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Key Points

• High ST2 and TIM3 at day 28
after allogeneic HCT were
associated with nonrelapse
mortality and overall survival
at 2 years.

• Low day 28 L-Ficolin was
associated with VOD/SOS
and high CXCL9 correlated
with chronic GVHD.

A phase 3 clinical trial (BMT CTN 0402) comparing tacrolimus/sirolimus (Tac/Sir) vs

tacrolimus/methotrexate (Tac/Mtx) asgraft-versus-hostdisease (GVHD)prophylaxis after

matched-related allogeneic hematopoietic cell transplantation (HCT) recently showed no

difference between study arms in acute GVHD-free survival. Within this setting of a

prospective, multicenter study with uniform GVHD prophylaxis, conditioning regimen,

anddonor source,we explored the correlation of 10previously identifiedbiomarkerswith

clinical outcomes after allogeneic HCT. We measured biomarkers from plasma samples

collected in 211 patients using enzyme-linked immunosorbent assay (Tac/Sir5 104, Tac/

Mtx 5 107). High suppression of tumorigenicity-2 (ST2) and T-cell immunoglobulin

mucin-3 (TIM3) at day 28 correlated with 2-year nonrelapse mortality in multivariate

analysis (P 5 .0050, P 5 .0075, respectively) and in a proportional hazards model with

time-dependent covariates (adjusted hazard ratio: 2.43 [1.49–3.95], P 5 .0038 and 4.87

[2.53–9.34], P < .0001, respectively). High ST2 and TIM3 correlated with overall survival.

Chemokine (C-X-C motif) ligand 9 (CXCL9) levels above the median were associated with chronic GVHD compared with levels below

the median in a time-dependent proportional hazard analysis (P5 .0069). Low L-Ficolin was associated with hepatic veno-occlusive

disease (P 5 .0053, AUC 5 0.80). We confirmed the correlation of plasma-derived proteins, previously assessed in single-center

cohorts, with clinical outcomes after allogeneic HCT within this prospective, multicenter study. (Blood. 2017;129(2):162-170)

Introduction

Several plasma biomarkers that correlate with clinical outcomes
after allogeneic hematopoietic cell transplantation (HCT) have been
identified: suppression of tumorigenicity-2 (ST2) with therapy-
resistant acute graft-versus-host disease (GVHD) and nonrelapse
mortality (NRM)1-3; regenerating islet-derived 3-a (Reg3a) and
T-cell immunoglobulin mucin-3 (TIM3) with gastrointestinal acute
GVHD3-7; interleukin-6 (IL-6) with acute GVHD8; ST2, chemokine
(C-X-Cmotif) ligand 9 (CXCL9),matrixmetalloproteinase 3 (MMP3),
and osteopontin (OPN) with chronic GVHD9,10; and L-Ficolin,
hyaluronic acid (HA), vascular cell adhesion molecule-1 (VCAM1),
and ST2 with hepatic veno-occlusive disease (VOD) or sinusoidal
obstruction syndrome (SOS).11

The Blood and Marrow Transplant Clinical Trials Network (BMT
CTN) 0402 study that prospectively compared tacrolimus/sirolimus
(Tac/Sir) with tacrolimus/methotrexate (Tac/Mtx) GVHD prophylaxis
found no difference in day 114 acute GVHD-free survival in HLA-
matched related donor HCT.12 In addition, there were no differences in
grade 2 to 4 acute GVHD, chronic GVHD, relapse-free survival, and
overall survival (OS) at 2 years between study arms. Therefore, we

investigated whether a selected set of previously validated plasma-
derived biomarkers1-11 would correlate with clinical outcomes using
samples collected from patients within this prospective, multicenter
setting of uniform GVHD prophylaxis, conditioning regimen (full-
intensity), and donor source (HLA-matched related).

