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Key Points

• The MAGIC algorithm
probability, computed
from 2 serum biomarkers,
predicts mortality in all
GVHD grades after
4 weeks of treatment.

•Dynamic changes in
the MAGIC algorithm
probability occur within
all biomarker risk groups
and can guide therapy.

The Mount Sinai Acute GVHD International Consortium (MAGIC) algorithm probability

(MAP), derived from 2 serum biomarkers, measures damage to crypts in the gastrointestinal

tract during graft-versus-host disease (GVHD). We hypothesized that changes in MAP after

treatment could validate it as a response biomarker. We prospectively collected serum

samples and clinical stages of acute GVHD from 615 patients receiving hematopoietic cell

transplantation in 20 centers at initiation of first-line systemic treatment and 4 weeks later.

We computed MAPs and clinical responses and compared their abilities to predict 6-month

nonrelapse mortality (NRM) in the validation cohort (n 5 367). After 4 weeks of treatment,

MAPs predicted NRM better than the change in clinical symptoms in all patients and

identified 2 groups with significantly different NRM in both clinical responders (40% vs 12%,

P , .0001) and nonresponders (65% vs 25%, P , .0001). MAPs successfully reclassified

patients for NRM risk within every clinical grade of acute GVHD after 4 weeks of treatment.

At the beginning of treatment, patients with a lowMAP that rose above the threshold of 0.290

after 4 weeks of treatment had a significant increase in NRM, whereas patients with a high

MAP at onset that fell below that threshold after treatment had a striking decrease in NRM

that translated into clear differences in overall survival. We conclude that a MAP measured

before and after treatment of acute GVHD is a response biomarker that predicts long-term

outcomes more accurately than change in clinical symptoms. MAPs have the potential to

guide therapy for acute GVHD and may function as a useful end point in clinical trials.
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Introduction

Hematologic malignancies can be cured by hematopoietic cell
transplantation (HCT) through a donor lymphocyte-mediated erad-
ication of malignant cells, known as the graft-versus-leukemia
effect.1 Unfortunately, graft-versus-leukemia is closely linked to
the toxicity of graft-versus-host disease (GVHD), the leading cause
of nonrelapse mortality (NRM) after HCT. Acute GVHD, which
typically occurs in 40% to 50% of HCT patients, can be lethal
when severe and is graded on a clinical scale of 1 to 4 based
on symptoms in the skin, liver, and gastrointestinal (GI) tract.2,3

Systemic corticosteroids are the primary treatment of significant
(grade 2-4) acute GVHD and induce clinical responses in a majority
of patients.4-6 Patients who do not respond to primary therapy
within 4 weeks experience long-term NRM from 40% to 70%.6-8

Thus the change in GVHD clinical staging, or clinical response after
4 weeks of systemic treatment, has served as the primary end point
in acute GVHD treatment trials for at least a decade.5,9

GVHD in the small and large bowel is the principal driver of NRM,
and patients with persistent lower GI GVHD experience an overall
survival at 2 years of 25%.10 In the past decade, 2 validated serum
biomarkers have been shown to accurately measure the severity of
GI GVHD.11,12 Regenerating islet-derived 3a (REG3a), a peptide
that has antimicrobial and regenerative properties, is released into
the systemic circulation from Paneth cells in the intestinal crypt
that are damaged during GVHD.13 Suppressor of tumorigenesis 2
(ST2), the soluble receptor for the alarmin interleukin-33 (IL-33),
is shed from multiple cell types when the gastrointestinal crypt is
damaged.14 The 2 biomarkers are combined into a single algo-
rithm developed by the Mount Sinai Acute GVHD International
Consortium (MAGIC) to generate an individual patient’s esti-
mated probability of 6-month NRM, known as the MAGIC algorithm
probability (MAP).15 Thus measurement in serum of REG3a and
ST2 can be considered a “liquid biopsy” of the degree of damage to
the lower GI tract caused by GVHD.6,15,16 We have previously
validated MAP as a prognostic biomarker of acute GVHD as
defined by the US Food and Drug Administration and the National
Institutes of Health.17 In this study, we measured MAP before and
after 4 weeks of treatment of acute GVHD to determine whether
a change in MAP could serve as a response biomarker showing that
a biological response had occurred after a medical intervention.17

We also evaluated the MAP in patients of all risk groups before and
after treatment defined by either clinical or biomarker parameters.

