programed cell death pathways, typified 
by apoptosis and necroptosis. Programmed cell death pathways may contribute to variability in the 
immune response. TRAIL is a potent inducer of apoptosis. Receptor-interacting serine/threonine 
protein kinase-3 (RIPK3) is integral to the execution of necroptosis. We explored whether plasma 
TRAIL levels were associated with in-hospital mortality, organ dysfunction, and septic shock. We 
also explored the relationship between TRAIL and RIPK3.

METHODS. We performed an observational study of critically ill adults admitted to intensive care 
units at 3 academic medical centers across 2 continents, using 1 as derivation and the other 2 as 
validation cohorts. Levels of TRAIL were measured in the plasma of 570 subjects by ELISA.

RESULTS. In all cohorts, lower (<28.5 pg/ml) versus higher levels of TRAIL were associated with 
increased organ dysfunction (P ≤ 0.002) and septic shock (P ≤ 0.004). Lower TRAIL levels were 
associated with in-hospital mortality in 2 of 3 cohorts (Weill Cornell-Biobank of Critical Illness,  
P = 0.012; Brigham and Women’s Hospital Registry of Critical Illness, P = 0.011; Asan Medical 
Center, P = 0.369). Lower TRAIL was also associated with increased RIPK3 (P ≤ 0.001).

CONCLUSION. Lower levels of TRAIL were associated with septic shock and organ dysfunction in 3 
independent ICU cohorts. TRAIL was inversely associated with RIPK3 in all cohorts.
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TRAIL is a member of  the TNF super family and functions as an immune response regulator in sep-
sis (8, 9). TRAIL is conditionally expressed on human immune cells following cytokine stimulation and 
is a potent inducer of  apoptosis in these activated cells (8, 10, 11). TRAIL recruits activated leukocytes to 
areas of  infection and initiates their apoptosis to terminate the immune response (10, 12). Gene-targeted 
mice lacking TRAIL have demonstrated increased nonspecific necrosis and inflammatory phenotypes 
that can be rescued with exogenous TRAIL administration (13). TRAIL has been evaluated in a sin-
gle-center study of  sepsis and septic shock, in which lower levels of  TRAIL were associated with lower 
leukocytes and poor outcomes (14).

In addition to apoptosis, which is immunologically silent, there are a number of  nonapoptotic pro-
grammed cell death pathways that may be active in sepsis. Typified by necroptosis, these nonapoptotic pro-
grammed cell death pathways differ from apoptosis by the release of  intracellular contents (15–17). Released 
intracellular contents can further stimulate an exuberant immune response by acting as damage-associated 
molecular patterns (DAMPs), which are associated with further inflammation and loss of  homeostasis (15, 
16, 18). Necroptosis occurs through the formation of  the necrosome, a 3-protein complex, including recep-
tor-interacting serine/threonine protein kinase-3 (RIPK3) (19). Inhibition of  RIPK3 in experimental models 
of  critical illness has been associated with improved outcomes (20, 21). In a large human study of  patients 
with critical illness, we demonstrated that RIPK3 was elevated in parallel with increased organ dysfunction, 
and higher levels were associated with increased risk of  in-hospital mortality (22).

The relationship between circulating levels of  TRAIL and RIPK3 have not been evaluated. In this 
study we sought to characterize levels of  TRAIL as they relate to the newest clinical criteria for sepsis, 
focusing on organ dysfunction (4), the severity of  sepsis, and levels of  RIPK3. We evaluated these biomark-
ers in 3 ICU cohorts. We hypothesized that the level of  circulating TRAIL would be lower in septic shock 
and would be associated with in-hospital mortality. We also hypothesized that TRAIL would be inversely 
related to circulating RIPK3.

