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Abstract: Allogeneic hematopoietic stem cell transplantation (HSCT) is the most effective
form of tumor immunotherapy available to date, and the frequency of transplants continues
to increase worldwide. However, while allogeneic HSCT can induce beneficial graft-versus-
tumor (GVT) effects, the adverse effect of graft-versus-host disease (GVHD), which is closely
linked to GVT, is the major source of morbidity and mortality following HSCT. Acute GVHD
(aGVHD) develops when the donor’s immune cells from the graft attack the patient’s skin,
liver, or intestines. Target organs involved in chronic GVHD (¢cGVHD) are variable, resemble
autoimmune manifestations, and typically include skin; mucosa (mouth, eyes, genitalia); muscles/
fascia/joints; lungs; and gastrointestinal tract/liver. GVHD occurs in two forms, classically
distinguished as aGVHD, beginning before day 100 after HSCT, and cGVHD, occurring after
day 100, although it is now accepted that these are two separate pathophysiologic entities.
Currently available diagnostic and staging tools frequently fail to identify those at higher risk
of GVHD progression, unresponsiveness to different forms of therapy, or death. Furthermore,
there are shortcomings in the prediction of the future occurrence of GVHD before clinical
signs develop. In parallel, in recent years there has been an explosive evolution of proteomics
technologies, largely due to important advances in chemistry, engineering, high-throughput
technical devices, and bioinformatics. Building on these opportunities, plasma biomarkers have
been identified and validated both as promising diagnostic tools of GVHD and as prognostic
tools for nonrelapse mortality. These biomarkers might facilitate timely and selective therapeutic
intervention. However, such biomarkers should be more widely validated and incorporated into a
new grading system to risk-stratify patients and better customize treatment. This review identifies
biomarkers for the detection of GVHD; summarizes the current information on available GVHD
biomarkers, which are mostly aGVHD biomarkers; proposes future prospects for the blinded
evaluation of these biomarkers in samples collected as part of a multicenter prospective study;
and discusses the need for biomarkers of cGVHD.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is an increasingly
widely used therapy in a range of malignant and nonmalignant hematologic diseases.
In allo-HSCT, the host immune and bone marrow systems are replaced by the donor
immune and hematopoietic stem cells, with both positive and negative consequences.
In malignant disease, the donor immune system can recognize residual tumor cells as
foreign and eradicate them by immunological means, called the graft-versus-tumor
(GVT) effect. Unfortunately, donor immune cells may also attack normal host tissue,
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particularly the skin, liver and gastrointestinal (GI) tract,
resulting in the graft-versus-host disease (GVHD) effect. The
occurrence of GVHD remains one of the major barriers to
more widespread and successful application of allo-HSCT.
Classically, GVHD was distinguished into two forms: acute,
which is defined as that arising before day 100 post-HSCT,
and chronic, which occurs after that time."* However, this
definition was updated by the new National Institutes of
Health (NIH) classification that includes late-onset acute
GVHD (aGVHD) (after day 100) and an overlap syndrome
with features of both the acute and chronic disorders.** These
new forms of GVHD can be explained by the wider utiliza-
tion of HSCT in older recipients being transplanted using
reduced-intensity conditioning regimens.

A major barrier to GVHD research and treatment is that
the diagnosis and prognosis rely almost entirely on the pres-
ence of clinical symptoms, which are sometimes confirmed
by biopsy. Currently, no laboratory tests exist to predict the
risk of developing GVHD, responsiveness to treatment, or
patient survival. This absence of validated biomarkers for
GVHD is partly due to the complex pathology of GVHD,
which involves both soluble and cellular factors. GVHD can
be considered in a framework of three distinct sequential
phases of immune system cellular activation and cytokine
production, which can influence specific cellular and protein
levels in the GVHD patient’s blood.’ This three-step model
involves: (1) conditioning regimen-related damage and the
release of endotoxins such as lipopolysaccharide, (2) donor
T cell proliferation and differentiation in response to residual
host antigen-presenting cells, and (3) target organ damage by
effector cells. The importance of biomarkers in HSCT set-
tings is crucial, as the ability to identify patients at high risk
for GVHD early in their transplant and treatment course has
important therapeutic consequences, including more stringent
monitoring and/or preventative care. The ability to identify
patients who will not respond to traditional treatment and
who are at particularly high risk for subsequent morbidity
and mortality could result in tailored treatment plans such as
additional immunosuppressive treatments that might be more
effective if introduced early for high-risk patients. Equally
important is the identification of patients who will respond
well to treatment, which may allow for more rapid tapering
of steroid regimens, thereby reducing long-term toxicity in
low-risk patients.

The current review will provide an update on the discov-
ery and validation of the most clinically relevant biomarkers
of aGVHD and insights for specific recommendations on
their use in clinical trials.

Biomarkers: some useful definitions
The NIH Biomarkers Definition Working Group has defined a
“biomarker” as “a characteristic that is objectively measured
and evaluated as an indicator of normal biologic processes,
pathogenic process, or pharmacologic responses to a thera-
peutic intervention.”