Patients and methods

Study population

Peripheral blood samples were obtained from study participants at
predetermined time points after HCT (days 28, 100, 180, and 365) in
accordance with the BMT CTN 0402 protocol.12 The study was an open-
label, phase 3, multicenter, randomized trial that included eligible
subjects ,60 years of age and undergoing transplantation for acute
leukemia in remission, myelodysplastic disorder, or chronic myeloid
leukemia in chronic or accelerated phase. Enrollment began in November
2006 and ended in October 2011, and all subjects were followed for
2 years. The study was approved by the Protocol Review Committee and

Submitted 22 August 2016; accepted 26 October 2016. Prepublished online as

Blood First Edition paper, 8 November 2016; DOI 10.1182/blood-2016-08-

735324.

*S.P. and S.W.C. contributed equally to this study as joint senior authors.

The online version of this article contains a data supplement.

There is an Inside Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge

payment. Therefore, and solely to indicate this fact, this article is hereby

marked “advertisement” in accordance with 18 USC section 1734.

© 2017 by The American Society of Hematology

162 BLOOD, 12 JANUARY 2017 x VOLUME 129, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/2/162/1400449/blood735324.pdf by guest on 18 M

ay 2024

http://www.bloodjournal.org/content/129/2/137
https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2016-08-735324&domain=pdf&date_stamp=2017-01-12


the Data Safety Review Committee of the National Heart, Lung, and Blood
Institute and also by the Institutional Review Boards of all participating
centers. All subjects provided written informed consent before enrollment.
The study was conducted in accordance with the Declaration of Helsinki. All
authors vouched for the accuracy and completeness of the reported data,
analyses, and the adherence of the study protocol.

Sample preparation and ELISA

All blood samples (either serum or plasma) were prospectively collected and
stored per institutional guidelines. The frozen samples were shipped to the
Paczesny Laboratory at the University of Indiana (Indianapolis, Indiana) for
analysis. ST2, IL-6, Reg3a, and TIM3weremeasured on days 28, 100, 180, and
365 as previously examined in the acute GVHD setting.1-8 ST2, CXCL9, OPN,
and MMP3 were measured at days 100, 180, and 365, as previously examined
in the chronic GVHD setting.9,10 L-Ficolin, HA, and VCAM1 were measured
on day 28 only, as previously examined in VOD/SOS.11 All of these bio-
markers were measured using sequential enzyme-linked immunosorbent
assay (ELISA), as previously reported.13 The antibody pairs included Reg3a
(MBL International, Ab-Match AssemblyHuman PAP1 [Reg3a] kit andAb-
Match Universal kit), CXCL9 (RayBiotech, RayBio Human MIG ELISA
Kit), L-Ficolin (Hycult Biotech, HK336 Human Ficolin-2 ELISA kit), and HA
(CorgenixHAtest kit).Duoset kitswere used for IL-6,MMP3,TIM3,OPN, and
VCAM1, and quantikine kit for ST2 (R&D Systems). All the kits permitted
comparablemeasurements in plasma or serum; thus, the ST2Duoset kit was not

used for this study. Samples were analyzed in duplicate, as previously
described.13 Pipetting for the Reg3a assay (384-well plate format) was
performed using the EpMotion 4500 liquid handling system (Eppendorf) and
for other assays (96-well plate format) by multichannel or the Multidrop 384
Reagent Dispenser (Thermo Scientific). All washes were performed using the
Aquamax 2000 plate washer (Molecular Devices). Absorbance was measured
immediately after termination of the substrate reaction using a SpectraMaxPlus
plate reader (Molecular Devices), and results were calculated using SoftMax
Pro, version 6.2.2 (Molecular Devices). Laboratory investigators were blinded
to all clinical information and transplant outcomes.