Results
Baseline characteristics. A total of  570 subjects from 3 ICUs were included (Figure 1). From October of  
2014 through July of  2016, 146 subjects were prospectively recruited for the derivation cohort from 
Weill Cornell-Biobank of  Critical Illness (WC-BOCI). Subjects were admitted to the Medical ICU at 
the New York-Presbyterian Hospital/Weill Cornell Center (NYP/WMC) and were recruited within 48 
hours of  arrival. For the validation cohorts, 269 subjects were recruited from the Asan Medical Center 
(ASAN) prospective registry of  critical illness from May 2011 through June 2015 and 155 subjects from 
the Brigham and Women’s Hospital Registry of  Critical Illness (BWH-RoCI) cohort from June 2010 
through September 2013. Both cohorts were drawn from the medical ICU at their respective hospitals.

Baseline characteristics for the 3 cohorts are presented in Table 1. The BWH-RoCI cohort tended 
to be younger (ANOVA, P < 0.001), while ASAN recruited more male patients (P < 0.001). The dis-
tribution of  comorbidities also varied across the cohorts, with chronic kidney disease and coronary 
artery disease more frequent in the BWH-RoCI and WC-BOCI cohorts (P < 0.001 for both conditions). 
A similar proportion of  patients had malignancy across cohorts (P = 0.774). Patients in the ASAN 

Figure 1. Number of subjects and date ranges for each cohort and overall. WCM, Weill Cornell Medicine; BWH, 
Brigham and Women’s Hospital; ASAN, Asan Medical Center.

https://doi.org/10.1172/jci.insight.127143


3insight.jci.org   https://doi.org/10.1172/jci.insight.127143

C L I N I C A L  M E D I C I N E

cohort more frequently had sepsis and septic shock on admission. ASAN patients also had a higher 
mean Sequential Organ Failure Assessment (SOFA) score and were more likely to be intubated and on 
vasoactive agents.

Before studying TRAIL in the validation cohorts, we analyzed the relationship between levels of  
TRAIL and in-hospital mortality in the WC-BOCI cohort. Youden’s index for the optimal discriminatory 
cut point was 28.5 pg/ml. The median interquartile range for TRAIL was 20.6 pg/ml (12.6–36.4 pg/ml, 
31.7 pg/ml (20.0–59.1 pg/ml), and 21.6 pg/ml (13.0–36.0 pg/ml) for the WC-BOCI, BWH-RoCI, and 
ASAN cohorts, respectively.

Using this cutoff, there were 46, 92, and 88 patients with high TRAIL levels and 100, 177, and 67 patients 
with low TRAIL levels in the WC-BOCI, ASAN, and BWH-RoCI cohorts, respectively. Baseline demograph-
ics and comorbidities, divided at TRAIL 28.5 pg/ml are presented in Table 2. Low TRAIL levels were associ-
ated with older age in the ASAN cohort but not in the BWH-RoCI or WC-BOCI cohorts. Low TRAIL levels 
were associated with lower BMI in the BWH-RoCI cohort but not in the other cohorts (WC-BOCI, P = 0.158; 
BWH-RoCI, P = 0.016; BMI not available in ASAN). The distribution of comorbidities between patients 
with lower and higher TRAIL levels was inconsistent across cohorts, although among patients with an active 
malignancy, TRAIL levels were lower than those without (WC-BOCI median 16.9 vs. 24.2 pg/ml, P = 0.009; 
BWH-RoCI 27.0 vs. 41.6 pg/ml, P = 0.006; ASAN 19.5 vs. 24.6 pg/ml, P = 0.006) (Supplemental Figure 2; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127143DS1).

Outcomes. The primary endpoint of in-hospital mortality was more frequent in patients with lower TRAIL 
levels, as compared with higher TRAIL levels in the WC-BOCI (26% vs. 7%, P = 0.012) and BWH-RoCI (24% 

Table 1. Baseline demographics and clinical characteristics among individual cohorts

