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Abstract

Background: Acute graft-versus-host disease (GVHD) is a major cause of mortality in patients
receiving hematopoietic cell transplantation (HCT) for hematologic malignancies. The skin is the
most commonly involved organ in GVHD. Elafin, a protease inhibitor overexpressed in inflamed
epidermis, was previously identified as a diagnostic biomarker of skin GVHD. However, this
finding was restricted to a subset of patients with isolated skin GVHD. The main driver of
nonrelapse mortality (NRM) in HCT patients is G| GVHD. Two biomarkers, Regenerating islet-
derived 3a (REG3a) and Suppressor of tumorigenesis 2 (ST2), have been validated as biomarkers
of GI GVHD that predict long-term outcomes in patients treated for GVHD. We undertook this
study to determine the utility of elafin as a prognostic biomarker in the general population of acute
GVHD patients in whom GVHD may develop in multiple organs.

Objective: To analyze serum elafin concentrations as a predictive biomarker of acute GVHD
outcomes and to compare it to ST2 and REG3a in a large group of patients treated at multiple
centers.

Study Design: 526 patients who received corticosteroid treatment for skin GVHD and who
had not been previously studied were analyzed from the Mount Sinai Acute GVHD International
Consortium (MAGIC). Serum concentrations of elafin, ST2 and REG3a were measured for all
patients using ELISA. Patients were divided randomly into equal training and validation sets
and a competing risk regression model was developed to model 6-month NRM using elafin
concentration in the training set. Additional models were developed using concentrations of
ST2 and REG3a, or the combination of all three biomarkers as predictors. ROC curves were
constructed using the validation set to evaluate the predictive accuracy of each model and to
stratify patients into high- and low-risk biomarker groups. The cumulative incidence of 6-month
NRM, overall survival, and four-week treatment response were compared between risk groups.

Results: Patients in the low-risk elafin group unexpectedly demonstrated a higher incidence of
6-month NRM, although this difference was not statistically significant (17% vs. 11%, P=0.19).
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Overall survival at 6 months (68% vs. 68%, P>0.99) and four-week response (78% vs. 78%,
P=0.98) were similar in the low- and high-risk elafin groups. The area under the receiver operating
curve (AUROC) for elafin was 0.55 whereas it was 0.75 for the combination of ST2 and REG3a.
The addition of elafin to the other two biomarkers did not improve the AUROC.

Conclusion: Serum elafin concentrations measured at the initiation of systemic treatment for
acute GVHD do not predict 6-month NRM, overall survival, or treatment response in a multicenter
population of patients treated systemically for acute GVHD. As seen in previous studies, serum
concentrations of the GI GVHD biomarkers ST2 and REG3a were significant predictors of NRM
and the addition of elafin levels did not improve their accuracy. These results underscore the
importance of Gl disease in driving NRM in patients who develop acute GVHD.

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is a curative treatment for a number of
high-risk hematologic malignancies. A major cause of mortality in patients receiving HCT
is acute graft-versus-host disease (GVHD), a multiorgan disorder in which donor immune
cells damage healthy host tissues. The skin, gastrointestinal (Gl) tract and liver are the target
organs for acute GVHD and together they contribute to the overall GVHD severity, which is
graded on a scale of | to IV based on clinical symptoms.

The skin is the most commonly involved organ in acute GVHD (1). Skin GVHD is staged 1-
4 based on extent and severity of the rash. A prior study from our group showed that elafin,
a protease inhibitor overexpressed in inflamed epidermis, correlated with the extent of skin
GVHD and mortality. Plasma concentrations of elafin increased significantly in patients with
skin GVHD compared to patients without skin GVHD, to those with a non-GVHD rash,

and to those with GVHD isolated to the Gl tract. In addition, higher elafin levels correlated
with increased GVVHD skin stage, and nonrelapse mortality (NRM) was also significantly
increased in patients with higher elafin concentrations (2). However, the correlation of elafin
concentrations with GVHD outcomes was restricted to a subset of patients with isolated skin
GVHD that included those treated with topical therapy alone and excluded patients who
developed Gl GVHD.