Statistical analysis

Demographics and baseline characteristics of study participants with available
biomarker and clinical data were described by median and range for continu-
ous variables and by frequency and percent for categorical variables. GVHD
prophylaxis arms (Tac/Sir and Tac/Mtx), henceforward referred to as treatment
arms or groups, were compared using Wilcoxon rank-sum test for the continu-
ous variables and x2 test or Fisher’s exact test for the categorical variables.
Descriptive statistics were assessed for each biomarker at the different time
points. Biomarker levels were log transformed to adjust for the nonnormality of
the data distribution. Biomarker values were treated as continuous variables for
ST2, Reg3a, TIM3, OPN, andMMP3. Themedian levels of eachmarker at each
time pointwas used as a predictor in the different analyses. IL-6 andCXCL9were
grouped into 2 categories (high vs low) due to high frequent values below the
assay detection level. “Low” means below the median, which includes the
undetectable values; “high”means above median.Wilcoxon rank-sum test was
used to comparemedianbiomarker valuesbetween the2 treatment groupsat each
time point. Correlation among the biomarkers was explored using pairwise
Spearman rank correlation coefficients. ST2, IL-6, Reg3a, and TIM3were used
in the analysis for acute GVHD,NRM,OS, and relapse. ST2,MMP3, OPN, and
CXCL9were used in the analysis for chronicGVHD.10 ST2, L-Ficolin, HA, and
VCAM at day 28 were used in the analysis for VOD/SOS.11 Univariate logistic
regression was used to evaluate the association between clinical outcomes and
individual biomarker at each time point for the entire cohort. Multivariate
analyses were performed, including the treatment group and 6 covariates: age
($40, ,40), sex, performance score (90% to 100%, ,90%), conditioning
regimen (cyclophosphamide/total body irradiation, etoposide/total body irradi-
ation), primary malignancy (acute myeloid leukemia, acute lymphoblastic
leukemia, or others), and recipient cytomegalovirus (CMV) status. Covariates
associated with each outcome at a significance level of 0.1 were selected for the
multivariate analysis. The treatment arm was always included in the model. For
chronic GVHD, NRM, OS, and relapse outcomes, proportional hazards model
with time-dependent covariates for single biomarker adjusting for treatment arm
and selected covariateswas explored. ForGVHDoutcomes, a landmark analysis
was used, wherein only patients who are still at risk for GVHDwere included to
evaluate the association of GVHD outcome with biomarker at a particular time
point. Receiver operating characteristics (ROC) curve from logistic regression
models with area under the curve (AUC) was used to present the correlation of
clinical outcomes and biomarkers. Cumulative incidence analysis was used to
describe the association between NRM and biomarkers with relapse as a
competing risk. P value #.01 was considered statistically significant. Clinical
outcomeswere defined as reported in the BMTCTN0402 study.12 All statistical
analyses were done with SAS software (version 9.3) except that cumulative
incidence analyses were done with R software (version 2.15.1).

Results

Patient and graft demographics

Biomarker datawere available for a total of 211 patients of 304 enrolled
on the BMT CTN 0402 study. A total of 714 blood samples (.80%
were plasma) were analyzed (day 28: N5 197; day 100: N5 197; day
180: N5 177; and day 365: N5 143). The characteristics of the 211
patients in these analyses are shown in Table 1. The median age of
participants was 45 years (range, 13 to 59 years). There were no

Table 1. Patient characteristics (N 5 211)

Variable Tac/Sir Tac/Mtx P value

Number of patients 104 107

Underwent transplantation 104 (100) 107 (100)

Age, median, y (range) 45 (19-59) 41 (13-58) .079

Male sex 53 (51) 48 (45) .41

Primary malignancy .19

Acute myelogenous leukemia 46 (44) 40 (37)

Acute lymphoblastic leukemia 38 (37) 53 (50)

Chronic myelogenous leukemia 8 (8) 9 (8)

Myelodysplastic syndrome 11 (11) 5 (5)

Acute biphenotypic leukemia 1 (1) 0 (0)

Disease status at transplantation

Acute myelogenous leukemia .58

1st complete remission 37 (80) 34 (85)

2nd complete remission 9 (20) 6 (15)

Acute lymphoblastic leukemia .86

1st complete remission 31 (82) 44 (83)

