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Abstract

Acute and chronic graft versus host disease (GVVHD) are serious complications of allogeneic
hematopoietic cell transplantation (HCT). The complex pathophysiology of these disease
processes is associated with immune system activation, the release of cytokines and chemokines,
and alterations in cell populations. The blood levels of specific protein and cellular levels in
patients with GVHD have correlated with the development, diagnosis, and prognosis of GVHD.
Here we review the most promising biomarkers for acute and chronic GVHD with clinical
relevance. The utility of GVHD biomarkers in clinical care of allogeneic HCT recipients needs to
be proven through clinical trials, and potential approaches to trial design are discussed.
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INTRODUCTION

Graft versus host disease (GVHD) remains the most serious and challenging complication of
allogeneic hematopoietic cell transplantation (HCT). Despite advances in treatment and
prevention, concern over the morbidity and mortality of acute and chronic GVHD represents
a barrier to greater utilization of allogeneic HCT as a potentially curative modality for
patients with malignant and non-malignant diseases. New diagnostic and therapeutic tools
are needed to customize the delivery of immunosuppressive drugs for optimal patient care.
To that end, there has recently been considerable research effort devoted to the discovery
and validation of GVHD relevant biomarkers. The paucity of validated biomarkers for acute
GVHD is partly due to the complex pathology of GVHD that can be considered in a
framework of three distinct sequential phases of immune system cellular activation and
cytokine production, which would be expected to influence specific cellular and protein
levels in the GVHD patients’ blood 1. GVHD is not only a systemic immunological disorder
but also affects specific organ systems, including the skin, gastrointestinal (Gl) tract, and
liver. The clinical symptoms of the skin (maculopapular rash) and of the Gl tract (nausea,
diarrhea) caused by GVVHD can be difficult to distinguish from other causes (e.g. infectious,
drug-induced). Thus, biomarkers that are GVHD and target organ specific may improve the
diagnosis, management, and prognosis of complications post-HCT. Potential applications
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include predicting response to treatment, defining new risk strata that incorporate biomarker
values, and initiating pre-emptive therapy before onset of clinical symptoms. The latter is
particularly relevant to chronic GVHD, where without objective biologically relevant
measurements of disease, rigorous clinical trials remain difficult to conduct and interpret,
and treatment remains palliative. Here we review the current state of the science of this
rapidly evolving field.

IDENTIFICATION OF ACUTE GVHD BIOMARKERS

Advances in engineering have allowed for increased data throughput, enabling the study of
complete sets of molecules (omics) with exponential speed, accuracy, and cost-
effectiveness. Thus, analysis of the entire spectrum of molecular and cellular organization is
now possible, enabling researchers to gain insight into the mechanism of diseases, with
fewer a priori assumptions 2. Proteomics has certain advantages in the study of acute
GVHD. First, proteins are more proximate than other cellular metabolites to the ongoing
pathophysiology of this disease. Indeed, studies using genomics, transcriptomics, and gene
polymorphisms incompletely correlate with the expression of functionally-active proteins,
which more accurately reflect cellular crosstalk, such that it is likely that proteins will
provide the most ideal disease biomarkers 34. Correlating the proteome with acute GVHD
has been attempted by analysis of polypeptide fragments in the urine ® and the measurement
of single potentially informative proteins such as C-reactive protein8” or cytokeratin-188. A
particularly successful strategy that we have used has been the analysis of plasma samples to
identify multiple proteins differentially expressed in patients with acute GVHD. This
technique, called the Intact Protein Analysis System (IPAS), matches the mass spectra in the
plasma to a sequence database to identify proteins. Briefly, plasma from patients who never
developed GVHD was pooled together (GVHD-negative) as was plasma from patients at the
time that GVHD developed (GVHD-positive). The GVHD-negative and GVHD-positive
pool were labeled with different carbon isotopes. The two pools were combined and
specimens were subjected to a two-dimensional protein fractionation procedure. The
individual fractions were then digested and analyzed on a new generation liquid
chromatography tandem mass spectrometer (LC-MS/MS). Because protein digestion was
performed in a top-down fashion prior to mass spectrometry, the term “intact” protein
analysis is used 9. The acquired spectra were automatically processed by the high-
throughput Computational Proteomics Analysis System to identify proteins in the sample,
with a false discovery rate of < 5% 10, This resulted in the identification of proteins with a
range of concentrations spanning seven logs 1. This technique was therefore able to detect
low abundance proteins, and is quantitative, as each GVHD pool was labeled with heavy
and light stable isotopes. The list of proteins identified by MS/MS described above was then
prioritized based on their degree of dysregulation, as indicated by at least a 1.5-fold increase
in expression, the likelihood of involvement in GVHD pathways based on known pathways
and uniqueness to the target organ that is associated with a given GVHD type. Finally, we
prioritized proteins with available sandwich enzyme-linked immunosorbent assay (ELISA)
antibodies in order to facilitate the development of a GVHD blood test. A list of candidate
acute GVHD biomarkers with diagnostic or prognostic significance is shown in Table 1.