GVHD in the Gl tract is the main driver of NRM in patients receiving HCT(3). Two serum
biomarkers for GI GVHD have been identified: Regenerating islet-derived 3a (REG3a) and
Suppressor of tumorigenesis 2 (ST2) (4, 5). These two biomarkers are released into the
serum from damaged Gl tissue in the intestinal crypts and, thus, the concentrations of these
biomarkers reflect the extent of GI crypt damage (6, 7). The Mount Sinai Acute GVHD
International Consortium (MAGIC) created a mathematical algorithm that combines the
concentrations of these two biomarkers into the MAGIC algorithm probability (MAP), a
single value from 0.001 to 0.999 that estimates the likelihood of NRM when measured at
the onset of GVHD. Two thresholds divide the MAPs into three distinct risk groups or

Ann Arbor scores (Ann Arbor 1-3) (8). The MAP has also been validated as a response
biomarker when measured at several timepoints after treatment for acute GVHD (9). Patients
with the largest increases in MAP four weeks after treatment initiation had higher rates of
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6-month NRM, and changes in MAP more accurately predicted long-term outcomes than
changes in clinical manifestations (9).

Although previous findings demonstrated that measuring Gl damage was essential to
predict GVHD mortality, the utility of combining GI and skin biomarkers has not been
conclusively tested. While our prior study demonstrated a significant association between
elafin concentration and mortality (2), subsequent studies have produced conflicting results
(10-12) and none of these studies assessed the prognostic value of elafin levels in patients
with skin GVHD at the initiation of systemic treatment, regardless of involvement of other
target organs. We therefore conducted this study to test the hypothesis that the inclusion of
elafin levels in an algorithm that contains ST2 and REG3a would more accurately predict
outcomes than either elafin or ST2 and REG3a alone in patients with acute GVHD of the
skin that received systemic treatment.

Materials and methods

Study design

MAGIC is comprised of 24 international HCT centers that provide clinical information and
serum samples from patients at multiple timepoints after HCT. We identified 839 patients

in our database who received allogeneic HCT between January 1, 2014 and December 31,
2018 and who were in remission from their underlying disease at the time they started initial
treatment with systemic corticosteroids for acute GVHD (Figure 1) and had a serum sample
obtained within £3 days for cryopreservation. Patients with skin GVHD at the initiation of
treatment (N=526) were divided randomly into training (N=263) and validation (N=263)
cohorts with equal distributions of key clinical parameters, such as indication for HCT

and other GVHD organ involvement (Table 1). The training cohort was used to develop
univariable and multivariable models predicting 6-month NRM. The validation cohort was
used to compare the predictive ability of these models.

GVHD clinical criteria

Clinical response to treatment and GVVHD staging was determined using published
guidelines as previously described (8, 13, 14). All centers were trained in the use of MAGIC
GVHD staging and grading guidance prior to participation in this study. Skin GVHD was
considered present if: 1) an erythematous rash consistent with the typical appearance of
GVHD was present; 2) GVHD was favored in the differential diagnosis; and 3) systemic
treatment for GVHD was initiated. Biopsies were not required but if performed, histology
needed to be consistent with a diagnosis of GVHD. All MAGIC data coordinators received
training in GVHD data extraction and passed a detailed examination before entering data
into the database. All data were reviewed centrally and aberrant or unusual scenarios were
queried. De-identified data were discussed with senior investigators to clarify staging during
monthly webinars when appropriate.

Patients were classified as nonresponders if their GVHD symptoms did not improve
or progressed after treatment with systemic or topical steroid therapy, if they received
additional systemic immunosuppression to treat GVHD, or if they died within the first 4
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weeks of treatment. Complete response (CR) was defined as complete resolution of GVHD
symptoms in all involved target organs (skin, Gl and liver). Partial response (PR) was
defined as improvement without resolution in at least one target organ without worsening in
any other target organ. All other responses were categorized as non-response (NR).

