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Plasma biomarkers associated with respiratory failure (RF) following hematopoietic cell

transplantation (HCT) have not been identified. Therefore, we aimed to validate early

(7 and 14 days post-HCT) risk biomarkers for RF. Using tandem mass spectrometry, we

compared plasma obtained at day 14 post-HCT from 15 patients with RF and 15 patients

without RF. Six candidate proteins, from this discovery cohort or identified in the

literature, were measured by enzyme-linked immunosorbent assay in day-7 and day-14

post-HCT samples from the training (n 5 213) and validation (n 5 119) cohorts. Cox

proportional-hazard analyses with biomarkers dichotomized by Youden’s index, as well

as landmark analyses to determine the association between biomarkers and RF, were

performed. Of the 6 markers, Stimulation-2 (ST2), WAP 4-disulfide core domain protein 2

(WFDC2), interleukin-6 (IL-6), and tumor necrosis factor receptor 1 (TNFR1), measured at

day 14 post-HCT, had the most significant association with an increased risk for RF in the

training cohort (ST2: hazard ratio [HR], 4.5, P 5 .004; WFDC2: HR, 4.2, P 5 .010; IL-6: HR,

6.9, P , .001; and TFNR1: HR, 6.1, P , .001) and in the validation cohort (ST2: HR, 23.2,

P 5 .013; WFDC2: HR, 18.2, P 5 .019; IL-6: HR, 12.2, P 5 .014; and TFNR1: HR, 16.1,

P 5 .001) after adjusting for the conditioning regimen. Using cause-specific landmark

analyses, including days 7 and 14, high plasma levels of ST2, WFDC2, IL-6, and TNFR1

were associated with an increased HR for RF in the training and validation cohorts.

These biomarkers were also predictive of mortality from RF. ST2, WFDC2, IL-6 and

TNFR1 levels measured early posttransplantation improve risk stratification for RF and

its related mortality.

Submitted 19 July 2021; accepted 22 January 2022; prepublished online on Blood
Advances First Edition 9 February 2022; final version published online 17 March 2022.
DOI 10.1182/bloodadvances.2021005770.

The original mass spectrometry data files, the Proteome Discoverer output files, and
protein database FASTA files are available for download from MassIVE (http://
massive.ucsd.edu) using identifier MSV000087586. Requests for other data should
be sent to Courtney M. Rowan (coujohns@iu.edu).

The full-text version of this article contains a data supplement.

© 2022 by The American Society of Hematology. Licensed under Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-
ND 4.0), permitting only noncommercial, nonderivative use with attribution. All other
rights reserved.

Key Points

� This study identified
and validated ST2,
WFDC2, IL-6, and
TNFR1 as risk
biomarkers for RF and
related mortality
post-HCT.
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Introduction

Allogeneic hematopoietic cell transplantation (HCT) is a life-saving
therapy used for malignant and nonmalignant diseases. However,
post-HCT pulmonary complications continue to be a significant
problem.1-4 When severe, pulmonary complications can result in
respiratory failure (RF), affecting 10% to 23% of patients.5-7 Acute
RF, requiring mechanical ventilation, carries a very high mortality rate
in this population.4,8,9 Although survival has improved, the risk of
death with mechanical ventilation remains unacceptably high, leaving
physicians who care for these patients with appropriate concerns
regarding the timing of intensive care unit (ICU) transfer and intuba-
tion.10 Further complicating treatment is the fact that the cause of
RF is unknown in up to 15% of cases, making the institution of stan-
dard therapies challenging.11-13 The ability to determine who is at
highest risk for RF may allow for earlier supportive care intervention,
prompt involvement of a critical care team, intensive monitoring,
improvement in family/patient counseling, and guidance with regard
to the appropriate use of invasive supportive strategies, subse-
quently improving survival.8,14 The significance of RF occurring after
HCT was recently underscored by a 2018 National Institutes of
Health workshop that was specifically convened to identify clinical
challenges and gaps in the scientific knowledge with regard to pul-
monary dysfunction after HCT in children.15