VALIDATION OF ACUTE GVHD BIOMARKERS

Validation of putative GVHD biomarkers is usually performed with immunoassays rather
than mass spectrometry, and the sample set is created from a cases-controls repository
involving large numbers of samples. This process should be done on a training set, followed
by an independent validation set; validation using sets from multiple institutions is ideal.
The final step of developing a clinical test uses the biomarkers in the clinic, typically on
thousands of samples. For high-throughput purposes and standardization between
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laboratories, only immunoassays are used at this step. Figure 1 describes the three steps of
the process required to translate candidate biomarkers into a blood test.

In our initial validation studies, we used an antibody array approach to identify and
sequential ELISA to validate four systemic biomarkers that, when combined into a GVHD
biomarker panel, accurately discriminated GVHD-negative from GVVHD-positive patients
and carried prognostic significancel?. Because biomarkers present at the time of GVHD
diagnosis might be different between target organ-specific GVHD, we also sought to
identify biomarkers that were specific for GVHD target organs to improve diagnostic and
prognostic values of the systemic panel by comparing patients with skin-specific GVHD or
Gl-specific GVHD to patients without GVHD with IPAS. It is possible that it could be
difficult to find proteins in the blood that are expressed in tissue, but since tissue proteins
can leak into the blood stream, it might be a reasonable endeavor. These are proteins that
normally function within cells but that can be released into plasma as a result of cell death or
damage 1314, To assess the validity of this approach, we compared plasma pooled from ten
patients with skin-specific GVHD to that from ten controls in the first IPAS run, and plasma
pooled from ten patients with Gl tract-specific GVHD to ten controls in a second IPAS run.
Elafin emerged as the lead biomarker candidate of skin GVHD at the time of clinical
diagnosis and we showed that plasma elafin concentrations have significant diagnostic and
prognostic power, including long-term survival, as a biomarker of skin

GVHD_ENREF_2 15 These data provide a proof-of-principle demonstration that
biomarkers of disease-related tissue-specific changes can be detected in the plasma of
patients. Using the same proteomics strategy, we discovered Regenerating-Islet-Derived-3-
alpha (REG3a) as a biomarker of lower GI GVHD and subsequently validated it in two
independent sets totaling 1014 patients from three different centers. This marker provides
important prognostic information, including response to GVHD treatment and survival 16.
Physicians are interested in both low- and high-risk groups for predicting the development
of GVHD and resulting clinical outcomes. Classical prognostic clinical outcomes in acute
GVHD are maximum GVHD grade, non-relapse mortality (NRM), relapse mortality, and
overall survival (OS). For example, we analyzed whether REG3a concentrations have
prognostic significance for patients presenting with lower GI GVHD and hypothesized that
the REG3a concentration at GVHD diagnosis would also correlate with NRM. We therefore
divided the 162 patients into 2 equal groups based upon the median REG3a concentration:
high (> 151ng/ml, n=81) and low (< 151 ng/ml, N=81). NRM was twice as high in patients
with high REG3a 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. The incidence of relapse mortality was comparable for both
groups, and thus patients with high REG3a concentrations at the time of GVHD diagnosis
experienced significantly inferior 0S 16 .