Methods

Study design and oversight

MAGIC comprises 20 international centers that monitor the clinical
status of HCT patients and collect longitudinal serum samples for
analysis and storage (supplemental Table 1). Patients from MAGIC
centers were enrolled at the time of HCT and all patients were
monitored for 6 months for signs and symptoms of acute GVHD.
All patients consented to participation in an institutional review
board–approved protocol. Patients who received a first allogeneic
HCT between 1 January 2008, and 28 February 2018, and subse-
quently received first-line therapy of acute GVHD that included
systemic corticosteroids were consecutively enrolled in this study
(supplemental Figure 1). Patients were excluded from the analysis
if they did not have serum samples available (n 5 531) or if they

relapsed and died within 4 weeks of GVHD treatment (n 5 3).
Patients were divided into sequential training and validation cohorts
with roughly equal numbers of NRM events (supplemental Figure 1).
All key clinical parameters of acute GVHD and its long-term
outcomes were similar between included and excluded patients
with the exception of a higher percentage of maximum grade III/IV
GVHD among included patients (38% vs 32%) (supplemental
Figure 2). We used the training cohort to develop a model to
predict 6-month NRM using both biomarker concentrations and
clinical responses, and we used the validation cohort to test the
results of the original MAP model, multivariable models including
the MAP, and the new combined model. Fifty-nine patients of this
training cohort had been included in the previously published
training cohort that generated the MAP algorithm, and no patients
in the validation cohort contributed to the development of that
algorithm.15 Patients in the training cohort underwent first HCT
before 31 December 2015 (n 5 248), and in the validation cohort
after 31 December 2015 (n 5 367), so that the validation cohort
reflected recent transplant practices such as the increased use of
haploidentical donors or posttransplant cyclophosphamide-based
GVHD prophylaxis (Table 1).

GVHD clinical criteria

The severity of clinical GVHD was staged using published
guidelines.18,19 The clinical response to treatment was deter-
mined at weekly time points during the first month of therapy
according to published criteria.18 All clinical grades of III and IV
are reported as combined III/IV, where no differences exist with
other clinical grading systems. All MAGIC data coordinators
received training in GVHD data extraction from primary source
documents and passed a detailed examination before entering
data into the database. All data were reviewed centrally by com-
puter logic checks and aberrant or unusual scenarios were queried.
Deidentified data were discussed during monthly webinars with
senior investigators when appropriate. First- and second-line
systemic treatments of acute GVHD are listed in supplemental
Table 2. Patients were classified as nonresponders if GVHD
symptoms did not improve or progressed, if additional systemic
immunosuppression to treat GVHD was prescribed, or if the patient
died within the first 4 weeks of treatment. Complete response was
defined as complete resolution of GVHD symptoms in all 3 target
organs. Partial response was defined as an improvement in stage of
all organs with GVHD involvement without complete resolution of
symptoms, as previously published.5,6,19 All causes of death for
patients are listed in supplemental Table 3. For 15 patients of the
training cohort and 12 patients of the validation cohort who died of
acute GVHD before 4 weeks of treatment, both the clinical grade
and target organ stage were imputed by carrying forward the last
measurement before death.

Biomarker determination

Samples were shipped to a central laboratory, where ST2 and
REG3a were analyzed by enzyme-linked immunosorbent assay in
batches, as previously described.6,15 The concentrations of ST2 are
reported as picogram per milliliter and of REG3a as nanogram per
milliliter. The MAP is calculated as a single value between 0.001 and
0.999 according to the formula: log[–log(1 – MAP)] 5 –11.263 1
1.844(log10ST2) 1 0.577(log10REG3a).15 At the start of GVHD
treatment, 2 thresholds divide MAPs into 3 separate groups with
different NRMs, termed the Ann Arbor score.15 Ann Arbor 1 is
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defined as MAP , 0.141, Ann Arbor 2 as 0.141 # MAP # 0.290,
and Ann Arbor 3 as MAP . 0.290. Following treatment, a single
threshold (0.290) divides MAPs into 2 groups with significantly
different NRMs.6 This validated scoring system of prognostic
biomarkers is now widely used and commercially available. Missing
biomarker data for patients who died before 4 weeks of treatment
were imputed by carrying forward the last measurement before
death. If data were missing for reasons other than early death, no
imputation was made.