Although clinical models, such as the Pediatric Early Warning
Score, have demonstrated an association with the need for critical
care in this population,16-19 they are not designed for RF and are
often assessed/implemented too late in the medical course. The
Biomarkers, Endpoints, and other Tools resource from the US Food
and Drug Administration defines prognostic biomarkers as being
able to “identify the likelihood of a clinical event or disease pro-
gression.”20 Therefore, prognostic biomarkers can augment clinical
decision making, altering the therapies offered. Biomarkers have the
added advantage of improving the understanding of the etiology of
RF, which can be complex, particularly in the HCT population.

Currently, there is no simple blood test to guide the susceptibility to
RF in the HCT recipient. Although some candidate proteomic bio-
markers have been studied in the general adult population to predict
the severity and mortality associated with acute respiratory distress
syndrome (ARDS),21,22 little data exist on biomarkers that can pre-
dict the development of RF, particularly in children. Because the
HCT recipient is at high risk for RF, and many are already hospital-
ized at the time when critical illness develops,23 they are an ideal
population in which to develop a prognostic blood test, because
early intervention may be possible. Therefore, we sought to identify
novel biomarkers for RF, through a well-established quantitative tan-
dem mass spectrometry–based proteomics discovery approach
developed in our laboratory, by comparing plasma pooled from 15
patients with RF within 100 days post-HCT with plasma pooled
from 15 patients without RF. We hypothesized that a panel of bio-
markers detected as early as day 7 post-HCT can discriminate
which patients are at high risk for RF and its related mortality. In
addition, 2 markers (interleukin 6 [IL-6] and tumor necrosis factor
receptor 1 [TNFR1]) were measured based on previous demonstra-
tions of their involvement in idiopathic pneumonia syndrome (IPS)
and nonrelapse mortality (NRM). Ultimately, these prognostic bio-
markers for RF may allow for future innovative personalized

therapies that will be more efficient if introduced early in the course
of the disease in many patients post-HCT.

Patients and methods

Study population

Four cohorts (discovery, training, validation, and independent) of
patients post-HCT were included in this study. The first 3 cohorts
were taken from a larger HCT study of graft-versus-host disease
consisting of 415 consecutive patients undergoing allogeneic HCT
who were prospectively enrolled from 2013 through 2018 at 6 large
US academic health centers: Indiana University School of Medicine,
Johns Hopkins University School of Medicine, Texas Children’s
Hospital, Fred Hutchinson Cancer Research Center, Boston
Children’s Hospital, and Children’s National Medical Center
(#NCT02194439) (Figure 1).24 The patient population was pre-
dominantly children, but it did include some adults. This study was
approved by the 6 centers’ institutional review boards, and patients
were consented by trained study personnel. RF was defined as
needing intubation and invasive mechanical ventilation for critical ill-
ness. Mortality with RF was defined as being intubated (within the
first 100 days post-HCT) and dying while intubated or dying follow-
ing a terminal extubation. An independent multicenter deidentified
cohort of 48 children postallogeneic HCT was included. This was
deemed exempt by the Indiana University Institutional Review Board.
Because of the lack of detailed intubation information in this existing
cohort, the outcome used for this analysis was admission to the
ICU with the need for supplemental oxygen within 100 days
post-HCT.