Biomarker measurement

Serum samples were collected prospectively on IRB approved protocols and biomarkers
were measured retrospectively. Elafin ELISA kits were purchased from R&D Systems and
measurements were performed according to the manufacturer’s protocol. Samples were
diluted 1:50 and both samples and standards were run in duplicate. Concentrations were
calculated with SoftMax Pro (Molecular Devices). ST2 and REG3a were analyzed by
ELISA as previously described(15). The concentrations of elafin and ST2 are reported in
picogram per milliliter and the concentrations of REG3a are reported in nanograms per
milliliter.

Statistical analysis

Results

Patient characteristics in the training and validation set were compared using the chi-squared
test for categorical variables and the Wilcoxon rank-sum test for continuous variables.
Elafin concentrations were compared across skin GVHD stages in the full cohort using the
Wilcoxon rank sum test with a Bonferroni correction for multiple comparisons. Competing
risk regression models were developed to model the hazard of 6-month NRM in the
training cohort using biomarker concentrations. Relapse and second HCT were specified

as competing risks. The first model used the elafin concentration alone as the predictor. The
second model used the two biomarkers that comprise the MAP, ST2 + REG3a, as predictors.
The third model combined all three biomarkers, elafin, ST2 and REG3a as predictors. All
three models were derived exclusively from patients in this dataset and without any overlap
of patients included in prior studies. Receiver operating characteristic (ROC) curves were
constructed using the validation set. Area under the ROC curves (AUC) were compared
using the DeLong method(16). An optimized threshold was defined for each model by
maximizing the product of the sensitivity and the specificity at the threshold; this threshold
was used to stratify patients into high risk and low risk groups. The cumulative incidence

of 6-month NRM and relapse were measured after initiation of treatment and differences
between high and low risk groups were compared using Gray’s test(17). Overall survival
(OS) was estimated in high and low risk groups using the Kaplan-Meier method and
compared by the log-rank test. Differences between response groups were calculated using
chi-squared tests. All analyses were performed using R statistical package, version 3.6.2. (R
Core Team 2019).

Patient characteristics

We identified 526 patients who received allogeneic HCT between January 1, 2014 and
December 31, 2018, who were in remission, and who had a rash when treatment with
systemic corticosteroids was started for acute GVHD a median of 28 days after HCT
(Figure 1). Patients included in previous published reports were not included in this dataset.
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Fourteen percent of patients were pediatric (age < 18). Topical steroid treatment was
concomitantly prescribed to 262 (50%) of patients, but only 4 (<1%) received topical
treatment prior to initiation of systemic treatment. Patients were divided randomly into
training (N=263) and validation (N=263) cohorts with equal distributions of key clinical
characteristics between the training set and validation set (Table 1). In this large group of
patients elafin concentrations did not significantly differ by the extent of GVHD rash (Figure
2). Age is a risk factor for GVHD (18, 19) and the distribution of body surface area in
children, who have larger heads and smaller extremities, is different than in adults. Thus, we
performed a subset analysis in the 73 patients less than 18 years of age and confirmed that
elafin concentrations did not correlate with the extent of rash in this younger patient subset.
(Figure S1).

Algorithm development and performance

We next developed models to predict 6-month NRM based on biomarker concentrations
using patients from the training set (Supplemental Table 1). The ROC curves for each model
are shown in Figure 3. The first model using elafin concentration alone had a low AUC
(0.55). The second model used the two validated biomarkers ST2 and REG3a and produced
an AUC of 0.75 that was statistically superior to the first model (P=0.02) and very similar
to the results of the previously published algorithm using these two biomarkers (8). A third
model used all three biomarkers and resulted in an AUC of 0.76 that was not significantly
different to the second model (P=0.10). Whereas concentrations of ST2 and REG3a each
produced higher hazard ratios of 6-month NRM, elafin concentrations did not produce
higher hazard ratios of 6-month NRM, either alone or when added to the other biomarkers in
these models (Table S1).