Statistical analyses

The effects of the change in clinical symptoms (complete or partial
response vs no response) and the MAP after week 4 of treatment
(high vs low) on the hazard of 6-month NRM were evaluated in
univariable and multivariable competing risk regression models that
considered relapse and second allogeneic HCT as competing
risks.20 We developed univariable competing risk regression
models of 6-month NRM using all clinical variables with sufficient
NRM events in the training cohort, with Minnesota risk as the
measure of clinical GVHD severity. We then tested significant
variables in a multivariable model for their impact on the ability of
the MAP to predict 6-month NRM in the validation cohort. The
cumulative incidence of NRM and relapse were measured for
12 months after treatment and differences between groups were
compared using Gray test.21 Crude proportions of 6-month NRM
were compared using x2 or Fisher’s exact test as appropriate.
Overall survival (OS) was estimated via the Kaplan-Meier method
and differences between the aforementioned groups were calcu-
lated using the log-rank test. The area under receiver operating
characteristic (ROC) curves (AUC) were compared using the
DeLong method.22 The competing risks regression model to predict
6-month NRM that combined clinical responses and MAP consid-
ered relapse and second allogeneic HCT as competing risks.
Differences in MAP between groups were compared using the

Table 1. Patient characteristics (n 5 618)

Characteristic

Training cohort

(n 5 248)

Validation cohort

(n 5 367)

Median age (range) 53 y (3 mo-74 y) 54 y (9 mo-77 y)

Pediatric patients (,18 y), n (%) 23 (9) 45 (12)

Indication for HCT, n (%)

Acute leukemia 120 (48) 197 (54)

MDS/MPN 53 (21) 103 (28)

Lymphoma 32 (13) 32 (9)

Other malignant 31 (12) 18 (5)

Nonmalignant 12 (5) 17 (5)

Donor type, n (%)

Related 59 (24) 75 (20)

Unrelated 183 (74) 261 (71)

Haploidentical 6 (2) 31 (8)

Cell source, n (%)

Bone marrow 39 (16) 72 (20)

Umbilical cord blood 26 (10) 18 (5)

Peripheral blood stem cells 183 (74) 277 (75)

HLA match, n (%)

Matched 167 (67) 266 (72)

Mismatched 75 (30) 70 (19)

Haploidentical 6 (2) 31 (8)

Conditioning regimen intensity, n (%)

Full 192 (77) 222 (60)

Reduced 56 (23) 145 (40)

ATG, n (%)

Yes 77 (31) 168 (46)

No 171 (69) 199 (54)

GVHD prophylaxis, n (%)

CNI/MTX 6 other 140 (56) 188 (51)

CNI/MMF 6 other 93 (38) 93 (25)

Cyclophosphamide based 6 (2) 48 (13)

Other 9 (4) 19 (5)

T-cell depletion 0 (0) 5 (1)

CNI1sirolimus 0 (0) 14 (4)

GVHD organ distribution at treatment

initiation, n (%)

Stage 0 in all target organs* 4 (2) 5 (1)

Isolated skin 105 (42) 171 (47)

Isolated GI (upper and lower) 78 (31) 113 (31)

Isolated liver 0 (0) 3 (1)

$2 organs involved 61 (25) 75 (21)

GVHD grade at treatment initiation,18 n (%)

I† 75 (30) 112 (31)

II 106 (43) 185 (50)

III 53 (21) 57 (16)

IV 14 (6) 13 (4)

Table 1. (continued)

Characteristic

Training cohort

(n 5 248)

Validation cohort

(n 5 367)

Onset Minnesota Risk,19 n (%)

Standard 190 (77) 308 (84)

High 58 (23) 59 (16)

Initial corticosteroid dose (methylprednisolone
mg/kg)

1.5 (0.24-2.7) 1.0 (0.09-3.3)

Clinical response after 4 wk of

treatment, n (%)

CR 138 (56) 230 (63)

PR 32 (13) 37 (10)

NR 78 (31) 100 (27)

Long-term outcomes, n (%)

1-y NRM 61 (25) 81 (22)

1-y Relapse rate 47 (19) 51 (14)

1-y OS 159 (64) 260 (71)