There are three types of biomarkers: (1) disease bio-
markers that give clues to the pathophysiology of a disease
(or type 0), (2) biomarkers to detect drug effects (type 1),
or (3) biomarkers as surrogate end points in clinical trials
(type II).

Subcategories of disease biomarkers (type 0) are diagnos-
tic biomarkers that will allow for early detection of a disease,
follow-up biomarkers that track the disease progression over
time, prognostic biomarkers for prognostic evaluation of
outcomes of the disease, and predictive biomarkers to predict
disease at the presymptomatic stage associated with a risk for
a disease and as a candidate for a screening test. This is the
type of biomarker detailed in this review. This subcategory
also includes biomarkers for drug discovery, as either disease
biomarkers as targets for drug discovery or biomarkers of the
interaction of a drug with its therapeutic target.

Subcategories of biomarkers to detect drug effects (type I)
include efficacy biomarkers indicating beneficial effects of a
drug, mechanism biomarkers that report a downstream effect
of a drug, and toxicity biomarkers that report toxicological
effects of a drug. Examples of type I biomarkers would
include glucose lowering for a diabetes drug, decreased
target phosphorylation after a kinase inhibitor, or viral load
as a function of survival benefit for anti-human immunode-
ficiency virus therapy.

Biomarkers as surrogate end points in clinical trials
(type II) are substitute measures for clinical outcomes.
Classical surrogate endpoints are arterial blood pressure
reduction as a surrogate for reduced stroke and cardiovascular
mortality, low-density lipoprotein-cholesterol reduction for
reduced cardiovascular mortality, and prolonged QT interval
for risk of sudden cardiac death.

Ideal biomarkers for GVHD

The need for biomarkers post-HSCT is due to the limitations
of current predictors. Known risk factors pre-HSCT are
related to genetic factors, including human leukocyte antigen
(HLA) disparities between donor and recipient, age, unrelated
transplant, conditioning regimen intensity, malignant disease
status, and donor graft content. A diagnosis of aGVHD
post-HSCT relies entirely on clinical signs in one of three
major target organs: skin, liver, and/or GI tract” and can be
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confirmed by biopsies of these organs. However, histologic
severity on biopsy has not been consistently correlated with
clinical outcome.” Currently, there are no validated simple
tests to diagnose, prognose, or predict GVHD. A good diag-
nostic GVHD test will be able to distinguish patients with
GVHD from those without the disease (eg, GI GVHD vs
infectious colitis, skin GVHD vs drug rash). Furthermore,
from a practical point of view, the biomarker would
(1) specifically and sensitively reflect the disease state; (2) be
noninvasive, such as a blood or urine test; and (3) be rapid,
simple, accurate, inexpensive and standardized. Ideally, the
same test should also be prognostic for aGVHD outcomes
such as the response to GVHD treatment, the survival, or non-
relapse mortality (NRM). This test will then allow for early
risk stratification before initiation of treatment. A biomarker
that will allow for prediction of aGVHD prior to clinical signs
will have tremendous impact in this disease and will allow
for preemptive interventions. The ideal biomarker for GVHD
should differentiate between GVHD and the GVT effect.

Thus, the current invasive procedures used, such as biop-
sies of target organs, should not be the preferred diagnostic
and prognostic indicators. Indeed, endoscopic biopsy is often
used to confirm the diagnosis but, besides the fact that it is
an invasive procedure, histologic severity on biopsy has not
consistently correlated with clinical outcome. In the clinic,
short duration and robust assays are preferred. Several new
approaches, such as proteomics, may lead to the discovery of
new candidate molecules, but the ultimate blood test should
be based on immunoassays.

Single versus multiple biomarkers
of GVHD

While several biomarkers exist, in most cases none is
sufficiently sensitive or specific on its own for either a
diagnostic or predictive test. Thus, the simultaneous use
of several markers may increase specificity, predictive, or
diagnostic performance.® To create a comprehensive GVHD
biomarker panel, proportional odds logistic regression
models are used to determine a composite panel that will
generate a receiver operating characteristic curve with the
area under the curve being less than 0.8, meaning that 80%
of the positive results are true positives. Presumably, for
an aGVHD diagnosis, a combination of tissue-specific and
systemic biomarkers will be more informative than individual
markers. However, if a biomarker is not highly correlated to
other biomarkers or clinical predictors, one or two biomarkers
could be sufficient for either diagnostic or predictive tests.
To evaluate the number of biomarkers that will give the

most information, optimized classification models that
simultaneously minimize the misclassification error rate and
maximize the area under the curve are used.’

Types of GVHD biomarkers
Disparities between histocompatibility

antigens

Antigen disparity can be at the level of the major histocom-
patibility complex (MHC), or at the level of minor histo-
compatibility antigens (mHAs). The severity of aGVHD
is directly related to the degree of MHC mismatch.” In
bone marrow transplantations (BMTs) that are MHC
matched but mHA disparate, donor T cells still recognize
MHC peptide derived from the products of recipient poly-
morphic genes, the mHAs.!"* The expression of mHAs
is wide and variable. Thus, different mHAs might dictate
variable phenotype, target organ involvement, and antitu-
mor responses after allo-HSCTs."* Some mHAs, such as
HA-1, HA-2, HB-1 and BCL2A1, are primarily found on
hematopoietic cells, whereas others, such as the H-Y anti-
gens, HA-3, HA-8, and UDP-glucuronosyltransferase 2B17,
are ubiquitous.'>!® These disparities are well-known risk
factors before transplant and the goal of clinicians is always
to best match the MHC disparities, although full match is
not always possible and match for mHA disparities is not yet
able to be performed. Furthermore, MHC disparities cannot
be used to monitor GVHD after transplant and thus do not
represent ideal biomarkers of GVHD.