Risk stratification for NRM

We next calculated optimal thresholds for each model that stratified patients into low and
high risk groups by maximizing both sensitivity and specificity for each model (Table S1).
We then used these thresholds to generate cumulative incidences of NRM in validation set
patients (Figure 4). The incidence of 6-month NRM of the entire validation set population
was 14% (Figure 4A). Elafin concentrations alone produced no difference in NRM, and

in fact the NRM was slightly, but not significantly higher in the low concentration group
(17% vs. 11%, P=0.19, Figure 4B). As expected, ST2 + REG3a divided patients into two
groups with highly different 6-month NRMs (6.7% vs. 31%, P < 0.001) which did not
change with the inclusion of elafin concentrations in the algorithm (Figure 4C,D). Consistent
with previous studies, biomarker concentrations did not predict relapse in any of the three
models (Figure S3), and thus elafin alone did not predict overall survival (OS) (Figure 4B
lower panel). Similar findings were observed in analyses restricted to the subset of pediatric
patients (Table S3).

Evaluation of response to treatment at day 28 produced findings similar to the prediction of
NRM. 78% of patients experienced complete or partial response (CR/PR) to corticosteroid
treatment at 4 weeks (Figure 5A). Elafin concentrations did not predict response at day 28 of
treatment, whereas the algorithm that included ST2 and REG3a concentrations did, and the
addition of elafin to the algorithm made no significant difference (Figure 5B-D).

Transplant Cell Ther. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zewde et al. Page 7

Given that previous studies of elafin evaluated its prognostic ability in the context of isolated
skin GVHD, we performed a subset analysis to assess each model’s performance in patients
with skin GVHD who never developed GVHD in other organs. The 6-month NRM in this
subset was much lower compared to the full validation set (7.2%), as expected (Figure S3
panel A). In this subset of patients who never experienced Gl disease, none of the models
successfully stratified patients into risk groups with different NRM (Figure S3 panels B-D).

Discussion

The diagnosis and management of skin GVHD can be challenging. Rashes caused by acute
GVHD share visual similarities with rashes caused by drugs, and skin biopsies are difficult
to interpret and are often inconclusive (20, 21). Therefore, it is important to note that that
the criteria used to diagnose and stage skin GVHD in this study were standardized across
all centers (13). Even standardized staging criteria do not ensure the accurate prediction

of GVHD outcomes using clinical criteria alone, an area in which biomarkers have shown
promise but have not always shown consistent results. Prior studies of elafin expression in
the epidermis and its concentration in the plasma have shown inconsistent correlation with
skin GVHD diagnosis, severity and outcomes (11, 12, 22, 23); but none of these studies
assessed the value of adding elafin to GI GVHD biomarkers in patients with skin GVHD
regardless of Gl involvement at the initiation of systemic treatment. In this large multicenter
analysis, we found that serum elafin concentrations in such patients did not predict 6-month
NRM, 6-month overall survival, or treatment response at four weeks. In a model derived
from patients in this study and who had not been previously included in any studies of

the MAP, serum concentrations of GI GVHD biomarkers ST2 and REG3a were significant
predictors of NRM and survival. Contrary to our hypothesis, the addition of elafin levels
did not improve upon the predictive accuracy of these validated biomarkers. It should be
noted that the GI biomarker model generated by this study (model 2) was as accurate as

the previously published MAP for the prediction of NRM, even though these models used
different weights for the individual biomarkers ST2 and REG3a (Figure S4).

These results underscore the importance of Gl disease in driving NRM in patients who
develop acute GVHD. Further evidence for this conclusion derives from the finding that
6-month NRM was significantly lower (7.2%) in patients with isolated skin GVHD who
never subsequently developed Gl GVHD, and that GI biomarkers were not predictive of
NRM in this subset of patients, although this is clearly impossible to know when patients
present initially.