2nd complete remission 7 (18) 9 (17)

Chronic myelogenous leukemia .60

Chronic phase 7 (88) 7 (78)

Accelerated phase 1 (13) 2 (22)

Acute biphenotypic leukemia

1st complete remission 1

Karnofsky score .97

90-100% 72 (69) 77 (72)

,90% 32 (31) 30 (28)

Recipient-donor CMV status .028

1/1 41 (39) 33 (31)

1/2 21 (20) 34 (32)

2/1 9 (9) 18 (17)

2/2 27 (26) 17 (16)

Missing 6 (6) 5 (5)

Recipient CMV status .66

1 66 (63) 71 (66)

2 38 (37) 36 (34)

Donor-recipient sex match .77

Female-male 29 (28) 30 (28)

Conditioning regimen

Cyclophosphamide/total body irradiation 85 (82) 84 (79) .56

Etoposide/total body irradiation 19 (18) 23 (22)
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differences between study arms with regards to age, sex, primary
malignancy, stage of malignancy at transplantation, and performance
status at transplantation, or conditioning regimen. Recipient-donor
CMV serostatus combinations were slightly different between the 2
groups. A summary of the clinical outcomes of interest is shown in
Table 2.

Biomarker levels by treatment arm

Correlation among the biomarkers was examined at day 28 using
pairwise Spearman rank correlation coefficients (supplemental Table 1,
available on the Blood Web site). TIM3 levels were significantly
correlated with ST2, IL-6, and Reg3a at day 28. Therewere significant
differences in ST2 and Reg3a levels between the treatment arms. At
day 28, ST2 was significantly higher and Reg3a significantly lower in
the Tac/Sir group compared with the Tac/Mtx group (P , .01;
supplementalTable 2; supplemental Figure 1). Themultivariatemodels
found no interactions between biomarkers levels and different treatment
groups. L-Ficolin and HA were significantly different between the
treatment arms (supplemental Table 2; supplemental Figure 1), possibly
due to higher incidence of VOD/SOS events in the Tac/Sir arm
(Table 2). Based on these differences in biomarker levels between the
treatment arms, the treatment arm was included as a covariate in the
multivariate model for all of the analyses.

Biomarker levels and nonrelapse mortality

In themultivariate logistic regression analysis for the entire cohort, high
ST2 and TIM3 levels at day 28 were associated with significantly
higher risk of NRM at 2 years (P 5 .0050 and .0075, respectively;

Figure 1A). A 4-biomarker panel, including ST2, TIM3, IL-6, and
Reg3a, adjusted for the clinical covariates had an area under the ROC
curve of 0.80 for NRM at 2 years (Figure 1B). The cumulative
incidence of NRM at 2 years for day 28 ST2 $ median was 17.8%
(95% confidence interval: 10.9%, 26.1%) compared with 5.2% (95%
confidence interval: 1.9%, 11%) for day 28 ST2,median (Gray’s test
P5 .008; Figure 2A). When a proportional hazards model with time-
dependent covariateswas explored, IL-6 andReg3awere also found to
be associated with NRM. In this model, a 1-log increase in ST2 and
TIM3 had a hazard ratio (HR) of 2.43 (1.49-3.95) (P 5 .00038) and
4.87 (2.53-9.34) (P , .0001) for NRM at 2 years, respectively
(Table 3). Supplemental Table 3 shows the causes of NRM by 2 years
by biomarker level. There were no significant differences in causes of
NRM based on low- or high-biomarker level (ST2 or TIM3).

Biomarker levels and risk of relapse

Although a trend toward low ST2 and relapse (P5 .040) was observed
in the proportional hazard model (supplemental Table 4), none of the
biomarkers were associated with relapse.