Proteomics workflow

Each sample was depleted of the 6 most abundant serum proteins
using a Multiple Affinity Removal LC Column - Human 6 (Agilent).
The depleted samples were subjected to protein precipitation using
ice-cold acetone. Precipitated protein samples were resuspended in
a solution of 8 M urea and 50 mM ammonium bicarbonate, reduced
with dithiothreitol, alkylated with chloroacetamide, and digested with
trypsin at a 1:25 enzyme/substrate ratio. The resulting peptide sam-
ples were desalted using Oasis C18 cartridges (Waters), dried by
vacuum centrifugation, and labeled with tandem mass tags (Thermo
Fisher Scientific). Labeled peptide samples were combined into 1
sample that was fractionated by basic reverse-phase chromatogra-
phy, and pooled fractions were analyzed with an Orbitrap Fusion
mass spectrometer. Mass spectrometry data were analyzed with
Proteome Discoverer v2.2, using a human UniProt protein database
that interrogates complex proteomes by matching mass spectra to a
sequence database for protein identification. Results were filtered to
a 1% false discovery rate at the peptide and protein levels.

Sample preparation and ELISA

Plasma samples were prospectively collected, frozen, and stored
per institutional guidelines. Plasma samples were obtained at days
7 and 14 post-HCT, which were time points prior to the onset of
RF in our discovery cohort (day 124 post-HCT). Proteins were
measured in samples from the training and validation cohorts using
commercially available enzyme-linked immunosorbent assays (ELI-
SAs) and a sequential ELISA approach that was described previ-
ously.25-27 Details are in supplemental Table 1. All samples and
standards were tested in duplicate.
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Statistical analysis

Discovery, training, and validation cohorts were created, and
demographic characteristics were summarized. The discovery
cohort was matched by age, donor status, and stem cell source.
The training and validation cohorts were randomly generated from
a multicenter cohort, resulting in a 2/3 split and a 1/3 split,
respectively. Within the discovery cohort, median values of the 11
proteins were compared using a nonparametric Mann-Whitney U
test, and those with a P value # .05 were investigated further in
the training and validation cohorts. Biomarkers were first analyzed
as continuous variables using Cox proportional-hazards regres-
sion and subsequently dichotomized into high- and low risk-
groups based on Youden’s Index at day 14 to be more clinically
relevant. Composite receiver operating characteristic curves were
produced and compared to determine whether any combination
of biomarkers offered better risk accuracy assessed by differ-
ences in the area under the curve (AUC). Kaplan-Meyer–based
cumulative incidence and survival curves for RF by the biomarker
level categories were produced and evaluated using log-rank
tests at a 0.05 significance level. Landmark analysis, stacking day
7 and day 14, for the outcomes of RF and mortality with RF was
also conducted.28 All analyses were done using SAS 9.4. The 4
most promising biomarkers were tested on day 14 in the indepen-
dent cohort using similar statistics described above.

Results

Demographics of the cohorts

Discovery cohort. We designed a discovery cohort comparing
extreme RF phenotypes (severe RF vs no respiratory or other com-
plications) within 100 days posttransplant using samples collected

at day 14 post-HCT. The discovery cohort was matched between
groups for age, donor status, and stem cell source. Demographics
and transplant characteristics of the discovery cohort are in Table 1.
By design, there was no difference in characteristics between those
who developed RF and those who did not.

Training and validation cohorts. Using the multicenter biore-
pository of patients for whom we had RF information and biomarkers,
we designed, by random sampling method of �2/3 and 1/3, a train-
ing cohort of 213 patients (16 with RF and 197 without RF) and a
validation cohort of 119 patients (7 with RF and 112 without RF).
Patients without samples prior to intubation were excluded. Demo-
graphics of these 2 cohorts are provided in Table 1. Details about
RF etiologies can be found in supplemental Table 2.

Independent cohort. A limited existing cohort of 48 children
postallogeneic HCT for any indication with plasma samples available
on day 14 post-HCT was used. Nine (18.8%) of the cohort experi-
enced pediatric intensive care unit (ICU) admission with hypoxia,
and 6 (12.5%) died within 180 days post-HCT. ICU transfer
occurred at a median of 31 days (interquartile range [IQR], 24-45)
post-HCT.