In contrast to the initial report of elafin as a biomarker of skin GVHD, the present study
found no difference in elafin concentration between clinical stages of skin disease and

no correlation with 6-month NRM(2). These discrepancies may be explained by several
features of the current study: the multicenter nature of the data, the larger number of
patients, the paucity of patients with severe stage 4 skin GVHD and, importantly, the
exclusion of patients with skin GVHD that did not require systemic treatment. Although
elafin concentrations were not significantly higher for stage 4 compared to stage 1-3 skin
GVHD, this finding is limited by the small number of patients with stage 4 disease (N=6).
We also note that the exclusion of patients whose skin GVHD was managed with topical
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therapy alone removed patients with the most favorable outcomes, which may help explain
why elafin was not predictive for NRM. We have no data regarding the rationale behind
the choice of topical vs systemic treatment for stage 1-2 skin GVHD, but it is possible that
patients with more intense erythema, a factor not included in current GVHD staging criteria,
received systemic treatment more frequently. If so, the greater skin inflammation in these
patients might result in higher elafin levels than those treated with topical therapy. Indeed,
the elafin levels in patients with stage 1-2 skin GVHD in this study were three-fold higher
than in our prior publication which included patients treated with topical therapy alone

(2). Nevertheless we conclude that elafin has poor prognostic value for patients with skin
GVHD requiring systemic treatment. Despite these findings, recent studies have suggested
that elafin may still have some utility as a diagnostic biomarker (2, 12, 23).

Nearly 80% of all acute GVHD cases involve the skin(24), and patients with isolated

skin disease are more likely to respond to treatment and survive compared to those who
develop GVHD of the lower Gl tract(3, 25). The treatment for acute GVHD, which
includes administration of high-dose systemic corticosteroids, is associated with significant
morbidity, including higher risk of infections, decreased physical functioning and worse
quality of life(26-28). The MAP identifies a large subset of patients with newly diagnosed
acute GVHD who have little evidence of Gl crypt destruction and who never develop severe
disease; such low-risk patients are candidates for novel treatment strategies that reduce or
eliminate aggressive steroid treatment and who might be spared its toxicities. Clinical trials
are currently in progress to test such hypotheses (NCT03139604), although elafin has no
value in identifying such patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Serum elafin concentrations do not predict 6-month NRM, overall survival or
treatment response
. Regenerating islet-derived 3a (REG3a) and Suppressor of tumorigenesis 2

(ST2) are validated biomarkers of GI GVHD that accurately predict 6-month
NRM, overall survival and treatment response

. Addition of elafin to REG3a and ST2 did not improve their predictive
accuracy
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Figure 1. Study flow chart.
Patients who received allogeneic HCT between 1 January 2014 and 31 December 2018,

received treatment with systemic corticosteroids following diagnosis of acute GVHD, had
serum samples at the time of treatment, and had not been part of the previous validation

set were included (N=861). Patients were excluded if they experienced relapse on or before
GVHD treatment (N=21). Among these patients, only those who presented with a skin

rash at treatment were included (N=526). Patients were randomly assigned to equal training
(N=263) and validation (N=263) sets.
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Figure 2. Elafin concentration by skin stage.
Elafin was measured by ELISA and the log of the concentration was correlated with GVHD

skin stage (Total N=526). P values were corrected for multiple comparisons.
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Figure 3. Receiver operating characteristic curve for biomarkers.
Receiver operating characteristic curve for elafin (blue) ST2 + REG3a (pink) and elafin +

ST2 + REG3a (purple) for prediction of 6-month nonrelapse mortality in patients of the
validation set (N=263). The circle indicates the threshold that maximizes the sensitivity and
specificity. Threshold between low risk and high risk for elafin = 3.8 x 1073, ST2 + REG3a
=0.16, elafin + ST2 + REG3a = 3.3 x 1073. AUC = area under curve.
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Figure 4. Cumulative incidence of nonrelapse mortality and overall survival in high and low

biomarker groups.