ATG, antithymocyte globulin; CNI, calcineurin inhibitor; MDS, myelodysplastic syndromes;
MMF, mycophenolate mofetil; MPN, myeloproliferative neoplasms; MTX, methotrexate.
*Reasons for treatment of stage 0 GVHD in all target organs include biopsy-proven

GVHD without clinical symptoms.
†Grade 0 and I were combined for all analyses.
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Mann-Whitney U test. Patients with a single biomarker evaluation at
baseline because of death before a second measurement (n 5 3)
were not included in the analysis of changes in MAPs. P values
were corrected for family-wise multiple comparisons using the
Holm-Bonferroni method.23 All analyses were performed using R
statistical package, version 3.5.1 (R Core Team 2018).

Results

Patient characteristics

Clinical data and samples were available for 615 patients with
acute GVHD whose first-line treatment included systemic cortico-
steroids. Patients were divided by date of HCT into a training
cohort (n 5 248) and a validation cohort (n 5 367). Pretransplant
clinical characteristics (Table 1) that differed between the 2
cohorts reflect more recent transplant practices in the validation
cohort, including an increased use of haploidentical donors and the
use of posttransplant cyclophosphamide-based GVHD prophylaxis.
OS at 1 year in the validation cohort reflects improving trends in
survival for HCT patients.24 Results of all analyses are displayed for
the validation cohort. All participating MAGIC centers had similar
cumulative incidences of 6-month NRM (data not shown).

Clinical responses and MAPs after 4 weeks of

GVHD treatment

We first evaluated the incidence of NRM in patients with acute
GVHD who experienced a complete resolution (CR) of clinical
symptoms, a partial resolution of clinical symptoms (PR), or no
resolution of clinical symptoms after 4 weeks of systemic treatment.
Patients with a CR or PR had similar incidences of NRM (15% and
16% respectively), and these groups were therefore combined for
all analyses (supplemental Figure 3). As expected, patients with
no resolution of clinical symptoms experienced significantly
greater 12-month NRM than patients with a CR or PR. Patients in
the validation cohort were treated with a broad range of initial doses
of corticosteroids, but the dose did not correlate with long-term
outcomes (supplemental Table 4).

We developed both univariable and multivariable competing risk
regression models to evaluate the effect of clinical responses
and MAPs measured after 4 weeks of treatment on the hazard of
6-month NRM. The hazard ratio (HR) for both clinical responses
(4.97; 95% confidence interval [CI], 2.95-8.36) and MAPs (9.84;
95% CI, 5.82-16.6) were significant in the univariable model
(supplemental Figure 4A). When we created a multivariable model
using both of these metrics, we observed the HR of MAPs to be
greater than twice that of clinical responses (HR 5 6.91 vs 2.60).
We then created ROC curves for each metric and found the AUC
for MAPs to be significantly greater than that of clinical responses
(0.86 vs 0.70, P , .0001; supplemental Figure 4B). When the
12 patients who died within the first month were excluded in
a landmark analysis, the AUC for MAPs remained 20 points higher
than that for clinical responses (0.84 vs 0.65, P , .0001). A
previous study identified a single threshold (0.290) that divides
MAPs obtained after 1 week of treatment of acute GVHD into
2 groups with distinctly different 12-month NRM.6 Application of
that threshold to patient samples after 4 weeks of treatment
again identified groups with significantly different 12-month NRM
(supplemental Figure 5). The MAP did not correlate with relapse
and thus the differences in 12-month NRM were reflected in OS

(supplemental Figure 5). These differences were not especially
sensitive to a threshold effect because multiple thresholds both
above and below 0.290 classified patients into groups with.40%
differences in 6-month NRM (supplemental Table 6).

To test the possibility that the prediction of 6-month NRM by the
week 4 MAPmight be influenced by clinical variables, we performed
a univariable analysis in the training cohort of key pretransplant and
GVHD clinical variables listed in Table 1. Only Minnesota risk at
GVHD onset and age were significant predictors of 6-month NRM
(supplemental Table 4). In multivariable analyses of the validation
cohort, age was not an independent predictor of NRM. Minnesota
(high) risk remained a significant but less powerful predictor of
6-month NRM than the high week 4 MAP (HR, 2.0 and 8.5,
respectively) (supplemental Table 5).