Proteomic biomarker discovery

We performed discovery proteomic analysis comparing plasma
pooled from 15 patients with severe RF vs plasma pooled from 15
patients without RF or other complications (supplemental Figure 1).
Plasma samples were taken at day 14 post-HCT, 10 days prior to
the median onset of RF (24 days in the discovery cohort). Groups
were matched for age, transplant source, and donor status, as
described in the discovery cohort (Table 1). Of the 1106 proteins
that were confidently quantified, 108 demonstrated a $1.25-fold

Plasma samples and data
on respiratory failure

n=362

Discovery cohort
n=30

Matched by: age,
transplant source, and

donor status 

15 with
severe RF

15 with no
pulmonary

complications

Training cohort
n=213

Selected by random
sampling

16 with RF

197 with no
RF

Validation cohort
n=119

Selected by random
sampling

7 with RF

112 with no
RF

Multicenter study
n=415

Figure 1. Workflow illustrating the study population and divisions into the discovery, training, and validation cohorts. The discovery cohort was selected using

extreme phenotypes. The training and validation cohorts were made using a random 2/3 (training) and 1/3 (validation) selection process. RF defined as intubation (not for

procedure) within the first 100 days post-HCT.
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increase in the tandem mass tag duplex label. From the identified
proteins, we selected 11 proteins for further analysis based on path-
way networks, published literature, and ELISA availability (supple-
mental Table 3). Biologic plausibility was determined with an
in-depth review of gene information using PubMed (https://www.
ncbi.nlm.nih.gov/gene) and a review of published literature in OVID.
Intracellular proteins were excluded, and the availability of reliable
commercially available ELISA kits was determined for the remaining
proteins. Mass spectrometry is limited in its ability to reliably detect
low-abundance proteins. Therefore, as has been done previously,29

we also measured IL-6 and TNFR1 based on their previous associa-
tion with IPS30 and NRM.24

The 13 candidate proteins (11 discovered plus IL-6 and TNFR1)
were tested with ELISAs in individual plasma samples from the dis-
covery cohort. The median and IQRs of these proteins were com-
pared for patients who did and did not develop RF (n 5 15 each)
(supplemental Table 4). Six candidates with a P value # .05 were
chosen for further investigation: Stimulation-2 (ST-2; the IL-33
decoy receptor), osteopontin, WAP 4-disulfide core domain protein
2 (WFDC2; also known as human epididymis 4), surfactant protein
B, IL-6, and TNFR1.

Development of a biomarker panel for RF at day 14

post-HCT

Using sequential ELISAs, the levels of the 6 identified candidate bio-
markers were measured in plasma from the training (n 5 213) and
validation (n 5 119) cohorts described above (demographics are
shown in Table 1). The biomarkers were first explored as continuous
variables to determine their association with the development of RF.
A standard deviation incremental increase in all 6 biomarkers was
associated with an increased risk for the development of RF by 100
days post-HCT in the training cohort and was replicated in the vali-
dation cohort (supplemental Table 5).

To improve the clinical applicability of the model, biomarkers were
dichotomized into high- and low-risk groups based on whether they
were above or below the cut-point determined by Youden’s index.
Four biomarkers (ST2, WFDC2, IL-6, and TNFR1) were validated in

multivariable analysis (Table 2). Sensitivity, specificity, and positive
and negative predictive values can be found in supplemental Table 6.
After adjusting for the intensity of the conditioning regimen in a
multivariable model, elevated levels of all 4 biomarkers remained
significant in the training and validation cohorts (Table 2). High lev-
els of these 4 biomarkers on day 14 post-HCT were associated
with a greater cumulative incidence of RF (training cohort,
Figure 2A-D; validation cohort, Figure 2E-H). Because the onset of
RF was variable and close to day 114 in the training and validation
cohorts, an independent cohort was also tested with a median day
to outcome of 31 days. In this cohort, ST2 (P 5 .028) and TNFR1
(P 5 .003) were statistically significant using the same biomarker
cut-points. WFDC2 and IL-6 had increased hazard ratios (HRs),
but did not quite reach statistical significance (supplemental
Figure 2; supplemental Table 7). WFDC2 was likely limited by the
variability of biomarker levels between cohorts and the optimal cut-
point derived from the training cohort (supplemental Figure 3).