Non-HLA polymorphisms

There is increasing evidence that non-HLA polymorphisms can
influence the risk of aGVHD and chronic GVHD (cGVHD).
Most of the genetic variation in humans consists of single
nucleotide polymorphisms (SNPs) that produce functional
differences in gene products. Several SNPs have been identi-
fied as risk factors for GVHD, such as tumor necrosis factor
alpha (TNFa), interleukin (IL)-6, interferon-gamma, IL-10,
UDP-glucuronosyltransferase 2B17, and reviewed elsewhere. !’
However, clinicians are confronted with the same issue
as that for mHA disparities and selection of donors accord-
ing to SNP genotyping is still not performed in clinic.

MicroRNAs

MicroRNAs (miRNAs) — small, mostly noncoding RNA
gene products — are molecules derived from larger segments
of precursor RNA. They are 21-25 nucleotide transcripts
that repress gene function through interaction with target
mRNAs.'* miRNAs target the control of gene activity at
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multiple levels, specifically transcription, translation, and
protein degradation. Gene regulation mediated by miRNAs
is guided by the base-pairing rules of Watson and Crick."
Each miRNA is thought to regulate multiple genes, and since
approximately 1000 miRNA genes have been identified in
humans, the potential regulatory capacity of miRNAs is
enormous and could be as important as that of transcription
factors. Circulating miRNAs have recently been used as
promising novel biomarkers in diverse diseases (reviewed
in Ajit®), including GVHD.*!

Cellular biomarkers

There are several different immune cell populations whose
function and numbers are altered in GVHD. The potential
to manipulate specific immune cell populations ex vivo and
in vivo to modulate immune responses in GVHD patients
will allow for development of new therapies. In addition,
some of these immune cell subsets, particularly regulatory
T cells, appear promising as biomarkers in aGVHD?** and
cGVHD.* Dendritic cells, monocytes, and gamma-delta
T cells are also promising cellular subsets that could be used
as markers post-HSCT.?*?” In cGVHD, B cells and their
modulators such as B cell-activating factor are important
biomarkers.?

Proteomic biomarkers

“Proteomics,” from “PROTEins expressed by a genOME,”
is the systematic analysis of the protein profiles of a sample.
Unlike the genome, the proteome varies with time and is
defined as the proteins present in one sample at a certain
point of time. Thus, proteins represent ideal biomarkers in
the posttransplant setting and they have been widely studied,
which will be detailed further on in this review.

Current technologies for detection
of GVHD biomarkers

Bio-fluids of interest

Ideal clinical tests are based on noninvasive collection,
which allows for repetitive collection of samples from the
same patient over a short period. GVHD biomarkers may be
produced by several sources such as donor cells, the local or
systemic cytokine milieu, or recipient target tissues during
disease development. These proteins may then be released
into a variety of body fluids. For noninvasive tests used for
diagnostics or screening, bio-fluids such as plasma, sera, or
urine are preferred as samples. Enormous effort has been
made to develop standardized methods of clinical sample
collection for proteomic studies.?**° Plasma and sera are the

most frequently analyzed bio-fluids. The levels of individual
blood proteins represent a summation of multiple, disparate
events that occur in every organ system. Plasma and sera
contain proteins shed by the affected tissue as well as
proteins that reflect secondary systemic changes. However,
plasma and sera are highly complex mixtures containing
high levels of many different proteins with a wide dynamic
range, spanning 12 orders of magnitude from albumin to
the lowest abundance. Often the most clinically relevant
proteins, such as cytokines and their receptors, are the least
abundant,’*? making the study of the proteome complex.
To detect these proteins of low abundance, both depletion
of the predominant proteins and subsequent fractionation of
the proteome are required.

Urine samples represent an alternative to plasma/sera
samples for biomarker discovery. Urine has three main
advantages over plasma/sera: (1) it can be obtained in large
quantities, (2) the protein mixture is far less complex and
the variation in protein abundance is low,** and (3) it is more
stable than plasma.** However, since the proteins in urine are
produced mainly from kidney function (~70%) and partially
by glomerular filtration of plasma proteins (~30%), urine
yields better information about diseases in the organs directly
involved in its production and excretion, such as the kidneys,
and is thus less informative for systemic diseases.*

Proteomic technologies for biomarker

discovery

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
disease, with fewer a priori assumptions. However, from
genes (~20,000) to proteins, there are two more levels of
complexity: the transcriptome (~100,000 RNA transcripts)
and the proteome (~1,000,000 proteins). Here, focus is on
the use of proteomics for the molecular diagnosis of GVHD
post-HSCT, since proteins are more proximal than other
cellular metabolites to the ongoing pathophysiology of a
disease.* Both nonmass spectrometry (MS)- and MS-based
proteomic approaches have been employed to search for
potential GVHD biomarkers.