IDENTIFICATION AND VALIDATION OF CHRONIC GVHD BIOMARKERS

At the first meeting of the NIH biomarker consensus group in 2006, the ideal chronic
GVHD (cGVHD) biomarker was formally defined’:18, Several inflammatory markers and
cytokines like TGF-B1, TNF and IFN-y, that are increased in acute GVHD, have been
identified as candidate biomarkers for cGVHD, but none have been developed for clinical
use. Genetic markers of cGVHD development have also been proposed, such as MHC class
I chain-related protein A (MICA)-129 genotype and the negative regulator of T cell co-
stimulation CTLA-4 +49 A/G*GG genotype, but the significance of these remains
unknown 1920, Currently there are no validated biomarkers for cGVHD.

cGVHD pathophysiology remains inextricably linked to GVL in patients 2, thus further
complicating efforts to define a predictive biomarker for this disease 21, T cell responses
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directed at minor histocompatibility antigens are vital to cGVHD pathogenesis. Recognition
of B cell autoreactivity likely emanating from inciting T cell alloreactivity in cGVHD 22-25
sparks continued interest in antibody responses in patients 2°. When human B cell responses
to alloantigens were characterized and correlated with cGVHD development, a resurgence
of interest in B cell subsets and potential factors that drive B cells in this disease

ensued 26-28, Extensive reviews of candidate biomarkers have been recently published 29:30,
Thus, we will focus on newly elucidated BAFF and B cell pathophysiology that may inform
larger scale efforts aimed at candidate biomarker validation in cGVHD.

B Cell Activating Factor (BAFF) and Human cGVHD

Characterization of the TNF family member BAFF changed the way we think about B cell
autoreactivity 31 and led to the discovery of significantly elevated BAFF levels in patients
with active cGVHD 32:33, Ease of measurement, accessibility of plasma samples from
patients and preliminary data suggesting that significant elevation of BAFF preceded
cGVHD development 32 make soluble BAFF a tempting biomarker. In a prospective study
of new onset cGVHD in 52 children and 28 control patients who never developed cGVHD,
BAFF levels were elevated in patients with cGVHD that developed irrespective of time of
onset post-HCT, and these levels decline in patients who show clinical response to
treatment 33. Anti-dsDNA antibodies were also elevated in patients who developed cGVHD,
confirmatory of previous reports2® and further implicating the importance of B-cells in
cGVHD activity.

Measurement of soluble BAFF by itself is complicated by several factors: 1) BAFF is
increased in setting of B lymphopenia 3435 2) BAFF levels are low in patients taking high
dose steroids32; and 3) precise quantification of BAFF is challenging since BAFF may exist
in an oligomeric form which is understimated using current ELISA38. Even without precise
quantification, significantly increased BAFF levels are found in cGVHD patients as well as
significantly higher BAFF/B cell ratios 3738, Further corroborating the relevance of BAFF
in cGVHD pathophysiology and potentially pointing to novel genotypic predictive markers
of disease is the reported increased frequency of BAFF polymorphisms in HCT recipients
who developed cGVHD. Whether these genetic differences confer increased BAFF
production remains to be determined3®.

Robust B cell Reconstitution: A Few Good B Cells in Human cGVHD

Poor B cell reconstitution in cGVHD linked to immune deficiency has been well
described*941, B cell numbers are not lower than normal in cGVHD, but they are lower
compared to healthy post-HCT patients. That is, a well-described supranormal “surge’ in
naive B cell number found after lymphopenia induction in the healthy state is absent in
cGVHD patients 4243, Transitional B-cells, which bridge newly formed B-cells in the bone
marrow and peripheral maturation, circulate in the peripheral blood and have been defined
in humans #4. These human transitional subsets defined using IgD* and CD38Hi, CD27~
populations are increased to supranormal numbers in patients who never develop

cGVHD 38 suggesting return to B cell homeostasis is vital to a non-autoimmune phenotype
in cGVHD .

