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Abstract

Acute graft-versus-host disease (GVVHD) is the major complication of allogeneic hematopoietic
cell transplantation and is the primary cause of early non-relapse mortality (NRM) after transplant.
GVHD of the gastrointestinal (GlI) tract fuels the systemic inflammatory reaction and consequently
is the principal driver of mortality. Recently, the MAGIC algorithm probability (MAP) that is
computed from two biomarkers of GI GVHD has been validated to accurately predict risk of NRM
throughout the course of early acute GVHD. This review focuses on the biology, clinical evidence,
and practical application of the biomarkers in the measurement of acute GVHD.
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Introduction

Hematopoietic cell transplant (HCT) can cure hematologic malignancies through the
destruction of malignant cells known as the graft-versus-leukemia (GVL) effect. However,
GVL also carries significant risk of graft-versus-host disease (GVHD) during which
alloreactive T lymphocytes destroy healthy tissue primarily in the skin, liver, and
gastrointestinal (GI) tract. GVHD is the leading cause of non-relapse mortality (NRM) after
HCT and occurs in both acute and chronic forms [1]. Acute GVHD typically occurs in
40%-50% of HCT patients and requires systemic immunosuppression with glucocorticoids
when severe [2,3]. The risks of such immunosuppression are significant and include life-
threatening infections, osteoporosis and associated fractures, and myriad metabolic
disturbances[4-6].

GVHD in the lower Gl tract is the primary driver of mortality and patients with severe Gl
disease experience long-term overall survival of just 25% [7]. Clinical measures of Gl
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dysfunction such as the volume and frequency of diarrheal episodes are routinely used in
clinical practice to monitor disease burden. These are indirect and nonspecific measures,
however, of the damage to intestinal crypts that is the root cause of GVHD pathophysiology
in the Gl tract. Improved metrics are therefore urgently needed to gauge accurately the
severity of GI GVHD that would thereby allow clinicians to stratify patients for risk and
more appropriately tailor immunosuppression in a medically fragile patient population.

The Mount Sinai Acute GVHD International Consortium (MAGIC) is a group of 25
international centers that monitors the clinical status of HCT patients using rigorous quality
control procedures and collects serial blood samples for biomarker analysis [8]. In the past
decade, studies of MAGIC patients have identified two serum biomarkers that predict long-
term mortality in acute GVHD [9-11]. These biomarkers are suppressor of tumorigenesis 2
(ST2), the soluble receptor for the alarmin I1L-33, which is shed from multiple cell types in
the injured gastrointestinal crypt; and regenerating islet-derived 3-alpha (REG3a) a
multifunctional protein that spills into the bloodstream from damaged Paneth cells [12,13].
The combination of the serum concentrations of these two biomarkers generates an
estimated probability of 6-month NRM for each individual patient known as the MAGIC
algorithm probability (MAP). When measured at GVHD diagnosis, the MAP separates
patients into three distinct groups known as Ann Arbor scores that each carry significantly
different risk of NRM. Thus, the MAP can be considered a “liquid biopsy” of the Gl tract
damaged by the inflammation of GVHD and represents a more accurate quantitation of
disease burden than clinical symptoms. This review focuses on the biology of GI GVHD and
its biomarkers, the ability of the MAP to predict long-term mortality throughout the course
of acute GVHD, and the emerging application of repeated biomarker measurements to
monitor the healing of intestinal crypts with the goal of individual tailoring of
immunosuppressive medications.

Identification of GVHD biomarkers and biological processes

The intact-protein analysis system (IPAS) is a powerful strategy to isolate and characterize
previously unidentified proteins in blood [14,15]. Both ST2 and REG3a were identified via
IPAS because of their high concentrations in blood from patients with severe GVHD
[13,16]. In a discovery study of 871 patients, REG3a concentrations were three-fold higher
in patients with lower GI GVHD compared to patients with enteritis or patients with non-Gl
GVHD, and patients with high blood levels of REG3a. had significantly greater long-term
mortality than those with low levels [16]. In a separate study, IPAS analysis revealed ST2 to
be elevated in the serum of patients with acute GVHD that was resistant to treatment with
glucocorticoids. High serum concentrations of ST2 also predicted long-term mortality [13].