Six-month cumulative incidences of nonrelapse mortality (NRM) in high (solid line) and
low (dotted line) risk biomarker groups defined by optimized biomarker thresholds and
compared using Gray’s test (upper panels). Six-month overall survival was estimated using
the Kaplan-Meier method and compared by the log-rank test (lower panels). (A) Cumulative
incidence of NRM (14%) and overall survival (75%) in the total validation set (N=263). (B)
Cumulative incidence of NRM in the low (N=150) and high (N=113) elafin group (17% vs.
11%, P=0.19). Overall survival in the low and high elafin group (68% vs. 68%, P > 0.99).
Threshold = 3.8 x 1073 (C) Cumulative incidence of NRM in the low (N=175) and high
(N=88) ST2 + REG3a group (6.7 vs. 31%, P < 0.001). Overall survival in the low and high
ST2 + REG3a group (77% vs. 51%, P < 0.001). Threshold = 0.16 (D) Cumulative incidence
of NRM in the low (N=180) and high (N=83) elafin + ST2 + REG3a group (7.0 vs. 30%, P
< 0.001). Overall survival in the low and high elafin + ST2 + REG3a. group (79% vs. 64%,

P < 0.001). Threshold = 3.3 x 1073
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Figure 5. Treatment response for GVHD by high- and low-risk biomarker groups.
Proportions of patients who experienced complete or partial response (CR/PR) to

corticosteroid treatment at four weeks were compared between high- and low-risk biomarker
groups. (A) Rate of CR/PR (78%) in the total validation set (N=263). (B) CR/PR in the

low and high elafin group (78% vs. 78%, P=0.98). (C) CR/PR in the low and high ST2

+ REG3a group (82% vs. 70%, P=0.002). (D) CR/PR in the low and high elafin + ST2

+ REG3a group (82% vs. 71%, P=0.005). Error bars represent one standard error of the
proportion.
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Table 1.
Patient Characteristics (N = 526).
Characteristic Training set (n=263) | Validation set (n=263) | P
Median age at BMT: yr (range) 54 (0-79) 55 (0-76) 0.97
Age < 18: no. (%) 37 (14) 36 (14) >0.99
Indication for HCT: no. (%) 0.49
Acute Leukemia | 128 (49) 134 (51)
Lymphoma | 27 (10) 25 (10)
MDS/MPN | 75 (29) 69 (26)
Other Malignant | 20 (8) 14 (5)
Other non-Malignant | 13 (5) 21 (8)
Donor type: no. (%) 0.85
Haploidentical | 20 (8) 21 (8)
Related | 50 (19) 45 (17)
Unrelated | 193 (73) 197 (75)
HLA match: no (%) 0.39
Haploidentical | 20 (8) 21 (8)
Matched | 192 (73) 203 (77)
Mismatched | 51 (19) 39 (15)
Stem cell source: no (%) 0.40
Bone marrow | 55 (21) 51 (19)
Peripheral blood | 191 (73) 202 (77)
Cord blood | 16 (6) 10(4)
GVHD prophylaxis: no. (%) 0.51
CNI based | 206 (83) 210 (84)
Cyclophosphamide based | 40 (16) 35 (14)
T Cell Depletion | 3 (1) 6(2)
GVHD serotherapy prophylaxis: no. (%)
ATG | 118 (45) 119 (45)
No ATG | 145 (55) 144 (55)
GVHD organ involvement at treatment 0.93
Skin only, skinstage 1 | 38 (14) 37 (14)
Skin only, skin stage 2 | 84 (32) 81 (31)
Skin only, skin stage 3 | 66 (25) 68 (26)
Skin only, skin stage 4 | 2 (1) 2(1)
Skin + GI + liver | 71 (27) 70 (27)
Skin + liver | 2(0.8) 5(1.9)
Conditioning regimen intensity: no. (%) >0.99
Full | 154 (59) 154 (59)
Reduced | 109 (41) 109 (41)
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