Combinations of these 4 biomarkers were explored using the AUC
of the composite receiver operating characteristic curve. All 4 bio-
markers demonstrated the ability to discriminate patients who devel-
oped RF within 100 days post-HCT from those who did not, with
AUCs of 0.61 to 0.72 in the training cohort and 0.72 to 0.87 in the
validation cohort. The combination of all 4 biomarkers into a com-
posite panel increased the AUC to 0.75 in the training cohort and
to 0.90 in the validation cohort (supplemental Figure 4), although
these improvements in AUC did not reach statistical significance.
Of note, the AUC was similar for all 4 biomarkers in the indepen-
dent cohort (supplemental Table 8).

Landmark analysis of biomarkers at days 7 and 14

post-HCT as predictors of RF development

Because 8 patients had samples taken close to the onset of RF, we
measured the 4 biomarkers (ST2, WFDC2, IL-6, and TNFR1) at day
7 post-HCT. AUCs for biomarkers on day 7 ranged from 0.58 to
0.74 in the training cohort and from 0.65 to 0.96 in the validation
cohort (supplemental Table 9). Day-7 and day-14 biomarker
values were stacked and assessed for the risk of RF using a

Table 2. HRs for the training and validation cohorts with biomarkers dichotomized by Youden’s index

Day-14 biomarker

Training cohort Validation cohort

HR (95% CI) P HR (95% CI) P

Unadjusted model

ST2 $ 54.5 ng/mL 4.5 (1.6-12.5) .004 17.5 (2.1-145.7) .008

OPN $ 381.5 ng/mL 9.1 (3.1-26.7) ,.001 2.3 (0.5-10.4) .271

WFDC2 $ 61.2 ng/mL 4.2 (1.4-12.4) .008 14.0 (3.1-63.0) .001

SFTPB $ 1219.7 ng/mL 5.0 (1.6-15.6) .006 4.1 (0.8-21.9) .091

IL-6 $ 77.5 pg/mL 6.9 (2.4-20.2) ,.001 9.0 (1.7-46.1) .009

TNFR1 $ 6237.0 pg/mL 6.2 (2.2-17.0) ,.001 18.1 (3.5-93.4) .001

Multivariable model adjusting each individual biomarker for conditioning regimen

ST2 $ 54.5 ng/mL 4.5 (1.6-12.5) .004 23.2 (2.8-195.5) .013

WFDC2 $ 61.2 ng/mL 4.2 (1.4-12.4) .010 18.2 (3.9-83.9) .019

IL-6 $ 77.5 pg/mL 6.9 (2.3-20.1) ,.001 12.2 (2.4-64.1) .014

TNFR1 $ 6237.0 pg/mL 6.1 (2.2-16.9) ,.001 16.1 (3.1-83.5) .001

CI, confidence interval; OPN; osteopontin; SFTPB, surfactant protein B.
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cause-specific landmark analysis. With this landmark analysis, high
levels of these 4 biomarkers measured as early as day 7 post-HCT
were associated with an increased risk for developing RF within the
first 100 days post-HCT in the training and validation cohorts (Table
3; supplemental Figure 5).

Landmark analysis of biomarkers as predictors for

mortality with RF

Next, we examined the ability of ST2, WFDC2, IL-6, and TNFR1 on
days 7 and 14 post-HCT to predict mortality with RF. The 3 cohorts
used were the same as those described above. Mortality with RF
rates in the various cohorts were as follows: discovery cohort 20%
(6/30), training cohort 4% (8/213), and validation cohort 3%
(4/119).