Other B cell subsets identified using CD21 and additional markers of murine transitional B

cells were found to be increased in cGVHD patients 46. Interestingly, decreased proportions
of CD19*CD21/° cells prior to extracorporeal photopheresis (ECP) correlated with positive

treatment outcome with ECP #7. Subsequent analysis revealed a relative decrease in this cell
population in those cGVHD patients with hypogammaglobulinemia 37.
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The association of clinical decline in cGVHD patients who failed to reconstitute the naive B
cell compartment after rituximab 48 suggests that altered B cell homeostasis due to
diminished bone marrow B cell production capacity is critical. To further examine this,
Fedoriw et al. studied thirty patients who at a median post-HSCT follow-up time of two
years, had developed cGVHD (n=15) or never developed (n=15) cGVHD. Bone marrow
biopsies obtained approximately one month after HSCT revealed significantly fewer B cell
precursors in the patients who later developed cGVHD (median = 2 vs. 44 cells/hpf;
p=0.0007), and the difference was maintained after patients on high dose steroid therapy
were excluded (median = 20 vs. 49 cells/hpf; p=0.0170) 4. These data suggest that
decreased pre-cursor B cells in bone marrow may be predictive of cGVHD development,
while increased precursor B cells in the marrow, and/or increased transitional and naive B
cells in the blood may be predictors of a healthy post-HSCT outcome. Taken together,
current evidence suggests examination of BAFF and B cells in blood and bone marrow may
lead to testable biomarker candidates for good health after HSCT (Figure 2A).

A Few Bad B cells in Human cGVHD

Improved understanding of B cell subsets in secondary lymphoid organs and in autoimmune
diseases enabled identification of uniquely circulating B cell subsets in cGVHD 0.
Decreased numbers of naive and transitional B cells result in a proportional increase in
potentially autoreactive, antigen-experienced cells marked by cell surface CD27+
expression38:51, The CD27+ B cell population in autoimmune states is distinct from those
anti-microbial ‘memory’ B cells typically found in healthy individuals. In HCT patients with
cGVHD, we find that this population is activated and capable of ex vivo constitutive 19gG
secretion 38, A subset of CD27+ B cells (pre-germinal center (GC) and plasmablast (PB)-
like cells) uniquely circulate in diseased patients, including cGVHD patients 3852, The pre-
GC population in cGVHD is of particular interest given the high expression of two
important BAFF receptors found on these cells, further suggesting their potential pathologic
role 38, Prospective serial analysis of these B-cell receptor (BCR)-activated CD27* B cell
subsets is warranted to determine whether their presence associates with cGVHD onset,
severity or treatment response (Figure 2B).

