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Abstract
One reason for the lack of progress in the treatment of acute graft versus host disease (GVHD) is
the lack of reliable biomarkers. GVHD of the gastrointestinal (GI) tract is closely associated with
non-relapse mortality (NRM) following hematopoietic cell transplantation (HCT). Using an
unbiased, large-scale, quantitative proteomic discovery approach, we identified candidate
biomarkers that were increased in plasma from HCT patients with GI GVHD. We then validated
the lead candidate, REG3α, by ELISA in samples from more than 1,000 HCT patients from three
transplant centers. Plasma REG3α concentrations were 3-fold higher in patients at GI GVHD
onset than in all other patients. REG3α concentrations correlated most closely with lower GI
GVHD at GVHD onset and predicted response to therapy at 4 weeks, 1-year NRM, and 1-year
survival (P≤0.001). Multivariate analysis showed that advanced clinical stage, severe histologic
damage, and high REG3α concentrations at the diagnosis of GVHD independently predicted 1-
year NRM, which progressively increased with higher numbers of onset risk factors present. We
conclude that REG3α is a plasma biomarker of GI GVHD that can be combined with clinical
stage and histologic grade to improve risk stratification of patients, perhaps providing a platform
for advances in the treatment of high-risk GVHD.
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Introduction
Allogeneic hematopoietic cell transplantation (HCT) is one of the best curative modalities
for patients with intermediate- and high-risk acute leukemia; approximately 3,500 patients
receive allo-HCT for acute leukemia annually [1]. The efficacy of this therapy is limited by
the development of acute graft-versus-host disease (GVHD), which is measured by
dysfunction in three organ systems: the skin, liver and gastrointestinal (GI) tract [2,3]. Acute
GVHD of the GI tract affects up to 60% of patients receiving allogeneic HCT [4,5], causing
nausea, vomiting, anorexia, secretory diarrhea and, in more severe cases, severe abdominal
pain and/or hemorrhage [6]. Acute GVHD is often clinically indistinguishable from other
causes of GI dysfunction such as conditioning regimen toxicity, infection, or medication
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effect. Endoscopic biopsy is often used to confirm the diagnosis [7],7 but histologic severity
on biopsy does not consistently correlate with clinical outcome [2,7,8]. Clinical stage two or
greater (more than one liter of diarrhea per day) is associated with reduced survival [4,5],
but daily stool volume can vary considerably. Lower GI GVHD responds poorly to
treatment compared to other target organs [5], and treatment with high-dose systemic steroid
therapy carries significant risks, especially infectious complications in profoundly
immunosuppressed patients [9,10]. The standard treatment of acute GVHD is higher dose
systemic steroids, which has not changed in 40 years. One reason for this lack of progress is
the lack of validated biomarkers for acute GVHD. We have recently identified and validated
regenerating islet-derived 3-alpha (REG3α), a C-type lectin secreted by Paneth cells
[11,12], as a noninvasive, reliable blood biomarker specific for GVHD of the GI tract with
diagnostic and prognostic utility that may provide a platform for novel advancements in the
treatment of GVHD [13].

Discovery proteomics
We used the Intact Protein Analysis System proteomics approach to identify candidate
biomarkers in a discovery set of pooled plasma samples taken at similar times after HCT
from 10 patients with biopsy-proven GI GVHD and 10 patients without GVHD as
previously described [14,15]. We identified and quantified 562 proteins of which 74 were
increased at least two-fold in patients with GVHD. Of the 5 preferentially expressed in the
GI tract, commercially available antibodies suitable for quantification of plasma
concentrations by ELISA were available for only 1 of these 5 proteins, thus identifying
Regenerating Islet-Derived 3-Alpha as our lead candidate (Figure 1).