Because the day-14 median levels of of ST2, WFDC2, IL-6, and
TNFR1 were statistically higher for those who died compared with
those who survived in the discovery cohort (supplemental Table
10), we evaluated them as predictors of an increased risk for mortal-
ity with RF. Cause of death is listed in supplemental Table 11. Only

ST2, WFDC2, and TNFR1 were found to be significant in the train-
ing and validation cohorts (supplemental Table 12). We next cate-
gorized the biomarkers into high- and low-risk groups using the
same cut-point as for the risk of developing RF. On day 14 post-
HCT, high-risk biomarkers were associated with worse mortality
with RF (supplemental Figure 6) and NRM within a year post-HCT
(Figure 3). We then performed a landmark analysis to evaluate the
combination of day-7 and day-14 biomarkers categorized into high-
and low-risk groups using the same cut-point as for the risk of
developing RF. Even as early as day 7 post-HCT, ST2, WFDC2,
and TNFR1 predicted an increased risk of mortality with RF
(Table 4).

Discussion

In 3 cohorts of patients post-HCT, high day-14 levels of ST2,
IL-6, and TNFR1, as well as newly identified WFDC2, were
identified and validated as biomarkers associated with the
development of RF within the first 100 days post-HCT. An
independent pediatric cohort also demonstrated significance
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Figure 2. Cumulative incidence functions of the training and validation cohorts. A higher cumulative incidence of the development of RF for those with high

biomarker levels (red line) is seen on day 14 post-HCT compared with those with levels below the cut-point chosen by Youden’s index (blue line). High levels of ST2,

WFDC2, IL-6, and TNFR1 predicted a statistically significant increase in the development of RF within 100 days posttransplant.
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for increased day-14 levels of ST2 and TNFR1, as well as
great potential for WFDC2 and IL-6, for admission to the ICU
with hypoxia. On landmark analysis, these proteins also demon-
strated promise as risk biomarkers as early as day 7 post-HCT.
Furthermore, increased levels of ST2, WFDC2, and TNFR1
were early predictors of mortality with RF. The use of bio-
markers that herald the development of RF may allow for early
detection, therapeutic intervention, and improved preventative
counseling.

Although the mortality rate in the intubated HCT recipient has
improved,31 the historical fear still remains, causing HCT physi-
cians to question the appropriate time to involve the critical
care team and intensivists in the struggle over when/whether to
intubate. This may lead to a delay in intervention, resulting in
missed opportunities for aggressive and early management.
Delay in critical care is associated with a higher mortality.8,32

Multicenter studies suggest that the longer a patient spends in
the ICU or on supplemental O2 prior to intubation, the higher
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Figure 2. (Continued).

Table 3. Landmark HRs for the training and validation cohort with high biomarkers levels on days 7 and 14 post-HCT for the

development of RF

Biomarkers at days 7 and 14

Training cohort Validation cohort

Landmark HR (95% CI) P Landmark HR (95% CI) P

ST2 $ 54.5 ng/mL 3.49 (1.39-8.76) ,.001 6.03 (1.61-22.65) ,.001

WFDC2 $ 1.2 ng/mL 3.08 (0.84-11.3) .09 14.21 (3.36-60.04) ,.001

IL-6 $ 77.5 pg/mL 5.32 (2.48-11.40) ,.0001 4.58 (1.05-20.05) .04

TNFR1 $ 6237.0 pg/mL 3.83 (1.43-10.28) ,.001 22.52 (4.03-126.05) ,.001

CI, confidence interval.
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the mortality.8,33 Further, a recently published multicenter study
found an unprecedented 10% cardiac arrest rate during intuba-
tion of patients post-HCT, suggesting a possible delay in defini-
tive care.12 Objective data, such as a susceptibility biomarker,
may aid in these complex and difficult decisions.