INCORPORATING GVHD BIOMARKERS IN CLINICAL TRIALS

Given the progress being made in GVHD biomarker identification and validation it is not
surprising that clinical trial design will begin incorporating biomarkers. As an example,
TNF-receptor-1 (TNFR1) levels were shown to be elevated, relative to pre-HCT baseline, on
day 7 post-HCT in patients who later went on to develop acute GVHD after myeloablative
conditioning regimens®3. In this study, the degree of change in TNFR1 levels strongly
correlated with the timing and severity of acute GVHD as well as non-relapse mortality and
overall survival. The outcome implications were particularly relevant in the 171 patients
who underwent HCT from an unrelated donor, in that patients with high TNFR1 levels on
day 7 post-HCT were much more likely to experience non-relapse death in the first post-
HCT year (49% vs. 28%, p=0.01), translating into a significant difference in survival at one-
year. These findings led to the development of a clinical trial that added the TNF-inhibitor
etanercept to a standard tacrolimus/methotrexate GVHD prophylaxis regimen for recipients
of myeloablative unrelated donor HCT. In this prospective clinical trial, etanercept
effectively prevented the expected rise in TNFR1 levels in patients receiving non-TBI based
conditioning regimens, but interestingly not in recipients of TBI-based conditioning. The
patients who received non-TBI based conditioning unrelated donor HCT experienced
attenuated forms of GVHD (primarily steroid-responsive skin GVHD), relatively low rates
of 1-year NRM (16%) and high 1-year survival (69%)°*. In light of the finding that a single
biomarker, TNFR1, had predictive value for onset of acute GVHD, we tested whether other
potentially informative biomarkers (IL2Ra and elafin) could be combined with TNFR1 into
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a predictive GVHD biomarker panel. Levels of each biomarker was assessed at day 7 and
day 14 post-HCT in 513 patients who had undergone unrelated HCT and had not yet
developed GVHD?®®. Following its discovery as a GI-GVHD specific biomarker, reg3a was
also assayed, and additional samples from day 21 and 28 in patients without GVHD were
included. The endpoint was the development of grade I1-1V acute GVHD by day 56 post-
HCT. Day 56 was chosen under the assumption that the plasma proteome at a given time
point would not reliably predict the occurrence of events many weeks or months later. After
testing different biomarker combinations, a final panel consisting of IL2Ra, TNFR1, and
reg3a was found to have strong predictive value. Patients can be categorized as at high risk
on a weekly basis, up until day 28 for GVHD occurring within the first two months post-
HCT. As with any screening test, improvements in sensitivity come at the expense of
specificity and vice versa and which aspect to emphasize is a matter of clinical judgment.
The experience with post-HCT CMV disease offers an instructive example in how the
transplant community approached this sort of problem. Prior to the development of CMV
predictive tests, the incidence of CMV disease was ~35%, with high mortality rates. The
introduction of CMV pre-emptive strategies guided by polymerase chain reaction or
antigenemia studies reduced CMV disease to ~5-15%°5. Extrapolating from published data
of the number of positive CMV screening tests compared to the expected number of cases of
CMV disease, it appears that ~50% of positive CMV screens, if untreated, would not result
in CMV disease®’28, The sensitivity of CMV screening tests is very high, in the range of
90%, meaning that relatively few cases of CMV disease develop in the absence of a positive
screening test. Thus, it has become common practice to administer pre-emptive therapy to
patients who were not likely to develop CMV disease in order to effectively prevent CMV
disease cases. If we applied a similar standard to GVHD pre-emptive therapy (1:1 true
positive to false positive), the sensitivity of the 3 biomarker GVHD prediction panel is 67%.
While not yet as accurate as the gold standard, CMV screening, we believe that these results
are sufficient to design a clinical trial to test whether a preemptive strategy would prevent
GVHD. The toxicity of the intervention is an important consideration in trial design, as
excess toxicity from preemption will dampen acceptance of the strategy. A short-course of
corticosteroid therapy at the time that markers of alloreactivity are increasing may be a
reasonable therapy to test. The success of preemption will need to include not only any
reduction in the incidence of GVHD, but also any increase infectious complications and
relapses that may occur. Ultimately, a randomized trial will be needed to assess the
effectiveness of GVHD preemption. A possible randomized trial design is illustrated in
Figure 3. The trial design assumes a GVHD grade 111V incidence of 44% and that the
intervention to preempt GVHD is successful 50% of the time. The biomarker panel to
predict GVHD has a sensitivity of 66% and specificity of 50%. Given these parameters,
57% of patients will be categorized as high risk for GVHD. All patients receive a treatment,
either placebo or intervention. Patients categorized as low risk for GVHD (43%), i.e. weekly
biomarker panel results from day 7 to day 28 do not predict for GVHD, receive placebo
alone. The expected GVHD incidence in the low risk patients is 36%. Patients categorized
as high risk for GVHD based on a positive biomarker panel result are randomized to either
placebo or the intervention. Patients randomized to placebo should be twice as likely to
develop GVHD as the intervention group (54% vs 27%). The difference in GVHD rates
between the two placebo groups (54% vs 36%) is due to overrepresentation of GVHD in the
high risk, placebo-treated arm.

Another potential clinical application of GVHD biomarkers is to use them to risk-stratify
patients at the time of GVHD onset. Gastrointestinal GVHD is considered a high risk feature
in the GVHD grading system, but given the absence of further risk stratification, the
standard of care for all patients with GI GVHD is prompt initiation of systemic steroid
treatment, with the addition of second line agents reserved for patients who fail frontline
therapy. Unfortunately, most patients who require second line therapy die, highlighting the
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need for refinement of risk beyond what the current grading system provides. We have
recently developed a risk stratification algorithm for patients with new onset GI GVHD that
incorporates clinical stage, histologic grade, and plasma levels of the newly discovered Gl
GVHD biomarker, reg3a. This easy-to-use algorithm assigns one equal weight point to each
of the three individual risk factors: clinical stage >1, histologic grade >3, and reg3a level >
151 ng/ml. Patients with 2 or more risk factors at onset were less likely to respond to
treatment and this translated into highly significant differences in NRM. Patients with 2 or 3
risk factors (high risk) at the onset of clinical manifestations of GI GVHD experience 1y
NRM rates of 71%, while patients who present with 0 or 1 risk factor (standard risk)
experience 1y NRM rates of 30% (p<0.0001). Early identification of patients at high risk for
treatment unresponsiveness may permit testing alternative therapies before refractory
disease develops.