Antibody-based approaches
Immunoassays are analytical tests that harness the
unique properties of antibodies, thus extremely sensitive.
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They have proven to be one of the most productive
technological contributions to medicine and fundamental
life science research in the twentieth century. The unique
characteristics of antibodies are derived from their three
important properties: (1) theirability to bind to an extremely wide
range of natural and manufactured chemicals, biomolecules,
and cells, as antibody-binding sites are derived from a
very large number of potential combinations of amino acid
sequences; (2) exceptional binding specificity that enables
the measurement of picomolar (107'?) amounts of proteins
in blood samples; and (3) the strength of binding between
an antibody and its target that makes the test accurate and
precise, even at low concentrations.*® To screen for aGVHD
biomarkers, antibody microarrays dotted with hundreds
of antibodies have been employed, allowing hundreds of
proteins in complex biological matrices to be measured.® The
advantages of immunoassays are that they are suited for the
characterization of complex protein mixtures, such as human
plasma; quantitative; highly sensitive for low-abundance
proteins such as cytokines; and high throughput. However,
only a restricted number of antibodies are on the array (thus,
bias could be introduced) and there is high cross-reactivity
between antibodies and nontarget proteins.’’

MS-based approaches

The majority of nonantibody proteomic strategies are based
on MS, which has become a powerful tool for characterizing
and assessing both qualitative and quantitative changes in
complex protein mixtures.*® Two types of MS techniques
in clinical proteomics have been used, pattern profiling
and detailed characterization of proteins. Pattern profiling
compares polypeptide spectra obtained by matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF)
MS, which is used to show which patients suffer from a
particular disease without the identification of individual
profile components. A variant of MALDI-TOF MS is
surface-enhanced laser desorption/ionization time of flight
(SELDI-TOF) MS, which combines MALDI-TOF MS with
selective sample fractionation on modified surfaces placed
directly on the sample target.** These MS profiling methods
do not require an in-depth analysis, thus are relatively high
throughput. Consequently, they are less suitable for in-depth
discovery approaches. Furthermore, because the factors influ-
encing the final oligopeptide profiles of body fluid samples
are so complex, MS profiling has not yet met the standards
required in clinical practice. This technique has been applied
in aGVHD research to screen biomarker candidates in both
serum* and saliva.*!

Other approaches rely on separation of protein samples
followed by MS. The most frequently employed gel-based
techniques for protein separation are two-dimensional (2D)
polyacrylamide gel electrophoresis* and 2D differential gel
electrophoresis.* Three-dimensional separation of proteins,
differentially labeled with fluorescent dyes (Cy3 [green] and
CyS [red]) according to their charge, hydrophobicity, and
molecular mass, have been applied to aGVHD diagnoses*
and heart ischemic insult.*

Despite the utility of gel-based techniques, gel-free
separation methods, such as liquid chromatography (LC)*
and capillary electrophoresis,* have provided better separation
because they overcome several limitations of gel separation,
such as time consumption, poor separation of proteins with
low or high molecular weight or an extreme isoelectric
point, and difficult quantification of mixed spots. Gel-free
techniques also offer the prospect of an easy workflow with
a direct connection to the mass spectrometer. MS is the final
step in the analytical procedure and enables both the reliable
identification of proteins and determination of their isoforms
and posttranslational modifications. MS allows unambiguous
quantification, particularly when tandem MS (ie, MS/MS) is
employed,* and has been used most recently for quantification
with either label-free methods or isotopically labeled tags.>*>2
In addition, new instrumentation, such as the ultra-high
resolution linear ion trap orbitrap mass spectrometer
(eg, Orbitrap Elite, Thermo Scientific, Waltham, MA),
facilitates top-down LC-MS/MS and versatile peptide
fragmentation modes.> The mass spectra are then matched
to a sequence database to identify proteins.**

At present, these approaches are not suitable for validation
purposes because of the time it takes to undertake them,
but they remain the most efficient methods for biomarker
discovery in clinical research.

Proteomic approach for high-
throughput validation of GVHD

biomarkers

Although proteomics holds great promise for biomarker
development, gaps remain between biomarker discovery and
biomarker validation. Indeed, the validation of biomarkers
has obstacles of its own. Most noteworthy is the paucity of
affinity-capture reagents, such as high-quality antibodies
with the required affinities and specificities for the target,
leading to a bias in the prioritization of candidate markers.
Furthermore, the number of samples required for validation
increases as the biomarker advances through each test
phase, augmenting the need for high-throughput assays.
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The most applicable approach for the quantitation of individual
proteins for validation remains the sandwich enzyme-linked
immunosorbent assay (ELISA), which is highly specific and
employs two antibodies specific for the candidate protein. The
procedure is also relatively simple and highly reproducible
from performer to performer and laboratory to laboratory,
limiting both inter- and intra-assay variability. Finally, due
to the urgent need for GVHD blood tests, Paczesny et al**?
primarily tested proteins with available antibodies. The main
disadvantage of validation by ELISA is the large volume of
patient plasma required. Thus, multiplexing technologies
are preferred if they show absence of cross-reactivity.’” Recently,
multiple reaction monitoring has emerged as a potentially useful
technique for clinical diagnostics.> This rapid tandem mass
spectrometric technique enables the targeted monitoring and
quantification of candidate molecules in complex samples.