WCM BWH ASAN P
n 146 155 269
Age, mean (SD) 62.43 (16.74) 59.35 (17.20) 67.06 (12.87)  <0.001
Female sex (%) 70 (48) 67 (43) 91 (34) 0.012
Race (%)  <0.001
 White 93 (63.7) 114 (73.5) 0 (0.0)
 Asian 5 (3.4) 3 (1.9) 269 (100.0)
 Black 12 (8.2) 17 (11.0) 0 (0.0)
 Hispanic 24 (16.4) 17 (11.0) 0 (0.0)
 Other 12 (8.2) 4 (2.6) 0 (0.0)
BMI, mean (SD) 27.79 (8.58) 30.03 (10.43) NA (NA) NA
Comorbidity (%)
 DM 37 (25.3) 45 (29.0) NA (NA) NA
 CAD 45 (30.8) 19 (12.3) 3 (1.1)  <0.001
 COPD 20 (13.7) 0 (0) 48 (17.8) NA
 CKD 28 (19.2) 28 (18.2) 9 (3.3)  <0.001
 Cirrhosis 2 (1.4) 5 (3.3) 0 (0) NA
 Malignancy 65 (44.5) 65 (41.9) 110 (40.9) 0.774
 Days from admission to ICU, mean (SD) 4.38 (11.19) 2.20 (6.49) 5.21 (13.92) 0.037
Diagnosis (%)  <0.001
 Nonsepsis 36 (24.7) 52 (33.5) 5 (1.9)
 Sepsis 76 (52.1) 79 (51.0) 146 (54.3)
 Septic shock 34 (23.3) 24 (15.5) 118 (43.9)
APACHE-II, mean (SD) 22.42 (7.53) 25.20 (7.88) 23.45 (6.44) 0.003
SOFA, mean (SD) 7.68 (3.71) 5.34 (3.66) 9.46 (4.00)  <0.001
Vasopressor (%) 66 (45.2) 49 (31.6) 192 (71.4)  <0.001
Lactate, mean (SD) 3.26 (3.58) 2.57 (2.03) 3.34 (3.04) 0.060
Intubated (%) 20 (14.8) 47 (30.3) 162 (60.2)  <0.001
Mortality (%) 29 (19.9) 23 (14.8) 105 (39.0)  <0.001

NA, not available; DM, diabetes mellitus; CAD, coronary heart disease; COPD, chronic obstructive pulmonary disease; COPD, chronic obstructive 
pulmonary disease; CKD, chronic kidney disease; APACHE-II, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure 
Assessment; WCM, Weill Cornell Medicine; BWH, Brigham and Women’s Hospital; ASAN, Asan Medical Center.
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vs. 8%, P = 0.011) cohorts (Table 3). This relationship was consistent in the ASAN cohort, though it was not 
statistically significant (41% vs. 35%, P = 0.369).

Additionally, lower TRAIL levels were consistently associated with a higher proportion of  patients 
with septic shock as opposed to sepsis without shock in all cohorts. Median values of  TRAIL by sepsis 
diagnosis are presented in Figure 2. Lower TRAIL levels were associated with the other secondary 
endpoints, with a higher baseline severity of  illness by Acute Physiology and Chronic Health Evalua-
tion II (APACHE-II) in all cohorts. Lower TRAIL levels were also associated with higher lactate in the 
WC-BOCI and Asan cohorts but not in the BWH-RoCI cohort. There was a negative linear relation-
ship between TRAIL levels and SOFA scores in all cohorts, with R values of  –0.39, –0.32, and –0.20 
for the WC-BOCI, BWH-RoCI, and ASAN cohorts, respectively (Figure 3). The relationship between 
TRAIL and the individual SOFA subscores is displayed in Supplemental Figure 4. A negative linear 
relationship between TRAIL and RIPK3 was observed in all cohorts, with R values of  –0.36, –0.44, 
and –0.27, respectively, for the WC-BOCI, BWH-RoCI, and ASAN cohorts (Supplemental Figure 1). 
Finally, there was a positive linear relationship between TRAIL and total white blood cell counts in 
each cohort, with R values of  0.34, 0.21, and 0.25 in the WC-BOCI, BWH-RoCI, and ASAN cohorts 
(Supplemental Figure 3).