To evaluate further the ability of clinical response to predict NRM,
we next created cumulative incidence curves of NRM for each
clinical grade of GVHD at the time of treatment. Relapse and
second allogeneic HCT were considered competing risks. When
we analyzed each clinical grade at the time of treatment, the clinical
response did not predict NRM for the 30% of patients treated
for grade 1 GVHD, but classification by high vs low MAP predicted
6-month NRM in all clinical grades (I, II, III/IV) (supplemental Figure 6).
Among all patients with a clinical response, the minority (10%) had
high MAPs and experienced threefold greater 12-month NRM than
the low MAP group (40% vs 12%, P , .0001) (Figure 1A, left). In
patients with no clinical response, the majority (57%) had low MAPs
and experienced almost threefold lower 12-month NRM than those
with high MAPs (25% vs 65%, P , .0001) (Figure 1A, right). With
respect to 6-month NRM, the poor positive predictive value of
35% for no clinical response improved significantly to 51% for
a high MAP because of increases in both sensitivity and specificity
(supplemental Table 7). Because lower GI GVHD is the principal
driver of NRM, we also analyzed outcomes for patients with and
without lower GI symptoms. MAPs categorized patients indepen-
dently of the presence of lower GI GVHD either during or at the
end of the first month of therapy (supplemental Figure 7). These
results are consistent with our previous study that showed the GI
biomarker REG3a more accurately reflects overall damage to GI
crypts than the severity of lower GI symptoms.13

Because patients with incomplete responses can have persistent
symptoms of differing severity, we also examined NRM within each
clinical GVHD grade after 4 weeks of treatment. As expected,
6-month NRM increased with each clinical GVHD grade at the
end of 4 weeks of treatment, but clinical nonresponders within
each clinical grade had the same risk for 6-month NRM as clinical
responders (Figure 1B, left). MAP, however, classified patients
within all 3 clinical GVHD grades into 2 significantly different groups
(Figure 1B, right), demonstrating their utility throughout the spec-
trum of clinical GVHD severity after 4 weeks of treatment.

Weekly clinical responses and MAPs

Because both clinical responses and MAPs after 4 weeks of
treatment remained significant in the multivariable analysis of
6-month NRM, we hypothesized that their combination might
improve the prediction of long-term outcomes compared with either
metric alone. We therefore created a new model to predict 6-month
NRM using the clinical response, the concentration of REG3a, and
the concentration of ST2, all measured after 4 weeks of therapy.
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Contrary to our hypothesis, the AUC of the new algorithm did not
differ from that of the MAP when applied to the validation cohort,
although both were significantly more accurate than clinical
responses alone (Figure 2).

Because GVHD is a dynamic process in which symptoms can
change after therapy, we evaluated whether the MAP could serve
as a monitoring biomarker of acute GVHD, or that that can be
used serially over time to measure disease burden.17 We computed
ROC curves of 6-month NRM for clinical responses, MAPs, and
the combined algorithm after 1 and 2 weeks of treatment. The
AUC of the new algorithm did not differ from that of the MAP at
any time point, although both algorithms containing biomarker
concentrations were more accurate than clinical responses con-
sidered in isolation (Figure 2). Thus biomarker probabilities,
either alone or in combination with clinical responses, are better
monitoring biomarkers than clinical responses alone and provide

a better surrogate end point for long-term NRM after acute GVHD
treatment.

MAP as response biomarker

We next formally analyzed whether the MAP could serve as
a response biomarker for the treatment of acute GVHD by compar-
ing it before and after 4 weeks of treatment. The MAP at the
initiation of treatment determines the Ann Arbor GVHD score,
which classifies patients into 3 groups with distinctly different risks
of long-term NRM.15 The average MAP in each Ann Arbor score
reflected the cumulative incidence of 6-month NRM (supplemental
Table 8). In the validation cohort, all 3 Ann Arbor scores were
present within each clinical GVHD grade at the onset of treatment
(supplemental Figure 8), confirming the findings of earlier studies
in completely independent groups of patients.15,16 Six-month NRM
clustered in patients with the greatest increases in MAP after
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4 weeks, whereas survival clustered in patients with the greatest
decreases (Figure 3A). These changes in MAP between patients
with and without 6-month NRM were significant in all 3 Ann Arbor
groups (Figure 3B). In patients with the lowest MAP before
treatment (Ann Arbor 1), 6-month NRM predominated in patients
with the largest increases in MAP, whereas in patients with the
highest MAP before treatment (Ann Arbor 3), survival predomi-
nated in patients with the largest decreases in MAP. The MAP
also served as a response biomarker in patients who had received
posttransplant cyclophosphamide-based GVHD prophylaxis or
when the analysis was restricted to patients receiving systemic
corticosteroids alone as first-line therapy for GVHD (supplemental
Figure 9).