Identified and validated GVHD

biomarkers

GVHD is not only a systemic immunological disorder; it also
affects specific organ systems, including the skin, GI tract,
and liver. The following reviews systemic and target-specific
aGVHD biomarkers and their diagnostic and prognostic val-
ues, as well as how these were identified, whether by using the
pathology of aGVHD or via a proteomic discovery approach.
If the workflow did not include proteomic discovery, only
studies with a sample size larger than 40 patients were
reviewed. Table 1 summarizes these studies.

Systemic biomarkers of aGVHD

Due to the long-recognized “cytokine storm” that occurs early
after donor graft infusion, cytokines and their receptors have
been tested as potential aGVHD biomarkers.*® Noteworthy
biomarkers that have emerged from these studies are
summarized following.

In many studies, soluble IL-2 receptor o chain (sIL-2Rot)
concentrations were found to be increased in aGVHD
patients.”” ! In two studies, concentrations of IL-18 were
closely correlated to IL-2R 0.2 IL-2R ¢, concentrations were
also correlated with GVHD severity.® However, some of these
studies found that sIL-2Ro concentrations were also increased
in patients with other transplantation-related complications
(TRCs), such as veno-occlusive disease and sepsis.”’

Similarly, TNFo and its receptors, particularly TNFR1,
have been implicated in the pathology of aGVHD; their
concentrations were found elevated in aGVHD patients
compared with patients without GVHD.%%7 The same
precautions used to evaluate sIL-2Ro. concerning its elevation

in other TRCs should be applied to TNFo. and TNFR1.
The roles of TNFo/TNFR1 and IL-2/IL-2Ro in aGVHD
pathogenesis are supported by evidence that suggests that
antibodies directed against TNFo or TNFR1, or IL-2/IL-2Ra,
are effective therapies for steroid-refractory aGVHD.%

C-reactive protein (CRP), a nonspecific inflammatory
protein, was found to be increased in patients with GVHD,
as was IL-6, the main cytokine involved in inducing the
release of CRP.%%-7!

Concentrations of 1L-8 were clearly correlated with
aGVHD in one study by Uguccioni et al.”> However, Schots
et al® showed that IL-8 is released in all types of TRC,
rather than specifically in aGVHD. Similarly, increases in
IL-8 and other cytokines (eg, IL-6, IL-10, and IL-18) were
not confirmed as indicators of aGVHD in a study that only
included patients receiving a reduced-intensity conditioning
regimen.” However, this same study found IL-12 to be
elevated in association with aGVHD development.”

Chemokines and chemokine receptors implicated in the
pathology of GVHD, particularly in the migration of immune
cells from lymphoid organs to target organs, have also found
to be elevated in patients with aGVHD.”7

Hepatocyte growth factor (HGF) is a multifunctional
cytokine that is secreted by mesenchymal cells and acts
primarily on cells of epithelial origin. Okamoto et al’
observed increased serum HGF concentrations in patients
who developed aGVHD compared with patients who did
not develop the disease; these authors also found that these
increased HGF concentrations correlated significantly
with the severity of aGVHD. HGF appears to belong to a
different category of biomarkers, representing a physiologic
response to GVHD damage. In this respect, HGF seems
similar to cytokeratin-18 (KRT18) fragments, markers of
epithelial apoptosis that have been associated with intestinal
and hepatic GVHD damage.”” However, HGF possesses
antiapoptotic properties and acts as mitogen for hepatocytes,
enhancing liver repair and regeneration; HGF administration
has been shown to prevent aGVHD in a murine model.”* HGF
would therefore appear not only to indicate the extent of target
organ damage from GVHD, but may reflect the physiologic
response intended to limit further damage from GVHD.

Four studies have identified the proteomic pattern of
aGVHD using MS-based approaches on small samples
without validation on independent sets of patients; one
group of investigators identified a pattern that was validated
in a larger study. Imanguli et al*' employed complementary
proteomic techniques (eg, SELDI-TOF MS, 2D differential
gel electrophoresis, and ELISA) to investigate the salivary
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proteome of 41 patients undergoing allo-HSCT. Hori et al™
used the SELDI technique to screen for plasma proteins
specific for aGVHD in a mouse model. In that study, one
peak, identified as CCLS, appeared to distinguish GVHD
plasma from non-GVHD plasma and was selected for further
analysis. Srinivasan et al* used SELDI-TOF MS and found
an aGVHD-specific peptide pattern in training samples that
was then validated in an independent set of aGVHD samples
obtained on the day of onset of aGVHD symptoms. Kaiser
et al** employed capillary electrophoresis MS to identify
peptide patterns in urine samples as early indicators of
aGVHD development. Two prominent GVHD-indicative
polypeptides were identified as a 1.85 kDa peptide from
the leukotriene A4 hydrolase and a 1.83 kDa peptide from
albumin.*® This aGVHD-specific peptide set pattern was
used to screen 63 samples collected from 33 patients after
allo-HSCT.” A subsequent blind evaluation of 599 samples
from 141 patients enabled the prediction of aGVHD before
clinical symptoms presented, with a sensitivity of 83.1% and
a specificity of 75.6%. Using MS/MS, three of the 31 peptides
that contributed to the aGVHD pattern were identified as
fragments from collagen o-1 chain I (downregulated) and
o-1 chain III (upregulated).