Table 3. Outcomes and illness severity among individual cohorts dichotomized by TRAIL ≥28.5 pg/ml and <28.5 pg/ml

WCM BWH ASAN
High TRAIL 

(N = 46)
Low TRAIL 
(N = 100)

P High TRAIL  
(N = 88)

Low TRAIL  
(N = 67)

P High TRAIL 
(N = 92)

Low TRAIL  
(N = 2177) 

P

In-hospital mortality (%) 3 (7) 26 (26) 0.012 7 (8) 16 (24) 0.011 32 (35) 73 (41) 0.369
Diagnosis (%)  <0.001 0.003  <0.001
Nonsepsis 19 (41) 17 (17) 39 (44) 13 (19) 5(5) 0 (0)
Sepsis 25 (54) 51 (51) 40 (45) 39 (58) 61 (66) 85 (48)
Septic shock 2 (4) 32 (32) 9 (10) 15 (22) 26 (28) 92 (52)
Severity of illness 
APACHE-II, mean (SD) 18.5 (6.3) 24.2 (7.4)  <0.001 23.6 (7.4) 27.4 (8.0) 0.003 21.6 (6.6) 24.4 (6.2) 0.001
Total SOFA, mean (SD) 5.6 (2.5) 8.6 (3.8)  <0.001 4.3 (3.0) 6.7 (4.1)  <0.001 8.3 (4.3) 10.0 (3.7) 0.001
Vasopressor (%) 12 (26) 54 (54) 0.003 19 (22) 30 (45) 0.004 54 (59) 138 (78) 0.001
Lactate, mean (SD) 1.9 (1.8) 3.8 (4.0) 0.008 2.4 (2) 2.7 (2.2) 0.447 2.6 (2.9) 3.7 (3.0) 0.002
Intubation (%) 5 (13) 15 (16) 0.821 19 (22) 28 (42) 0.011 52 (57) 110 (62) 0.369

TRAIL, TNF-related apoptosis–inducing ligand; APACHE-II, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure 
Assessment; WCM, Weill Cornell Medicine; BWH, Brigham and Women’s Hospital; ASAN, Asan Medical Center.

Table 2. Baseline demographics and comorbidities among individual cohorts dichotomized by TRAIL ≥28.5 pg/ml and <28.5 pg/ml

WCM BWH ASAN
High TRAIL  

(n = 46)
Low TRAIL  

(n = 100)
P High TRAIL  

(n = 88)
Low TRAIL  

(n = 67)
P High TRAIL  

(n = 92)
Low TRAIL  

(n = 177)
P

Age, mean (SD) 60 (18) 64 (16) 0.168 60(19) 58 (15) 0.525 64 (14) 69 (12) 0.005
Female sex (%) 23 (50) 47 (47) 0.874 37 (42) 30 (45) 0.860 29 (32) 62 (35) 0.659
BMI 29 (10) 27 (8) 0.158 32 (11) 27 (8) 0.016 – – –
Comorbidities (%)
DM 13 (28) 24 (24) 0.730 26 (30) 19 (28) 1.000 – – –
CAD 11 (24) 34 (34) 0.301 16 (18) 3 (5) 0.020 2 (2) 1 (1) 0.562
COPD 6 (13) 7 (7) 0.380 14 (16) 10 (15) 1.000 23 (25) 25 (14) 0.041
CKD 10 (22) 18 (18) 0.759 20 (23) 8 (12) 0.140 4 (4) 5 (3) 0.763
Cirrhosis 3 (7) 5 (5) 1.000 8 (9) 5 (8) 0.944 6 (7) 15 (9) 0.744

TRAIL, TNF-related apoptosis–inducing ligand; DM, diabetes mellitus; CAD, coronary heart disease; COPD, chronic obstructive pulmonary disease; CKD, 
chronic kidney disease; WCM, Weill Cornell Medicine; BWH, Brigham and Women’s Hospital; ASAN, Asan Medical Center.

https://doi.org/10.1172/jci.insight.127143
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Discussion
Using data from 570 patients in 3 cohorts across 2 continents, we described an inverse relationship between 
TRAIL, a potent inducer of  apoptosis and immune modulator, and septic shock with in-hospital mortality. 
This report highlights the remarkably consistent association between lower circulating TRAIL and septic 
shock as compared with patients without septic shock. This supports findings from earlier animal models 
of  sepsis (12) and a small single-center study using older criteria for sepsis and septic shock (14). Important-
ly, we have conducted our analysis using the Sepsis-3 definition, which highlights organ dysfunction rather 
than the systemic inflammatory response (3, 4). This finding adds to the growing literature suggesting that 
apoptosis-inducing members of  the TNFA superfamily may be reduced in sepsis (23), which is in contrast 
to levels of  TNFA, which can be increased (24).