Biomarker levels and OS

In the adjusted proportional hazards model with time-dependent
covariates, the 4markers (ST2, TIM3, IL-6, andReg3a)were shown to
correlatewithOSat 2years (Table 3).Asmost deaths occurred after day
180, we next evaluated ST2 value at day 180 for OS at 2 years. For
patientswith a highST2value, 2-yearOSwas69.8%,whereas for those
with a low ST2 value, the rate was 84.6% (P5 .032; Figure 2B).

Table 2. Summary of the clinical outcomes of study participants (N 5 211)

Outcome Event time Count Tac/Sir Tac/Mtx P value*

Acute GVHD grade 2-4 Never 141 71 70 .73

By day 28 22 14 8

After day 28 48 19 29

Chronic GVHD† Never 76 32 44 .09

By day 100 4 3 1

After day 100 131 69 62

After day 180 95 51 44

After day 365 19 10 9

After day 730 1 0 1

NRM Never 188 91 97 .46

By day 28 0 0 0

After day 28 23 13 10

After day 100 23 13 10

After day 180 20 11 9

After day 365 9 5 4

After day 730 1 0 1

Survival status by 2 y (day 730) Yes (alive) 157 76 81 .57*

No (dead) 54 28 26

Relapse/progression Never 159 80 79 .57

By day 28 1 1 0

After day 28 51 23 28

After day 100 42 20 22

After day 180 27 14 13

After day 365 12 7 5

After day 730 0 0 0

VOD/SOS Never 197 94 103 .08

By day 28 6 4 2

After day 28 8 6 2

Total no. of patients Biomarker data available 211 104 107

*P value from Gray’s test for the cumulative incidence of the outcome, except for OS where the P value is from a log-rank test.

†Incidence of chronic GVHD was slightly higher in this study compared with the original BMT CTN 0402 study (64% vs 49%).
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Biomarker levels and acute GVHD

Theearliest predeterminedblood sample availablewasday28, atwhich
time 22 of 70 events of the acute GVHD already occurred and were
therefore excluded from the analysis. None of the biomarkers evaluated
in this study correlated with acute GVHD. There was a trend toward
high ST2 at day 28 being correlated with grade 2 to 4 acute GVHD
(P5 .09) (supplemental Table5).Different cutoffswere used based on
previously publisheddata2 to show sensitivity and specificity of day28
ST2 in detecting grade 2 to 4 acute GVHD by day 100 in this cohort
(supplemental Table 6).

Biomarker levels and chronic GVHD

ST2, OPN,MMP3, andCXCL9were previously shown to correlate
with chronic GVHD.10 In this study, although ST2, OPN, and

MMP3 measured at day 100 did not correlate with chronic GVHD,
day 100 CXCL9 values trended toward an association with chronic
GVHD outcome (P5 .029, AUC5 0.65). However, in an analysis
where time-dependent biomarker levels were used in the pro-
portional hazards model, which takes the most recent biomarker
data available for the patient prior to the chronic GVHD event,
CXCL9 levels that were above the median had a statistically
significant HR of 1.60 (1.14, 2.26) (P 5 .0069) compared with
those below the median and undetectable levels (Table 3). These
data suggest that the CXCL9 value closer to chronic GVHD ismore
predictive of subsequent chronic GVHD.

Biomarker levels and VOD/SOS

Fourteen of the 197 evaluable study participants (7%) developedVOD/
SOS (Tac/Sir: N 5 10 and Tac/Mtx: N 5 4). Six patients developed
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VOD/SOS before day 28, while 8 patients developed VOD/SOS after
day 28. In themultivariate analysis, low concentrations of L-Ficolin on
day28were associatedwithVOD/SOS(P5 .0053;Table4) as recently
published.11 High concentrations of VCAM1 trended toward an
association with VOD/SOS (P 5 .017). L-Ficolin levels for patients
with and without VOD/SOS are shown as representative in Figure 3A.
ST2 and HA were not significantly associated with VOD/SOS
(Table 4). The 4-biomarker panel had anAUCof 0.81 for a diagnosis
of VOD/SOS (Table 4; Figure 3B). For patients with a low L-Ficolin
value,VOD/SOScumulative incidencewas5.1%,whereas for patients
with a high L-Ficolin value, the cumulative incidence was 2%
(Figure 3C).