Although limited by the numbers of cases, this study demonstrates
that early measurements of ST2, WFDC2, IL-6, and TNFR1 are
associated with RF. This noninvasive and objective risk assessment
may complement the clinical evaluation of HCT recipients. Although
the positive predictive value (PPV) is low in our cohort, this is likely
a reflection of the low prevalence of RF. The use of PPV for bio-
markers of complications post-HCT is debatable, and sensitivity has
been suggested as a more useful statistic.34 Despite the low PPV,
these biomarkers can still be meaningful in a life-threatening compli-
cation such as RF, because we would like to capture all cases of
RF; increased numbers of false negatives would not be a problem
because the treatment proposed here is increased monitoring and
stricter use of the recommended guidelines. Indeed, the implications
for patients are that if all patients are screened with these

biomarkers early in the transplant course, those with the highest risk
could have stricter surveillance for signs of respiratory distress and
potential implementation of standard therapies, such as aggressive
diuresis, preemptive transfer to an intensive care setting, early initia-
tion of noninvasive respiratory support, and avoidance of a delay in
intubation, as have been suggested by many multicenter stud-
ies.8,12,35,36 Further, in prospective studies, the PPV and clinical util-
ity could be improved if combined with known prognostic clinical
variables, such as transplantation from an unrelated donor,12 and
the need for .1 L of supplemental oxygen, weight gain, and early
warning scores for critical illness in the peri-HCT period.16,37,38

Future investigations should focus on incorporating plasma bio-
markers with clinical risk factors for RF.

Identification of the risk for RF in the HCT population may allow for
earlier personalized interventions. Targeted therapy of IPS with eta-
nercept (TNF inhibitor) has demonstrated success,39 and our data
suggest that combinatorial strategies targeting other proteins identi-
fied herein may further improve outcomes. Moreover, earlier support-
ive therapies may be undertaken at the first sign of respiratory
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Figure 3. Survival curves for NRM mortality at 1 year stratified by high/low biomarker levels. Patients with high biomarker levels (red line) on day 14 post-HCT vs

with those with levels below the cut-point (blue line); the cut-point based on Youden’s index was used for this analysis. In the training cohort, high levels of ST2, WFDC2,

and TNFR1 were statistically significantly associated with NRM. In the validation cohort, high levels of 4 biomarkers predicted a statistically significant increase in NRM.
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distress in patients identified as particularly vulnerable to developing
RF. Clearly, any toxicity from these novel therapies would need to
be thoroughly investigated prior to the widespread use of
biomarker-driven therapy. Another future approach is to develop a
preemptive therapeutic intervention based on high-risk biomarkers,
shifting critical care interventions from reactionary to preventative in
this high-risk population.

The cause of RF can be challenging to ascertain, because
post-HCT, patients are at risk for infectious40-42 and noninfectious
pulmonary complications.43 These biomarkers may help to unravel
the etiology of RF in this population. It is possible that a common
inflammatory pathway leads to the development of severe lung injury
in this population. Complementing the findings reported herein, we
showed previously that components of the acute-phase response
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Figure 3. (Continued).

Table 4. Landmark HRs for the training and validation cohort with high biomarkers levels on days 7 and 14 post-HCT for the outcome

of mortality with RF

Biomarkers at days 7 and 14

Training Cohort Validation cohort

Landmark HR (95% CI) P Landmark HR (95% CI) P

ST2 $ 54.5 ng/mL 3.91 (1.11-13.75) .03 20.63 (3.1-138.3) .001

WFDC2 $ 61.2 ng/mL 4.81 (0.82-28.2) .08 9.69 (2.4-39.5) .002

IL-6 $ 77.5 pg/mL 5.21 (2.17-12.51) ,.001 6.23 (1.2-30.5) .02

TNFR1 $ 6237.0 pg/mL 7.20 (1.83-28.28) ,.004 49.03 (5.5-439.1) ,.0001

CI, confidence interval.