A strength of  our study comes from the evaluation of  TRAIL in patients from 3 independent ICUs 
with differing practice patterns and baseline characteristics. Using the WC-BOCI cohort as the derivation 
cohort to establish a cutoff  of  28.5 pg/ml, levels of  TRAIL discriminated between in-hospital mortality 
in 2 of  3 cohorts. This cutoff  for lower levels of  circulating TRAIL was consistently associated with septic 
shock and more profound upfront severity of  illness. In each cohort, we demonstrated a consistent inverse 
association between TRAIL and the total SOFA score. This relationship with organ dysfunction was seen 
despite varied admission diagnoses and comorbidities. Interestingly, the cardiovascular and platelet SOFA 
subscores were numerically more strongly associated with lower levels of  circulating TRAIL across all 
cohorts than other markers of  organ dysfunction (Supplemental Figure 4).

This study demonstrated a consistent association between TRAIL and septic shock; however, the patho-
genic role of  low levels of  TRAIL in these cases is not clear. Differential TRAIL levels may be related to the 
dysregulation of  the host immune response; however, they may also be affected by the virulence of  infecting 
pathogens. Low TRAIL levels may also reflect appropriate apoptosis of  immune cells in the setting of  pro-
gressive systemic inflammation (12, 13) or may reflect low baseline immune cells numbers in these patients 

Figure 2. TRAIL levels of patients with nonsepsis critical illness, sepsis, and septic shock. TRAIL levels are presented as median value (black line), inter-
quartile range (box), and 95% (whiskers). P values are Kruskal-Wallis nonparametric comparisons with Bonferroni adjustment for multiple comparisons. 
Nonsepsis critical illness is shown in pink, sepsis is shown in green, and septic shock is shown in blue. WCM, Weill Cornell Medicine; BWH, Brigham and 
Women’s Hospital; ASAN, Asan Medical Center.
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(Supplemental Figure 3). Additionally, low TRAIL levels may simply be related to the overall severity of  
illness or a significant delay in presentation. Due to these limitations in interpretation, we chose to present 
the differences between patients with a higher and lower levels of  TRAIL and then analyze the relationship 
between mortality and TRAIL in an unadjusted manner. From our understanding of  the biology of  TRAIL, 
it is not clear whether severity of  illness scores (APACHE-II, SOFA) are confounders or mediators of  the 
relationship between TRAIL and mortality. Thus, we felt that including adjustments for these would inter-
fere with the association and the evaluation of  the epidemiology of  TRAIL in this population (25).

This study explores the relationship between TRAIL, a potent inducer of  apoptotic cell death, and 
RIPK3, a key protein in the pathway of  necroptotic cell death. The results demonstrate that these biomark-
ers are inversely related to each other. Although this study does not offer direct evidence that lower TRAIL 
levels are associated with increased necroptotic cell death, it does suggest that septic shock may involve an 
imbalance among dominant types of  cell death (26). Necroptosis, an immunologically activating subtype 
of  cell death, may be maladaptive. Exuberant necroptotic activity may contribute to an excessive nonspecif-
ic host response and the loss of  homeostasis in septic shock (17).