We next hypothesized that movement of the MAP across
a threshold of 0.290, as defined in an earlier study, would predict
long-term survival within each Ann Arbor group.6 As shown in
Figure 4A, an increase above the threshold after 4 weeks of
treatment predicted significantly worse 6-month NRM, and remain-
ing below the threshold predicted significantly improved 6-month
NRM. Among patients in the higher risk groups 27% of Ann Arbor
2 patients rose above the threshold, and 34% of Ann Arbor
3 patients decreased below the threshold. Overall, 14.7% of all
patients crossed the threshold during the first month of therapy,
which predicted dramatic differences in OS at 1 year within each
Ann Arbor group (Figure 4B). A landmark analysis of patients
surviving to day 28 produced nearly identical results (supplemental
Figure 10). Thus we confirmed our central hypothesis and have
validated the change in MAP after 4 weeks as a response biomarker
of acute GVHD treatment.

We performed an identical set of analyses for changes in MAP after
2 weeks of treatment. There was a significant change in MAP
between patients with and without 6-month NRM in both Ann Arbor
1 and 2 groups, and a trend toward significance in the Ann Arbor 3
group (supplemental Figure 11). Although there was a significant
difference in 6-month NRM for all patients where the MAP crossed
the 0.290 threshold, this change in NRM predicted significant
differences in OS for Ann Arbor 1 and Ann Arbor 2 patients only
(supplemental Figure 11). Thus although MAPs measured after
2 weeks provided useful information in the majority of patients, they
were not as accurate as changes after 4 weeks of treatment in
predicting long-term outcomes.

Discussion

In this large multicenter validation study, a computed probability, or
MAP, calculated from the concentrations of 2 serum biomarkers
more accurately predicted 6-month NRM than the change in clinical
symptoms at every time point tested during the first month of
systemic therapy for acute GVHD. Importantly, MAPs reclassified
patients within each clinical response category, and MAPs after just
1 week of treatment more accurately predicted long-term outcomes
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4 weeks of treatment according to initial Ann Arbor score in patients with (red line)

and without (blue line) 6-month NRM. (Left) Ann Arbor 1 patients (MAP , .141 at

treatment initiation). (Center) Ann Arbor 2 patients (0.141 # MAP # .290 at treat-

ment initiation). (Right) Ann Arbor 3 patients (MAP . .290).
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than clinical responses measured 3 weeks later, the current gold
standard for clinical trials of acute GVHD treatment (Figure 2).
Furthermore, when patients were analyzed according to GVHD
clinical grades after 4 weeks of treatment, MAPs further segregated
all grades into 2 groups with significantly different 6-month NRM,
whereas the clinical response was unable to predict differences in
6-month NRM in any grade. An additional novel finding in this study
is that the changes in MAP after 4 weeks of treatment predicted
long-term outcomes in all 3 Ann Arbor groups, and movement of the
MAP across the threshold of 0.290 identified 15% of patients with
significant differences in survival. Thus we have validated the MAP
as a response biomarker for the treatment of acute GVHD and
found that it is superior to the current gold standard, clinical
response after 4 weeks. These results also suggest that a treatment
goal for patients with acute GVHD would be to achieve a MAP of
#0.290.

The ability of MAPs to forecast long-term outcomes is likely related
to its accurate reflection of GVHD damage to crypts throughout the
lower GI tract that are the primary sources of the biomarkers
REG3a and ST2. The alarmin IL-33 binds its soluble receptor ST2
that is shed from damaged stromal, endothelial, and epithelial
cells.14 REG3a is released from damaged Paneth cells that are
needed for crypt regeneration, helping to explain why this biomarker
quantitates crypt damage better than the volume of diarrhea

(supplemental Figure 7).13,25 MAPs that improves over time
presumably reflect healing of the lower GI tract and predict long-
term survival regardless of the Ann Arbor score at start of treatment
(Figure 4).