Discussion

Noninvasive peripheral blood biomarkers have the potential to improve
diagnosis and facilitate therapeutic management of complications after
allogeneic HCT. Despite significant progress made in recent years,
biomarkers are not yet available for clinical use in the HCT setting. In
this paper, we have shown that plasma biomarkers measured from
prospective sample collections of a BMT CTN study with uniform
HLA-matched related donor and myeloablative conditioning strategy
were associatedwith transplant-related complications, includingNRM,
death, and VOD/SOS. Consistent with recent studies, high ST2 and
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TIM3 values were strongly associatedwithNRM in this cohort aswell.
Although we observed a trend toward high ST2 and acute GVHD, it
was not entirely surprising that ST2 and the other biomarkers did not
correlate significantlywith acuteGVHD.The earliest sample collection
in this study was on day 28, at which time nearly one-third of acute
GVHD events had already occurred. Accordingly, these patients were
excluded from the analysis, and possibly even diluted the power of
detecting a meaningful difference. Moreover, in previously published
studies of ST2,1,3 TIM3,3 and IL-6,8 these biomarkers were also
measured at an earlier time point post-HCT (day 14). Another
difference of the current study is that all patients with acute GVHD
were included regardless of organ involvement, whereas some prior
studies of TIM33 and Reg3a4 focused on gastrointestinal acute
GVHD.

In the time-dependent proportional hazard models, we found that
high ST2, IL-6, Reg3a, and TIM3 were associated with increased risk
of NRM at 2 years. Additional large studies involving many patients
from multiple centers with longitudinal blood sample collections are
needed to further examine the specificity and sensitivity of the
biomarkers for GVHD prediction relative to other clinical outcomes,
such as NRM and death, after allogeneic HCT.

Based on the recently identified association of a 4-biomarker panel
(ST2, CXCL9,MMP3, andOPN)with chronicGVHD,10 and previous
association of CXCL9, discovered through a proteomic approach, with
chronic GVHD,9 we measured these biomarkers herein and found that
high CXCL9 and not the other markers was strongly associated with
chronic GVHD. This association was only significant when using a
proportional hazards model where time-dependent biomarker
levels were used while the correlation of CXCL9 at a single time
point (ie, day 100) was moderate, which is in agreement with the
recently published study where the panel measured at day 100
could only predict chronic GVHD occurring within the next 3
months.10

We found that low L-Ficolin was strongly associated with VOD/
SOS, consistent with recently published findings.11 L-Ficolin is a
complement-activating pattern-recognition lectin involved in the innate
immune response and has recently been shown to be involved in

homeostatic clearance of mitochondria in the liver.14 In VOD/SOS
patients, the concentrations of L-Ficolin were decreased, suggesting
that this homeostatic clearance may no longer happen efficiently, and
possibly implicating pathways involved in VOD/SOS other than those
related to hemostasis and endothelial injury.

A major strength of our study is that the study population was
relatively homogenous with regards to important variables known
to affect evaluation of biomarkers. Namely, all patients received a
myeloablative regimen, had an HLA-matched sibling donor, and
received tacrolimus (with sirolimus or methotrexate) as their GVHD
prophylaxis. The other strength was the measurement of biomarkers at
fixed time points after transplant within the setting of routine clinical
care from multiple centers.