It should be emphasized that lower plasma levels of  TRAIL do not directly imply a lower burden of  
apoptotic cell death and that an increased RIPK3 may not represent necroptosis (27). The relative increase 
in necroptotic machinery seen in this study may be due to other processes (18, 28). TRAIL binding to its 
canonical death receptors can lead to necroptotic cell death in pathologic situations where caspases are 
inhibited (29). Additionally, TRAIL and RIPK3 can lead to inflammasome release with subsequent inflam-
mation (19, 27, 30). RIPK3 has been shown to be more important in the development of  ventilator-induced 
lung injury than other molecules in the necrosome in a murine model (21). This highlights the potential 
role for TRAIL and RIPK3 outside of  strictly apoptosis and necroptosis, respectively (31).

Our report has several additional limitations. We do not have data exploring the change in TRAIL over 
multiple time points in each patient. This is an important limitation, as each cohort had a different average 
length of  time from hospital to ICU admission. Additionally, the recruitments practices varied across the 
cohorts. The WC-BOCI and BWH-RoCI cohorts recruited a broad group of  patients from the medical 
ICU, while the ASAN cohort only focused on patients with a concern for infection. The distribution of  eth-
nicities also varied. Each cohort used different criteria for admission to the ICU, and different treatments 

Figure 3. Association between TRAIL level and organ failure, as measured by SOFA score. Linear regression of TRAIL association with SOFA score, shown 
as a black line with the shaded area representing 95% pointwise CI, for patients with nonsepsis critical illness (pink dots), sepsis (green dots), and septic 
shock (blue dots). WCM, Weill Cornell Medicine; BWH, Brigham and Women’s Hospital; ASAN, Asan Medical Center.

https://doi.org/10.1172/jci.insight.127143
https://insight.jci.org/articles/view/127143#sd


7insight.jci.org   https://doi.org/10.1172/jci.insight.127143

C L I N I C A L  M E D I C I N E

were carried out per the practice patterns of  individual institutions and providers. However, this variation 
may be a strength to the analysis, highlighting the consistency of  the relationship among TRAIL, major 
covariates, and outcomes, despite the analysis being conducted on an unselected population.

An additional limitation is the inconsistent relationship between lower TRAIL levels and mortality 
seen in our cohort at the designated cutoff  point, despite the observed trend. One may speculate that this 
finding is related to differences in baseline unmeasured risk between cohorts or the variation in unmeasured 
processes of  care (32, 33). However, the overall consistency of  the relationships among TRAIL, septic 
shock, and organ dysfunction combine to make a strong association with a high chance of  being replicated.

Conclusions. Circulating TRAIL is associated with in-hospital mortality in 2 of  3 independent ICU 
cohorts and is lower in patients with septic shock. TRAIL is negatively associated with organ dysfunction 
and with a key protein related to necroptosis, RIPK3. Further work is needed to define whether lower 
TRAIL is definitively associated with altered cell death in sepsis and whether such a phenotype is mal-
adaptive. Additional work exploring the kinetics of  TRAIL during the course of  sepsis and in different 
settings will be invaluable before considering TRAIL to be a robust biomarker offering potential insight to 
the disease course. Finally, associating TRAIL and RIPK3 with other circulating markers of  apoptosis and 
necroptosis will be essential in improving our understanding of  these processes.

Methods
Study design and patient population. This study is an analysis of  prospectively collected data from 570 subjects 
recruited from 3 prospective cohorts, 1 primary (n = 146) and 2 validation cohorts, admitted to ICUs from 
2 continents (n = 155, n = 269). Subjects were recruited on the first or second day of  their admission to the 
ICU. The primary cohort was derived from the WC-BOCI at the NYP/WMC, and the validation cohorts 
were drawn from the ASAN prospective Registry of  Critical Illness and the BWH-RoCI. Protocols for 
recruitment, data collection, and sample processing have been described previously (22, 34–36), and further 
detail can be found in the Supplemental Methods. Briefly, both the WC-BOCI and BWH-RoCI cohorts 
recruited any patient admitted to the medical ICU, with exclusion for the lack of  the ability to provide or 
the lack of  a surrogate to provide informed consent and moribund state. At these institutions the noninfect-
ed patients have a range of  diagnoses, ranging from acute liver failure and noninfectious respiratory failure 
to gastrointestinal hemorrhage. The ASAN investigators recruited patients who at the time of  medical ICU 
admission had a concern for sepsis.