Both of these biomarkers derive primarily from distinct cell populations in the Gl tract and
play important roles in the homeostasis of intestinal crypts that continually regenerate Gl
epithelial tissue. Damage to the lower Gl tract during GVHD triggers systemic inflammation
and is the principal driver of mortality in both clinical and experimental GVHD [7,17]. ST2
is the receptor for IL-33, an alarmin shed from damaged epithelium, endothelium, and
stroma of the lower gastrointestinal tract [18—20]. Once released, IL-33 acts through several
pathways on multiple cell types to promote inflammation, including binding to two isoforms
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(membrane-bound and soluble) of ST2 [21]. Soluble ST2, the isoform measured as a
biomarker, acts as a decoy receptor by sequestering I1L-33 and thereby abrogating its
downstream pro-inflammatory effects. In murine models, ST2-deficient transgenic mice
develop less severe GVHD and the administration of exogenous ST2 reduces mortality [21].

REG3a, the second GVHD biomarker, is produced by and stored in Paneth cells, the
“guardians of the crypt” that are critical to mucosal immunity and the proliferation and
survival of adjacent intestinal stem cells via cell-to-cell contact and signaling. Paneth cells
also secrete a variety of antimicrobial peptides such as defensins and REG3a, a C-type
lectin which binds bacterial peptidoglycans [22], REG3a was recently discovered to have an
additional key survival function for intestinal stem cells and inhibits their apoptosis [12].
Administration of IL-22 was able to reverse GVHD damage only when it induced expression
of REG3a [12]. Paradoxically, REGa rises in serum as it decreases in Gl epithelium during
the course of GVHD as Paneth cells are destroyed; its presence in serum is thus a direct
measurement of damage to intestinal crypts and serves as a “liquid biopsy” of the entire
small bowel, which helps to account for the predictive power of elevated serum
concentrations [12].

Development of the MAGIC algorithm probability

Both ST2 and REG3a independently predict NRM and their predictive accuracy is enhanced
when they are combined into a competing risks regression model, considering relapse as a
competing risk for death, that generates a single estimated probability of 6- month NRM or
MAP [10]. An earlier model included the concentration of tumor necrosis factor receptor 1
(TNFR1) [9], and a critical role for TNFa in GVHD has been hypothesized in both
experimental and clinical studies [23,24]. When a more sensitive ST2 capture antibody
became commercially available, the MAP no longer required the inclusion of the
concentration of TNFR1. This two biomarker model was validated using serum samples at
the time GVHD onset [8,10].

The MAP assigns patients to one of three Ann Arbor GVHD scores at disease onset, each
with a distinctly different risk of NRM. Ann Arbor 1 patients have 8% NRM after 6 months,
Ann Arbor 2 patients have 24% NRM after 6 months, and Ann Arbor 3 patients have the
highest risk of NRM, 46% after 6 months [10]. In that study, the proportions of patients in
Ann Arbor 1, 2, and 3 groups were 45%, 28%, and 27%, respectively. After systemic
treatment for GVHD, patients are classified as either high or low MAP using a single
threshold of 0.290 [11]. The MAP predicts NRM for each Ann Arbor group within each
clinical grade. An example of Ann Arbor groups within a single clinical grade (Glucksberg
I1) is shown in in Figure 1, together with the cumulative incidence of NRM and steroid
resistance.

Performance of the MAGIC algorithm probability at single timepoints

The MAP has now been tested at multiple time points throughout the course of acute GVHD
and at each time point has predicted long-term outcomes better than key clinical variables.
At 7 days following HCT, prior to the onset of acute GVHD symptoms in any patients, the
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MAP predicts NRM better than pre-transplant characteristics [10]. At the time of GVHD
diagnosis, the MAP outperforms standard clinical measures of disease severity such as the
CIBMTR severity and Glucksberg grade [9]. After 1 week of systemic glucocorticoid
treatment for acute GVHD, the MAP also predicts long-term outcomes better than either the
response of clinical symptoms or the Minnesota risk category [11]. At this same time point
(7 days following systemic treatment), the MAP also predicts outcomes better than the
volume of diarrhea, the clinical measure of lower GI GVHD [11]. In the patients without
diarrhea, 17% had high MAPs and more NRM than the remaining 83% with low MAPs
(42% vs 8%, P<0.001). Similarly, 34% of patients with =500cc of diarrhea daily had low
MAPs and less NRM than those with high MAPs (20% vs 70%, £<0.001). These findings
highlight the discordance between clinical symptomatology and the damage to the crypts,
which is more accurately measured by the MAP.

We are currently investigating whether the MAP can predict long-term mortality after f4
weeks of systemic GVHD. The clinical response after 4 weeks of systemic treatment is
currently the best validated measure of long-term NRM and as such it is used as the primary
endpoint in the majority of treatment trials of acute GVHD. Our current analysis suggests
MAPs after 4 weeks of treatment are superior to the clinical responses at this time point and
may serve as a novel endpoint for GVHD treatment.