The markers investigated in this study have been shown to be of
biological and possibly therapeutic importance inGVHD. ST2 is the
receptor of IL-33 and is present in 2 main isoforms: a membrane-
bound form (mST2) and a soluble form (sST2).15 sST2 sequesters
IL-33, limiting its availability to T cells expressing mST2 (T-helper
2 cells and ST21FoxP31 regulatory T cells). In a recent work by our
group, we found that blockade of sST2 in the peritransplant
period with a neutralizing monoclonal antibody reduced GVHD
severity and mortality in a GVHD murine model.16 ST2 blockade
also reduced sST2 production by IL-17–producing T cells while
maintaining protective mST2-expressing T cells, increasing the
frequency of intestinal myeloid-derived suppressor cells and de-
creasing the frequency of intestinal CD103 dendritic cells. Finally,
ST2 blockade preserved graft-versus-leukemia activity in a model of
MLL-AF9 acute myeloid leukemia. ST2 could be a therapeutic target
for severe GVHD. Similarly, TIM3 has 2 forms, a soluble form and
a membrane-bound form.7 It is speculated that plasma TIM3 may
exacerbate the severity of acute GVHD by blocking the interaction
between TIM3 and its ligand, thereby abrogating the regulatory
activity of the TIM3 pathway. CXCL9 is an interferon-g–inducible
chemokine that binds to CXCR3, its only known receptor, and
promotes lymphocyte migration to inflamed tissues.17,18 CXCR3 has
also been shown to be critical for the recruitment of alloreactiveT cells
in acute GVHD,19,20 whereas CXCL9 has been shown to be elevated
in tissue samples from patients with oral,21 ocular,22 and cutaneous23

chronic GVHD.
Nonetheless, we recognize the limitations of our analyses herein.

First, day 28 post-HCT samples were the first available that excluded
nearly one-third of the patient population available for acute GVHD
analyses. An a priori power calculation was not conducted for this
study, as the power was limited by the available samples from themain
clinical trial. We conducted a post-hoc assessment of power to detect
differences in acute GVHD incidence. The overall incidence of acute
GVHD grade 2 to 4 in this cohort among those still at risk at day 28 is
26%. The sample size of 176 evaluable patients would have at least
80% power to detect an odds ratio (OR) of 2.78 (corresponding to an
approximate difference in incidence of 19%), between 2 equally sized

Table 3. Correlation between biomarkers and clinical outcomes

Biomarker P value Hazard ratio HR lower CL HR upper CL

Nonrelapse mortality by 2 y*

ST2 .00038 2.43 1.49 3.95

IL-6† .0090 3.80 1.39 10.33

Reg3a .00073 2.35 1.43 3.87

TIM3 ,.0001 4.87 2.53 9.34

Overall survival‡

ST2 .0014 1.73 1.24 2.41

IL-6† .0022 2.42 1.37 4.25

Reg3a ,.0001 2.00 1.46 2.73

TIM3 .00035 1.87 1.33 2.65

Chronic GVHD§

ST2 .30 1.13 0.89 1.44

CXCL9† .0069 1.60 1.14 2.26

OPN .06 0.73 0.52 1.01

MMP3 .90 0.99 0.85 1.16

*Proportional hazards model with time-dependent covariates adjusting for

treatment group, age, and CMV status.

†High vs low (see Patients and methods).

‡Proportional hazards model with time-dependent covariates adjusting for

treatment regimen.

§Proportional hazards model with time-dependent covariates adjusting for

treatment group and primary malignancy.

Table 4. Biomarkers at day 28 and VOD/SOS occurrence

Biomarker

Day 28 (14 events/197 used)

Multivariate logistic regression analysis* Biomarker panel*

P value AUC P value AUC

ST2 .064 0.75 .54 0.81

L-Ficolin .0053 0.80 .012

HA .17 0.73 .18

VCAM .017 0.74 .13

*Adjusted for treatment group, performance score, and CMV status.
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Figure 3. Low L-Ficolin is correlated with hepatic

VOD. (A) Concentrations of day 28 L-Ficolin (median

and interquartile range) for patients who developed

VOD (Y) and those who did not (N) (P 5 .005). (B) ROC

curves for day 28 L-Ficolin, ST2, HA, and VCAM, the

clinical covariates, and the 4-biomarker panel (model).