Clinical evaluation. Clinical and laboratory data were collected from the electronic health records by trained 
research personnel, with clinical adjudication of the final diagnosis of sepsis confirmed by critical care board–
certified attending physicians. Disease severity was assessed using APACHE-II (37) within the first 24 hours of  
ICU admission. Chronic comorbidities and immunosuppression were defined according to the APACHE defi-
nitions. Organ failure was defined by the SOFA scoring system (38), which quantifies the presence and severity 
of organ failure in 6 different organ systems. Missing individual organ system scores were designated as 0.

Definition of  sepsis. Subjects defined as having sepsis had a clinically documented or suspected infection that 
upon final adjudication was deemed to be the source of organ dysfunction. ICU subjects without a concern 
for infection or in whom infection was not thought to be the cause of the current admission were used as the 
control population. Among infected patients, subjects were further stratified based on the current Sepsis-3 defi-
nitions (4): sepsis was defined as a SOFA score ≥2, and septic shock was defined as a SOFA score ≥2, plasma 
lactate ≥2 mg/dl, and the need for vasopressor support to maintain a mean arterial pressure ≥65 mmHg.

Measurement of  biomarkers. The plasma isolation protocols for each individual cohort are discussed in 
detail in the Supplemental Methods. For all samples, blood was collected in EDTA-coated blood collection 
tubes. The collected blood samples were kept at 4°C and centrifuged within 4 hours. Plasma was subse-
quently divided into aliquots and kept at –80°C.

TRAIL concentration was measured using ELISA following the manufacturer’s protocol (DTRL00, 
Human TRAIL/TNFSF10 Quantikine Immunoassay, R&D Systems). RIPK3 concentration was mea-
sured previously (21, 22) using a commercially available ELISA kit as per the manufacturer’s instructions 
(CSB-EL019737HU, CUSABIO). For both biomarkers, the limits of  detection, observed range, and intrain-
dividual coefficients of  variation are reported in the Supplemental Methods.

Outcomes. The primary analysis for this study was discriminative ability of  TRAIL related to overall 
in-hospital mortality. Secondary outcomes included the relationship between TRAIL and the diagnosis 
of  sepsis and septic shock; initial organ dysfunction, as defined by the SOFA score; and levels of  RIPK3. 

https://doi.org/10.1172/jci.insight.127143
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Further exploratory outcomes included the association between the level of  TRAIL and circulating leuko-
cytes and the level of  TRAIL and other baseline laboratory and clinical values.

Statistics. TRAIL concentration was analyzed after a log10 transformation. In-hospital survival was 
assessed in a binary fashion at time of  discharge from the hospital. In the primary cohort, WC-BOCI, logis-
tic regression was used to assess the discriminatory capability of  TRAIL to differentiate between survivors 
and nonsurvivors. The optimal cutoff  between levels of  TRAIL and mortality was assessed using Youden’s 
index. Once established, this cutoff  value was used to assess the differential associations among levels of  
TRAIL, baseline characteristics, and outcomes. Differences between baseline characteristics and outcomes 
were compared by χ2, Fisher’s exact, 2-tailed Student’s t test, and Wilcoxon rank-sum test, as appropriate. 
Comparisons across cohorts were done with ANOVA or χ2 tests. Associations with organ failure, as mea-
sured by SOFA score and with each SOFA component (platelets, bilirubin, creatinine, respiratory, Glasgow 
comma score, and cardiovascular) were studied using unadjusted linear regression. Additionally, linear 
regression was used to analyze the association between TRAIL and RIPK3 and TRAIL and white blood 
cell counts. All analyses were conducted in R (R Foundation for Statistical Computing). For all analyses, P 
< 0.05 was considered statistically significant, and 95% CIs are presented where appropriate.

Study approval. Study protocols were approved by institutional review boards of  Weill Cornell Medi-
cine (1405015116A005), BWH (2008-P-000495), and ASAN (2011-0001). Written informed consent was 
obtained from all subjects or their surrogates.
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