Pre-emptive strategies for chronic GVHD, similar to those discussed for acute GVHD
above, are also being designed. Given the correlation between B-cell related biomarkers and
the development of cGVHD, together with clinical data supporting the use of rituximab to
prevent cGVHD?®, there is a Canadian trial under design that will administer rituximab to
children identified as high risk for development of cGVHD on the basis of biomarker assays
(personal communication, K. Schultz). The advent of the chronic GVHD consortium is
likely to spur additional research endeavors along these lines®.
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B. Markers of cGVHD
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Figure 2. Biologically relevant BAFF and B cell markers in plasma, blood and bone marrow
A. Naive and transitional B cells are increased in patients without cGVHD and these may
serve as predictive markers of good post-HSCT health B. Low transitional and naive B cell
numbers and high BAFF/B cell ratios may serve as markers of cGVHD.
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Figure 3. Possible Randomized, Double Blinded, Placebo-Controlled, Trial Design to Test GVHD
Preemption
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Table 1

Candidate Biomarkers of Acute GVHD with Diagnostic and Prognostic Significance
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Protein Name Function Target organ Diagnosis Prognosis
IL-2Ra Interleukin-2 receptor o Results from extracellular Systemic Nakamura 2000%1, Paczesny 200912
chain, CD25 proteolyisis of the high affinity Visentainer 200362,
receptor of 1L2, a key cytokine Shaiegan 200653
in the activation and 12
proliferation of T cells. Paczesny 2009
IL-6 Interleukin-6 Functions in inflammation and Systemic Malone 200764
the maturation of B cells.
IL-8 Interleukin-8 Mediator of the inflammatory Systemic Paczesny 200912 Schots 200365,
response. Paczesny 2009%2
IL-10 Interleukin-10 Pleiotropic effects in Systemic Liem 199866
immunoregulation and
inflammation; down-regulates
expression of Thl cytokines,
MHC class Il Ags, and
costimulatory molecules on
macrophages.
1L-12 Interleukin-12 Secreted by antigen presenting Systemic Nakamura 200091,
cells (particularly dendritic Mohty 200567
cells), required for the T-cell-
independent induction of
interferon (IFN)-y, important
for differentiation of Thl and
Th2 cells.
IL-15 Interleukin-15 Regulates T and natural killer Systemic Sakata 200168
cell activation and proliferation
1L-18 Interleukin-18 Proinflammatory cytokine that Systemic Nakamura 200062,
augments natural Killer cell Shaiegan 2006%3,
activity, and stimulates IFN-y Fujimori 200059
production in Thl cells.
CCL8 Chemokine (C-C motif) Chemokine attracting Systemic Hori 200870
ligand 8 monocytes, lymphocytes,
basophils and eosinophils to
inflamed sites.
CXCL10 | Chemokine (C-X-C motif) Ligand for the receptor CXCR3, | Systemic Piper 200771
ligand 10 binding results in pleiotropic
effects, including stimulation of
monocytes, natural killer and T-
cell migration, and modulation
of adhesion molecule
expression.
TNFa Tumor necrosis factor Key proinflammatory cytokine, Systemic Holler 199072,
(TNF)a secreted by macrophages Symington 199073,
Imamura 199474
TNFR1 Tumor necrosis factor Expressed by all human tissues Systemic Or 1996, Choi 2008, Paczesny 200912
Receptor-1 and is the major signaling Paczesny 200912
receptor for TNFa
HGF Hepatocyte growth factor Regulator of cell growth, Systemic/Gl tract | Paczesny 200912, Paczesny 200912
motility, and morphogenesis, Sakata 200168
secreted by mesenchymal cells.
KRT18 Cytokeratin-18 fragments Induction of apoptosis results in | Gl tract Luft 20078
early cleavage of KRT18 by
caspases.
PI3 Elafin Proteinase expressed by Skin Paczesny 201015 Paczesny 201015
keratinocytes and involved in
local innate immune defense.
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Protein Name Function Target organ Diagnosis Prognosis
REG3a Regenerating islet-derived 3 | Protein expressed by intestinal Gl tract Harris 201116 Harris 201116

alpha

Paneth cells, direct
antimicrobial activity.
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