Paczesny et al identified and validated a panel of proteins
using an antibody microarray.® To validate this aGVHD
biomarker panel, the samples were randomly divided
into a training set of 282 patients and a validation set of
142 patients, which is currently one of the most reliable
approaches for validation. This approach identified and
validated a four-protein biomarker panel (IL-2Ro, TNFR1,
IL-8, and HGF) with high specificity for GVHD diagnosis.
Due to the large size of this study, the first demonstration
that these biomarkers are associated with GVHD clinical
outcomes and prognosis was provided.

Few of these studies have looked at prognostic information,
such as NRM, primarily due to small sample size. An
exception is the recent study from Luft et al* that mea-
sured KRT18 along with markers of endothelial dysfunction
(eg, angiopoietin-2, vascular endothelial growth factor, and
thrombomodulin) and found that steroid-refractory GVHD
patients were not exposed to an overwhelming T cell attack
but rather to a progressive microangiopathy that led to organ
failure.

Again due to small sample size, few of these studies
looked at the predictive value of these biomarkers. Studies
measuring the kinetics of cytokine concentrations during
the first month post-HSCT showed that monitoring IL-2Ra.
and TNFR1 concentrations during the engraftment period

allows for early detection of aGVHD. The mean serum
IL-2R o concentration appears to increase during the second
week, and the mean serum TNFR1 concentration increases
during the first 2 weeks following transplantation in patients
with aGVHD.7:38:60:6+-66 Recently, August et al®’ reported that
sIL-2R, sTNFR1, and sCDS8 had high predictive values for
aGVHD occurrence. Using these three markers, the authors
demonstrated the feasibility of detecting severe aGVHD prior
to the appearance of clinical symptoms.

A recent and important study by Rezvani et al®' found
that a decrease of 0.5 g/dL in serum albumin from the pre-
transplantation baseline level to the onset of treatment for
aGVHD predicted the subsequent development of grade I1I/IV
aGVHD and overall survival at 6 months after initiation of
aGVHD treatment in a cohort of 401 patients with aGVHD
grades II-1V after reduced-intensity HSCT. Because the
measurement of serum albumin concentration is inexpensive
and readily available, the authors suggest incorporating
albumin into the set of other validated biomarkers to further
improve prediction of aGVHD severity and mortality.

Induction of indoleamine 2,3-dioxygenase, the rate-limiting
enzyme in tryptophan degradation along the kynurenine
pathway, functions in a potent immunoregulatory loop and was
found to be involved in the pathology of GVHD.*? Recently,
one group used LC-MS/MS to measure major tryptophan
metabolites, such as quinolinic acid and kynurenine, in serial
urine specimens from 51 patients and found that surviving
patients had significantly lower metabolite levels on days 28,
42, and 90 following HSCT compared with patients dying of
GVHD. Kynurenine levels directly correlated with severity
and clinical course of GVHD.®

Target-specific biomarkers of aGVHD
Clinical symptoms of the skin (eg, maculopapular rash)
and GI tract (eg, nausea, diarrhea) caused by GVHD can
be difficult to distinguish from other causes (eg, infectious,
drug induced). Thus, biomarkers that are GVHD- and target-
specific may improve the diagnosis of complications post-
HSCT. Because biomarkers present at the time of GVHD
diagnosis might differ between target-specific GVHD,
identification of biomarkers that are specific for GVHD target
organs might improve the diagnostic and prognostic values
of the systemic panel.

As mentioned, KRT18 has been the first target-specific
marker of GVHD that has been associated with intestinal
and hepatic GVHD damage.”

By comparing plasma pooled from ten patients with
skin-specific GVHD with that from ten patients without
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GVHD in one intact protein analysis system experiment
versus plasma pooled from ten patients with GI tract-specific
GVHD compared with ten controls in a second intact
protein analysis system experiment, thousands of spectra
and hundreds of proteins were analyzed, identified, and
quantified.”” In that study, by Paczesny et al, elafin emerged
as the lead biomarker candidate for skin GVHD detection at
the time of clinical diagnosis. It was shown that plasma elafin
concentrations in samples from 492 patients had significant
diagnostic and prognostic value, including long-term
survival, as a biomarker for skin GVHD. Compared with the
four previously reported systemic diagnostic biomarkers of
aGVHD, elafin was shown to be the single best discriminator
for the diagnosis of GVHD in patients with a rash. These
data also provide a proof-of-principle demonstration that
biomarkers of disease related, tissue specific changes can
be detected in patient plasma.