1874 ROWAN et al 22 MARCH 2022 • VOLUME 6, NUMBER 6



signaling pathway involving TNF-a and IL-6 are operative in the
development of acute noninfectious lung inflammation after HCT.44

From a clinical perspective, these patients are at high risk for the
development of ARDS.45 In fact, .90% of intubated children
develop ARDS during the first week of ventilation post-HCT.46 It
remains to be determined whether these biomarkers signal a com-
mon inflammatory pathway that leads to the development of RF or
identify specific molecular pathways that are responsible for lung
injury. Although preclinical data support the latter, further study is
clearly needed.

These biomarkers may lead to future novel targeted therapeutic
options, resulting in improved outcomes. ST2, the IL-33 receptor, is
a mediator for inflammation.25,47 IL-6, a proinflammatory cytokine,
activates T cells and induces synthesis of acute-phase proteins.39

TNFR1 is involved in the inflammatory response.22 Therapeutics tar-
geting these 3 biomarkers are being used or tested for complica-
tions of cellular therapies. Etanercept is already well accepted in the
pediatric HCT population as a therapy for IPS,39 altering the care of
this disease that previously had very few therapeutic options. Tocili-
zumab targets IL-6 and is used for graft-versus-host disease prophy-
laxis and in the cytokine storm associated with engineered T-cell
therapy.48,49 Finally, anti-ST2 exists as an antibody and as a small
molecule. It was proved to be effective in experimental models of
IPS and graft-versus-host disease.50,51 WFDC2, also known as
human epididymis 4, has been investigated only minimally, particu-
larly in RF. It is a member of the whey acid protein family. Secretory
leukocyte protease inhibitor and elafin are also members of this fam-
ily and have been studied more extensively. These proteins are
believed to be stimulated by proinflammatory mediators and have
antiproteinease and antibacterial properties52-56. Elevated levels of
elafin are associated with skin graft-versus-host disease.56 Specific
to WFDC2, it is expressed in pulmonary epithelial cells and may
have a role in innate immunity of the respiratory system, and its
expression may be altered in pulmonary disease.57 WFDC2 may
represent a novel target for therapeutic development. It was not sta-
tistically significant in the independent cohort, which was likely
related to the sample size and variability in the distribution of bio-
marker levels among cohorts. This novel marker deserves further
investigation for additional validation, as well as identification of the
optimal clinically relevant cut-points.

This study has some limitations, 1 of which is the number of
patients with RF as the outcome; this is reflected in the width
of our confidence intervals. A larger prospective cohort may be
needed to add to the validity of these findings. The small sam-
ple of patients with RF precluded additional analyses for par-
ticular causes of RF, which is important when evaluating
specific therapies. However, even with the small sample sizes,
we were able to demonstrate statistical significance, and the
use of separate discovery, training, and validation cohort adds
strength to the significance of our study. Our mass spectrome-
try approach has inherent limitations, particularly the ability to
capture low-abundance proteins.58 We accounted for this by
including 2 additional markers that were shown to be important
in pulmonary complications in this population. Another limita-
tion is the inclusion of pediatric and adult HCT patients in a
single analysis, because of the possible different disease

processes and approaches to critical care management. Mov-
ing forward with future study designs, it would be important to
investigate these patient populations separately. An additional
limitation is that these biomarkers may not be specific for RF,
because it is incredibly complex in this population; however,
these markers may be more specific for alloreactivity or other
underlying causes of RF. Using proteomics to better under-
stand the biology of RF in this population would allow for more
directed implementation of standard therapies, such as etaner-
cept for IPS. This is an important focus for further
investigation.

In conclusion, high levels of ST2, WFDC2, IL-6, and TNFR1 mea-
sured as early as day 7 post-HCT are associated with the develop-
ment of RF within the first 100 days post-HCT and with mortality
with RF. These biomarkers offer objective data to begin to identify
the highest-risk patients who may benefit from early intervention;
they may also hold promise for therapeutic targets to alter the
course and outcome of RF.
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