Even though the inclusion of the clinical response to treatment
did not improve the predictive accuracy of the MAP, the clinical
severity of GVHD remains an important consideration for individual
patients. For example, in patients with high MAPs at the begin-
ning of treatment (Ann Arbor 3), the 6-month NRM for patients
with Glucksberg III/IV is twice that of Glucksberg II. Similarly, at
the end of 4 weeks of treatment, the 12-month NRM in patients
with high MAPs is twice as high if lower GI symptoms are present
(supplemental Figure 7).

These results confirm and extend observations from previous studies
that demonstrate a single measurement of the MAP predicts key
long-term outcomes of acute GVHD.6,15,16 Many clinicians now use
the MAP in patients whose GVHD symptoms have not completely
responded after 1 week of systemic corticosteroid therapy. The
current study shows that the change in MAP more accurately
predicts long-term outcomes than the change in clinical symptoms.
This information is most likely to be useful in patients presenting with
higher clinical staging at the time of treatment and whose first MAP
determination coincides with the start of first-line therapy; the
change in MAP after several weeks of therapy will provide a more
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accurate picture of GVHD resolution or progression than the
change (or lack thereof) in clinical symptoms, particularly in the
critical target organ of the GI tract.

Our results also have important implications for the conduct of
clinical trials of therapy for acute GVHD. The clinical response after
4 weeks of GVHD therapy currently serves as the primary end point
of clinical trials because it predicts long-term outcomes better than
the response after 2 weeks of therapy.5 In this study, the clin-
ical response to treatment did not provide additional prognostic
information regarding NRM independently of the clinical GVHD
grade at 4 weeks. This prognostic failure may be due to the fact that
clinical response metrics weight the changes in clinical symptoms
of all involved organs equally, despite the primary driver of NRM
being damage to the GI tract. The ability of the MAP to predict NRM
within each clinical grade after 4 weeks is likely from its more
accurate estimation of the totality of damage to the lower GI tract
than that provided by clinical symptom severity. In this respect,
MAGIC biomarkers may be similar to other laboratory end points
such as quantitative polymerase chain reaction and fluorescence-
activated cell sorting analysis that more accurately quantitate
disease burdens and that have replaced clinical surrogate end
points in HIV infections and B-cell acute lymphoblastic leukemia,
respectively.26,27 Because both GVHD and its profoundly immuno-
suppressive treatments have potentially lethal complications, the
ability to quantify response more accurately may help optimize
therapies and finally improve outcomes for GVHD.

Our study has several important limitations. It does not determine
whether the MAP predicts the response to a particular intervention,
which is a critical question that must be answered to develop novel
therapeutics for acute GVHD. Additionally, a large majority of
patients who are treated for acute GVHD have low MAP at the start
of treatment and low incidences of NRM. Prospective trials are
needed to determine whether the MAP can be used to identify
patients who will tolerate rapid tapers of systemic corticosteroids or
who could benefit from through nonsteroidal strategies, thereby
avoiding the significant morbidity and mortality associated with
prolonged high-dose corticosteroid therapy. Clinical trials of such

new approaches to GVHD treatment are now warranted using
MAPs as either eligibility criteria, response end points, or both.

Acknowledgments

The authors thank the patients, their families, and the research staff
for their participation.

Thisworkwas supported byNational Institutes of Health, National
Cancer Institute grants (P01CA03942 and P30CA196521) and
a National Institutes of Health, National Center for Advancing
Translational Sciences grant (TL1 TR001434).

Authorship

Contribution: H.K.S. wrote the report; J.E.L. and J.L.M.F. designed
and supervised all aspects of the study; all authors designed the
study, interpreted data, and contributed to writing the report; U.K.,
F.A., H.K.C., Z.D., A.E., S.A.G., S.K., E.O.H., W.J.H., C.L.K., S.M.,
P.M., R.O., M.A.P., M.Q., P.R., R.R., W.R., K.S.S., T.S., J.S., D.W.,
M.W., K.W., R.Y., and J.E.L. collected and reviewed the clinical data;
H.K.S., M.A., K.B.-D., M.J.H., A.B.K., S.K., G.M., and H.M.-M. per-
formed the laboratory analyses; and U.Ö. and J.-Y.L. performed the
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