Using the same proteomics strategy, Ferrara et al*
discovered 74 proteins with increased ratios (ie, heavy to
light) in patients with GI GVHD, five of which were of GI
origin. Regenerating-islet-derived-3-alpha (REG3 ) was the
lead candidate and was validated as a biomarker of lower GI
GVHD using ELISA. The authors subsequently validated
REG3o0 in two independent sets totaling 1014 patients from
three different centers. This marker provides important
prognostic information, including response to GVHD
treatment and survival. In a follow-up study,** REG3 0, was
compared with KRT18 and HGF, previously identified as
GI GVHD markers. REG3o showed that its diagnostic
precision for lower GI GVHD was higher than the other two
GI GVHD markers.

Based on the hypothesis that miRNA-155 is upregulated
during T cell activation, it was recently demonstrated to be
involved in the modulation of aGVHD. Upregulation of
miRNA-155 was shown in intestinal biopsies from patients
with pathologic evidence of intestinal aGVHD.?! Circulating
levels of miRNA-155 in patients with aGVHD were not
evaluated. Thus, miRNA-155 might be a potential future
biomarker as well as an interesting target for therapeutic
intervention in aGVHD.

There are also shortcomings in the prediction of the
response to GVHD therapy. Recently, Luft et al*® showed
that KRT18 and markers of endothelial dysfunction are
elevated in steroid-refractory GVHD patients. REG3a — as
noted, a GI-specific GVHD marker — measured at onset of
GI GVHD predicted response to treatment at 4 weeks.®
Levine et al® further measured their six previously validated
diagnostic biomarkers of GVHD from samples prospectively

obtained at the initiation of treatment, day 14, and day 28,
in a multicenter, randomized, four-arm Phase II clinical trial
for newly diagnosed aGVHD. It was found that at each of
three time points — GVHD onset, 2 weeks into treatment, and
4 weeks into treatment — a panel of six biomarkers predicted
the important clinical outcomes of day 28 post-therapy non-
response and mortality at day 180 from onset.®

GVHD biomarkers and personalized

medicine

Given the progress being made in GVHD biomarker
identification and validation, it is not surprising that clinical
trial design will begin incorporating biomarkers. Target-
specific diagnostic biomarkers that can differentiate skin
GVHD from other rashes and GI GVHD from other forms of
enteritis will allow replacement of invasive biopsies. First, a
simple observational trial during which samples and biopsies
will be taken at onset of GVHD should be performed. During
this trial, physicians will treat according to symptoms and
perform biopsies as usual. A retrospective analysis of
the samples with different thresholds of biomarkers will
determine whether the biomarkers can replace the invasive
biopsies as well as the best threshold. If this study concludes
that the biomarker does as well as the biopsies, the next step
would be a randomized interventional trial in which half
of the patients are treated according to the biopsy results
and the other half treated according to the biomarker results;
the development of GVHD and other outcomes will then be
evaluated.

Another potential clinical application of GVHD biomark-
ers is to use them to stratify patients based on risk at the time
of GVHD onset before initiation of therapy. GI GVHD is
considered a high-risk feature for mortality; however, given
the absence of further risk stratification, the standard of
care for all patients with GI GVHD is the prompt initiation
of systemic steroid treatment, with the addition of second-
line agents reserved for patients who fail initial therapy.
Unfortunately, most patients who require second-line therapy
die, highlighting the need for refinement of risk beyond what
the current grading system provides. Ferrara et al*® 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 GI GVHD
biomarker, REG30o. 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
concentration > 151 ng/mL. Patients with two or more risk
factors at onset were less likely to respond to treatment, which
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translates into highly significant differences in NRM. Patients
with two or three risk factors (ie, high risk) at the onset of
clinical manifestations of GI GVHD experience 1-year NRM
rates of 71%, whereas patients who present with no or one
risk factor (standard risk) experience 1-year NRM rates of
30% (P < 0.0001).%

Early identification of patients at high risk for steroid
unresponsiveness may permit alternative testing or addi-
tional therapies before the development of refractory
disease. Equally important is the identification of low-risk
patients who will respond well to treatment. These patients
may tolerate a more rapid tapering of steroid regimens
to reduce long-term toxicity, infections, and loss of the
GVT effect. The ability to identify patients at high risk
for GVHD early in their transplant and treatment course
has important therapeutic consequences, including more
stringent monitoring and/or preemptive interventions. To
determine whether Paczesny et al’s®#%4 validated biomark-
ers could predict GVHD before the appearance of clinical
symptoms, the authors evaluated the four most informative
biomarkers (ie, IL2R-o,, TNFR1, elafin, and REG3a) in
samples from 513 patients who had undergone unrelated
HSCT and had not yet developed GVHD. Concentrations of
each biomarker were assessed at days 7 and 14 post-HSCT.
Measurement of a biomarker panel pre-HSCT predicted
grade II-IV GVHD with a specificity of 75% and sensitiv-
ity of 57%.%6

The success of preemption must include not only a
reduction in the incidence of GVHD, but also in infectious
complications and relapse. Ultimately, a randomized
trial will be needed to assess the effectiveness of GVHD
preemption.