The MAP as a response biomarker

The accuracy of biomarker-based predictions at multiple timepoints throughout the course of
early acute GVHD implies that the MAP may be a response biomarker, and a repeated
measurement in an individual patient may provide a dynamic measurement of the crypt
damage and further refine the prediction of NRM. The utility of real-time analysis of such
dynamic measurements is an area of intensive ongoing research, and here we highlight the
application of this approach in the following hypothetical patient case.

Case:

A 22-year-old male with acute lymphoblastic leukemia in second remission received an
allogeneic HCT from an 8/8 HLA-matched unrelated donor following myeloablative
conditioning with total body irradiation and cyclophosphamide. His GVHD prophylaxis
consisted of tacrolimus and 4 doses of methotrexate on days +1, +3, +6, and +11. His early
post-transplant course was uneventful, with engraftment on day +14 and hospital discharge
on day +18. On day +28 post-transplant he presented to clinic with a maculopapular rash
covering 60% of his body without bullae or desquamation, a bilirubin of 1.7 mg/dL, and
fully formed stools. His GVHD staging was therefore skin stage 3, Gl stage 0, liver stage 0,
overall Grade Il. No biopsy was obtained and he was started on 2 mg/kg
methylprednisolone. His physician obtained serum for a MAP determination, which was
0.310 (Ann Arbor 3) or at high risk of NRM (Table 1). Treatment with oral prednisone was
initiated. After one week of therapy he had not developed diarrhea, his bilirubin was stable
at 1.8 mg/dL, but the rash still covered 55% of his body, indicating he had not achieved a
clinical response (still overall Grade I1). A repeated biomarker measurement revealed that
although his ST2 remained stable at 35,935 pg/mL, his REG3a had decreased significantly
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to 369 and thus the MAP decreased to 0.222, well below the post-treatment high-risk
threshold of 0.290. This decrease in MAP indicated that he was likely to achieve a complete
response [11], He remained on 2 mg/kg of corticosteroids, then began a taper of 20% per
week. His rash resolved by week 4of treatment.

A GVHD rash without diarrhea or bilirubin elevation is a common presentation of GVHD.
This patient’s initial biomarkers, however, indicated significant crypt damage even though
he had not yet developed diarrhea. After 1 week of treatment, the skin disease remained
unchanged and the same stage as prior to treatment; he would therefore be classified as a
non-responder and considered high-risk, with many physicians prescribing additional
immunosuppressive therapy such as ruxolitinib at that point. However, the decreasing MAP
indicated that the clinically inapparent damage in the small bowel was healing. Indeed the
MAP has a substantial improvement in specificity compared to clinical response after 1
week indicating that it is more useful in identifying patients who are truly at lower risk of
NRM [11]. In this case, watchful waiting rather than additional immunosuppression would
be a viable option.

Conclusions

Acute GVHD is a devastating complication of HCT, and accurate measures of risk are
critical to individualizing therapeutic approaches. While clinical measures of GVHD
severity have historically served this purpose, serum biomarkers of acute GVHD have
emerged as an accurate method to predict NRM. The MAP specifically reflects intestinal
crypt damage, the biological process that drives the most lethal form of the disease. The
MAP can be used at multiple timepoints throughout the course of GVHD from prior to
symptoms, through the onset of GVHD symptoms, to the weeks following systemic therapy.
Studies are currently in progress to determine whether the MAP can serve as response
biomarkers and track the disease burden throughout the lower GlI tract. If validated, the MAP
would enable tailored risk prediction for individual patients during the first month of acute
GVHD treatment. In this regard, the MAP may prove similar to other laboratory
measurements such as quantitative PCR of viral load and FACS analysis of leukemia burden
that more accurately quantitate disease burden and have replaced clinical surrogate
endpoints in HIV infections and B-cell acute lymphoblastic leukemia, respectively [25,26].
Such an application of the MAP could enable more finely tuned usage of systemic
glucocorticoid therapy to treat acute GVHD.
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Hypothetical clinical case summary.

Table 1.

Pre-Treatment (At Onset) Post-Treatment (1 Week)
Skin Stage 2 2
Gl Stage 0 0
Liver Stage 0 0
OVERALL GRADE I 1l
ST2 (pg/mL) 38,590 35,935
REG3a (ng/mL) 1,402 369
Biomarker Probability 0.310 0.222
Biomarker Risk Ann Arbor 3 (46% 12-month NRM) | Low Risk (14% 12-month NRM)
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