(C) Cumulative incidence of VOD stratified by day 28

L-Ficolin (high vs low).
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biomarker groups defined by above vs below the median. The
detectable difference compares favorably with what was reported
previously (OR for high vs low panel of 2.7, OR for high vs lowST2 of
3.7).1 The ideal timing for sampling would be earlier, in our opinion
(day 7 to day 21), for purposes of acuteGVHDprediction and probably
even earlier for VOD/SOS prediction (day 0 to day 10). Biomarkers
measured pretransplant on day of stem cell infusion (day 0) are unlikely
to be informative of an allo-reaction, which is consistent with our
experience with earlier studies.1 More frequent sample collection early
after transplant that is balanced with clinical feasibility and cost-
effectivenesswouldbe crucial for future biomarker studies. Indeed, this
is actively being done in the BMT CTN 1202 multicenter biomarker
study, which is collecting samples weekly starting at day 0 until day 28
with additional samples on day 42, 56, and 91. This study recently
completed accrual and it is hopedwill help advance the biomarker field
for posttransplant complications.

Second, there were relatively few grade 2 to 4 acute GVHD events
in each treatment arm, in general, that possibly limited a more robust
analysis. However, we did adjust for the treatment arm in the
multivariate analysis for all of the analyses.When a subgroup analysis
was attempted, the direction of the relationship between the markers
and outcomes was in the same direction, but did not uniformly reach
statistical significance. Third, we were limited by the lack of clinical
data regarding specific acute GVHD organ involvement as well as
degreeof severityof chronicGVHD.Unfortunately, analyses including
these variables were not possible. Fourth, we recognize that other
biomarkers, such as TNFR1,24 BAFF,25 and CXCL10,26,27 have been
reported in acute and chronic GVHD, respectively, which were not
explored in this study.We specifically sought to confirm the validity of
biomarkers that we have previously validated in at least 2 cohorts at the
time of the analysis.

Significant developments in the field of biomarkers for post-HCT
outcomes have been made in recent years. Many studies have shown
differentmarkers to be associatedwith 1or several important outcomes.
The question remains on how tomove thesefindings to the clinic in real
time. One approach is to use these biomarkers in a preemptive fashion
that can guidemore aggressive immunosuppressive therapy for patients
at high risk for GVHD. In such cases, health care providers may want
to use a higher cutoff for the biomarkers (eg, ST2 . 50 ng/mL).
Moreover, in the case where a more rapid taper of immunosuppressive
agents is favored, such as in patients at high risk of relapse, low
biomarker levels (ST2 , 35 ng/mL) may possibly guide treatment
decisions that favor lower risk of GVHD and NRM. In this study, we
specifically used thresholds to correlate with clinical outcomes.
Similarly, CXCL9 levels on day 100 or day 180 could guide
preemptive therapy for those at higher risk for chronic GVHD based
on biomarker levels. Also, we are in the midst of proposing a clinical
trial utilizing a VOD/SOS biomarker panel to guide preemptive
defibrotide, a recently approved therapy for established VOD/SOS,28

prior to onset of clinical features.We recognize that further refinement
may be needed for specific thresholds depending on the HCT setting
(GVHDprophylaxis, donor source, and/or intensity).Nonetheless, it is
likely that this approach may be more feasible to implement across
providers, multicenter institutions, and larger clinical populations,

which could prove useful in guiding therapy for patients with
clinical features in between “low” and “very high” risk formortality.29

Alternatively, another potential approach is to include biomarkers in
risk-stratification models.24,30,31 For example, a recent study de-
veloped a biomarker-based algorithm topredictNRMwithin 6months
of diagnosis of acute GVHD.24 The challenge of incorporating this
complex model system will be tested in a future BMT CTN
prospective multicenter clinical trial (BMT CTN 1501). It is clear
that further studieswill be needed to determinewhich approachwill be
more feasible andmore accurate in defining risk. Importantly, whether
therapy dictated by such approaches leads to improved clinical
outcomes remains an unanswered question that will require well-
designed, prospective, multicenter collaborative trials.
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