Limitations to overcome
for large-scale usefulness
of GVHD biomarkers

Unfortunately, there are still limitations to overcome
before GVHD biomarkers can be used widely in all BMT
centers. Indeed, GVHD biomarker studies have mostly
been performed in T cell-repleted HSCT. Since the onset of
GVHD is closely linked with the donor T cell population and
major or minor HLA disparities, it is not surprising to have
an overrepresentation of high biomarker concentrations in
recipients from HLA mismatch and unrelated donors.®4%47
The type of conditioning given (full [including total body
irradiation-based] or reduced) also seems to have an impact
on biomarker levels such as that of TNFR1.% None of the
large published studies has included T cell-depleted HSCT

(in vitro T cell depletion of the graft or in vivo through
administration of antithymocyte globulin). Differences would
be expected to be observed between T cell-repleted and T cell-
depleted HSCT for the reason evoked above. In addition,
none of these biomarkers has been studied in large cohorts
of recipients receiving umbilical cord blood transplant.
Due to the increased number of double-cord transplants
performed and the high rate of grade II-IV GVHD observed
in these cohorts,®”* it has become even more crucial to
study biomarkers in these patients. Another possibility for
differences is the diverse type of prophylaxis administered, as
some are known to be less responsible for inducing GVHD,
such as the combination of sirolimus, tacrolimus, and low-
dose methotrexate.”® All of these parameters will need to
be evaluated in large-scale multicenter studies as detailed
following.

Another step required is to determine which time point
or which combination of different time point measurements
will be most useful. This will be best achieved by realizing
serial measurements during the first month post-HSCT for
T cell-repleted HSCT.24%47 So far, only few small published
studies have looked at the kinetics of cytokines during the
first month post-HSCT.*#6! However, there are ongoing
studies to address this point that have currently only been
published as abstracts.

Future prospects for GVHD

biomarkers

Future directions include a blinded evaluation of these
biomarkers with samples collected in a multicenter
prospective study. Ideally, this requires a multicenter cohort,
which would be indispensible to the reduction of center
effects and to the successful design of subsequent trials.
Further, such a study would be ideally performed through an
institution such as the Blood and Marrow Transplant Clinical
Trials Network to both establish a unique resource for BMT
clinicians and a national resource for investigators to explore
BMT. However, this endeavor will be expensive and might
include some variation in collection and interpretation of
clinical data. Such multicenter prospective trial validation is
important because the algorithm should take into account the
variability between centers (center effect) and the individual
risks related to known risk factors, such as age, HLA match,
donor source (particularly cord blood), and conditioning
regimen, including T cell depletion (in vivo or in vitro).
The statistical model should use the methods discussed
previously. Ideally, a single formula should be able to be
developed to predict a patient’s risk for aGVHD, allowing
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for cutting-edge personalized medicine. The ideal formula
will be as simple as possible. In the best-case scenario,
a single marker at a single time point and few transplantation
risk factors (eg, conditioning intensity, cord blood source,
and use of T cell depletion) would be investigated. Next, a
trial of preemptive therapy for aGVHD using the formula
would be initiated.

Over the past 30 years, therapeutic approaches for
aGVHD have largely been limited to the nonspecific
targeting of effector cells. As a result, steroids remain the
first-line treatment for patients presenting with aGVHD
symptoms. Biomarkers represent promising targets for new
therapeutics. In addition, it is proposed that the discovery
of aGVHD-specific drugs based on biomarkers will target
the appropriate effector T cells to both increase efficacy
and lower toxicity. This approach represents the first step
in a continuum of research that is expected to lead to the
development of pharmacologic strategies to specifically
treat GVHD. One direct outcome of this proposal will be
the establishment of clinical trials using both biomarkers for
risk stratification and new drugs for treatment in high-risk
populations.

So far, development of biomarkers post-HSCT has focused
on aGVHD biomarkers. However, future efforts in biomarker
discovery and validation would be particularly valuable for
c¢GVHD biomarkers, whose current consensus criteria are
labor intensive and still not validated prospectively.

Conclusion

Proteomics is a revolutionary field that includes detection
technologies for proteins, molecules that are the most proximal
to the real-time pathophysiology of alloreactivity. In a short
time, the use of proteomics has led to the identification
of novel mechanisms of allo-HSCT, which were unlikely
to have been discovered by traditional hypothesis-driven
research. A promising proteomic approach is to use protein
biomarkers in risk stratification to better employ current
disease treatment modalities.

Furthermore, the biomarker findings presented in this
review have the potential for exploring targeted therapeutics.
Unlike genes, protein levels may be influenced by several
posttranscriptional modifications and other factors, such
as the cytokine milieu. The principal barrier that must be
circumvented is the validation of biomarker concentrations
in different types of allo-HSCT settings (eg, conditioning
intensity, donor sources [particularly cord blood and T cell-
depleted grafts]). Achieving this aim will require a much
larger validation study, ideally in a multicenter prospective

trial. Once an algorithm for each setting is established,
personalized medicine will be possible.
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