Validation studies
We evaluated REG3α plasma concentration as a biomarker of GI GVHD in samples from a
large validation set of allogeneic HCT recipients from the University of Michigan. Plasma
REG3α concentrations were 3 times higher in patients at the onset of GI GVHD than in all
other patients, including those with non-GVHD enteritis (Figure 2A). There was no specific
cause of non-GVHD enteritis associated with higher REG3α concentrations (data not
shown). Serum REG3α concentrations were also higher in GI GVHD in an independent
validation set of 143 HCT patients from Regensburg, Germany, and Kyushu, Japan,
although the absolute values were lower (Figure 2B). This difference may be due to a center
effect that depends on several factors, including variations in transplant conditioning
regimens and supportive care. For example, all patients in Regensburg and Kyushu received
oral antibiotics as GVHD prophylaxis, whereas Michigan patients did not and thus increased
GI flora might account for greater REG3α secretion.

We combined the two independent validation sets and next analyzed REG3α concentrations
according to diagnosis and type of GI symptom. In patients with diarrhea caused by GVHD,
REG3α concentrations at the onset of GVHD were 5 times higher than in patients with
diarrhea from other causes (Figure 2C). When we categorized patients by the volume of
diarrhea, REG3α concentrations at the onset of symptoms continued to distinguish between
GVHD and non-GVHD etiologies (P<0.001) but did not correlate with the clinical severity
of GVHD.

Prognostic value of REG3α concentrations in patients with lower GI GVHD
The clinical utility of any biomarker increases if it provides prognostic information
regarding the future status of a disease and/or patient, eg, the likelihood of response to
treatment. We therefore evaluated the prognostic significance of REG3α plasma levels in
more than 160 patients taken at the time of diagnosis of lower GI GVHD. REG3α
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concentrations were 3-fold higher at the time of GVHD diagnosis in patients who had no
response to therapy at 4 weeks [16] than in patients who experienced a complete or partial
response (635 ± 132 ng/mL vs. 240 ± 61 ng/mL; P<0.001); patients responding to therapy
still exhibited REG3α concentrations more than 3 times that of non-GVHD controls (77 ±
22 ng/mL; P<0.001). Because the response to treatment at 4 weeks strongly correlates with
nonrelapse mortality (NRM), we hypothesized that the REG3α concentration at GVHD
diagnosis would also correlate with NRM. We therefore divided the patients into two equal
groups based upon the median REG3α concentration: high (> 151ng/mL, n=81) and low (≤
151 ng/mL, N=81). NRM was twice as high in patients with high REG3α concentrations,
and this difference remained significant after adjusting for known risk factors of donor type,
degree of HLA match, conditioning intensity, age, and baseline disease severity (59% [95%
CI 48–69%] vs 34% [95% CI 24–46%], P<0.001).

All 4 data elements values for clinical stage, histologic grade, REG3α concentration, and
serum albumin level were available in 140 patients. The plasma concentration of REG3α
(above versus below the median), the clinical severity of GVHD (stage 1 versus stage 2–4),
the histologic severity (stage 1–3 versus stage 4), and serum albumin level (above versus
below the median) at GVHD diagnosis independently predicted both lack of response to
GVHD therapy 4 weeks following treatment and 1-year NRM after adjustment for the
aforementioned risk factors. When lack of response to therapy and NRM were modeled
simultaneously on all four parameters, all except albumin remained statistically significant.
The inclusion of all three characteristics that remained statistically significant on
simultaneous modeling demonstrated that patients with increasing numbers of risk factors
present at onset had increasing risk for NRM (Table 2; P<0.001).

Discussion
The etiology of diarrhea following HCT presents a common diagnostic dilemma [17]. We
identified REG3α as a candidate biomarker specific for lower GI GVHD through an
unbiased, in-depth tandem MS-based discovery approach that can quantify proteins at low
concentrations and that we previously used successfully to identify elafin as a plasma
biomarker specific for GVHD of the skin [15].

REG proteins act downstream of IL-22 to protect the epithelial barrier function of the
intestinal mucosa [18] through the binding of bacterial peptidoglycans [11]. Intestinal stem
cells (ISCs) are principal cellular targets of GVHD in the GI tract [2,19], where intestinal
flora are critical for amplification of GVHD damage [20]. A leading hypothesis is that ISCs
are protected by antibacterial proteins such as REG3α secreted by neighboring Paneth cells
into the crypt microenvironment [21]. If death of an intestinal stem cell eventually manifests
itself as denudation of the mucosa, the patchy nature of GVHD histologic damage may be
explained as the lack of mucosal regeneration following the dropout of individual ISCs
[2,19].

REG3α plasma concentrations correlate with disease activity in inflammatory bowel
disease, and can distinguish infectious and autoimmune causes of diarrhea [12]. The
correlation of mucosal denudation (histologic grade 4) with high REG3α concentrations
suggests that microscopic breaches in the mucosal epithelial barrier caused by severe GVHD
permit REG3α to traverse into the systemic circulation. The tight proximity of Paneth cells
with ISCs concentrates their secretory contents in that vicinity, so that mucosal barrier
disruption caused by stem cell dropout may preferentially allow Paneth cell secretions,
including REG3α, to traverse into the bloodstream (Figure 3). We hypothesize that plasma
levels of REG3α may therefore serve as a surrogate marker for the cumulative area of these
breaches to GI mucosal barrier integrity, a parameter impossible to measure by individual
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tissue biopsies and current endoscopic technology. Such an estimate of total damage to the
mucosal barrier may also help explain the prognostic value of REG3α with respect to
therapy responsiveness and NRM.

In this study, 3 high-risk parameters each independently correlated with lack of response to
treatment and to higher NRM: elevated plasma REG3α concentration, higher clinical stage
of GVHD at diagnosis, and grade 4 histologic severity. All 3 of these values thus provided
important prognostic information prior to the initiation of therapy rather than at the time of
maximum grade of GVHD, which by definition includes responsiveness to therapy [4,5,9].
This study confirms earlier reports where higher clinical stage of GI GVHD [4,5] and more
severe histology correlated with worse survival [8]. If the prognostic value of REG3α is
confirmed in additional patients, we believe the integration of clinical stage, histologic
grade, and REG3α plasma concentrations into a single grading system will permit better risk
stratification and rapid identification of those patients with severe and extensive GI damage
in whom standard treatment is likely to be insufficient.
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Figure 1. Proteomic workflow identifying REG3α as the lead candidate GI GVHD biomarker
Plasma pooled from 10 patients who never developed GVHD was compared to plasma
pooled from 10 patients at the onset of GI GVHD. Of the 562 proteins initially identified,
REG3α was chosen as the lead biomarker to validate because it was increased twofold in
patients at the onset of GI GVHD, it is preferentially expressed in the GI tract and antibodies
suitable for ELISA were commercially available.
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Figure 2. REG3α concentrations in plasma samples from HCT patients of two independent
validation sets
(A) University of Michigan patients (n=581) (B) Regensburg, Germany, and Kyushu, Japan
(n= 94). (C) Patients from both validation sets classified by symptoms and etiology
(n=1,014).
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Figure 3. Proposed mechanism for elevated systemic REG3α concentrations in lower GI GVHD
At homeostasis, REG3α (red/orange dots) is concentrated in the mucous layer lining the
luminal surface of the epithelium in intestinal crypts (left panel). In the setting of acute
GVHD, apoptosis of enterocytes (white cells), stem cells (blue cells) and REG3α-producing
Paneth cells (pink cells) are prominent. The intestinal barrier is breached and the mucous,
including REG3α, readily enters systemic circulation (right panel).
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Table 1

One year NRM at the onset of Lower GI GVHD based upon number of high-risk factors present at onset
(REG3α concentration, clinical stage, histologic severity.

Number of Risk Factors 1-year NRM p-value*

0 25%

1 34% <0.001§

2 66% <0.001†

3 86% <0.001‡

*
P-values adjusted for donor source, HLA match, conditioning intensity, recipient age, and baseline disease severity according to the Center for

International Blood and Marrow Transplant Research (CIBMTR) guidelines.

§
0 vs. 1 risk factor

†
1 vs. 2 risk factors

‡
2 vs. 3 risk factors
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