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Abstract
Graft-versus-host-disease (GVHD), the major complication of allogeneic bone marrow
transplantation (BMT), affects the skin, liver and gastrointestinal (GI) tract. There are no plasma
biomarkers specific for any acute GVHD target organ. We used a large scale, quantitative proteomic
discovery procedure to identify biomarker candidates of skin GVHD and validated the lead candidate,
elafin, by ELISA in samples from 492 patients. Elafin was overexpressed in GVHD skin biopsies.
Plasma levels of elafin were significantly higher at the onset of skin GVHD, correlated with the
eventual maximum grade of GVHD, and were associated with a greater risk of death relative to other
known risk factors (hazard ratio of 1.78). We conclude that elafin has significant diagnostic and
prognostic value as a biomarker of skin GVHD.

Introduction
Acute graft-versus-host disease (GVHD), the primary cause of non-relapse mortality following
allogeneic bone marrow transplantation (BMT), usually presents as a skin rash (1,2,3). The
diagnosis of acute GVHD is based on clinical criteria (rash, elevated bilirubin level, nausea
and diarrhea) (4) and may be confirmed by biopsy, which is invasive and labor intensive.
Rashes are common after BMT and have many etiologies such as allergic reactions to
medications or viral exanthems (3). Because the consequences of progressive GVHD are grave,
many clinicians initiate treatment of suspected GVHD with systemic high-dose corticosteroids
in the absence of a confirmed diagnosis (5). The morbidity of such treatment is significant,
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particularly in terms of increased risk of infection posed by systemic steroid administration in
a population that is already immunosuppressed (6,7). We recently reported that a panel of four
plasma proteins (interleukin-2-receptor-alpha (IL-2Rα), tumor-necrosis-factor-receptor-1
(TNFR1), interleukin-8 (IL-8), and hepatocyte growth factor (HGF)) discriminated between
patients with GVHD (N = 182) and without GVHD (N = 242) at the time of diagnosis and
predicted long term survival independent of GVHD severity (8). None of the biomarkers
identified was specific for GVHD in an individual target organ and we did not evaluate whether
the panel was able to distinguish between GVHD and other conditions that present with similar
symptoms. In the present study, we utilized a mass spectrometry (MS)-based technique as a
discovery engine to unambiguously identify candidate plasma biomarkers of skin GVHD. We
consequently evaluated the lead candidate, elafin, for its diagnostic and prognostic value in the
plasma of 492 allogeneic BMT patients.

Results
Discovery Study

Heparinized plasma samples were collected weekly from 522 patients who received allogeneic
BMT at the University of Michigan between 2000 and 2008. All patients received
pharmacologic GVHD prophylaxis (usually a calcineurin inhibitor in combination with at least
one other agent), and none of the grafts were depleted of T cells. Characteristics of thirty
patients in the discovery set are presented in Table S1 and Methods. We used an Intact Protein
Analysis System (IPAS) (Figure 1A) to identify candidate biomarker proteins with
concentrations at least two fold higher in samples pooled from ten BMT patients presenting
with skin GVHD than in pooled samples from ten BMT patients without the disease. The
diagnosis of skin GVHD was histologically confirmed by biopsy in all 10 patients (see
Methods). Plasma samples from patients of the discovery set were taken at the time of clinical
diagnosis of skin GVHD and at equivalent times after BMT in patients with No GVHD. Among
66 candidate biomarker proteins identified and increased at least two fold in GVHD plasma,
fourteen were expressed primarily in the skin (Table S2). Elafin, (also known as peptidase
inhibitor-3, skin-derived antileukoproteinase or trappin-2), emerged as the lead biomarker
candidate because suitable antibodies were available for high throughput screening of plasma
samples by ELISA (Table S2). The MS characteristics of elafin are show in Fig. 1B, Fig. S1,
and supplementary material. We quantitated elafin levels in separate aliquots of the twenty
individual samples pooled in the No GVHD and skin GVHD groups and from ten additional
patients presenting with biopsy-proven GVHD of only the gastrointestinal (GI) tract. Elafin
levels were three fold higher in patients with skin GVHD compared to each of the other groups
(Fig. S2).

Validation Study
We evaluated elafin as a biomarker of skin GVHD in a validation set of 492 allogeneic BMT
recipients who were not included in the discovery set. Patient characteristics are shown in Table
1. GVHD of the skin is often difficult to distinguish from rashes due to other causes (3). We
compared elafin protein expression by immunohistochemistry in skin biopsies taken from
twenty of these patients, ten with histologically confirmed GVHD and ten whose biopsies were
histologically consistent with allergic reactions to medications. Blinded analysis showed that
positive elafin expression, defined as significant staining extending to a depth of greater than
50% of the epidermis, was present in 7/10 cases of GVHD and 0/10 cases of non-GVHD (P =
0.003, Fig. 2A and B). 0/3 biopsies of normal skin were positive for elafin. Plasma elafin levels
of patients with GVHD were 3.9 fold higher than patients with a non-GVHD rash (Fig. 2C, P
< 0.001).
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We categorized plasma samples of the validation set into four different groups according to
the presence or absence of clinical symptoms of GVHD (4): patients presenting with isolated
skin GVHD (N = 159), patients without GVHD (N = 223), patients with isolated GI GVHD
(N = 57), and patients with a skin rash judged not to be GVHD by either clinical or histological
criteria (non-GVHD rash) (N = 53). Patients who presented with GVHD simultaneously in
more than one target organ were not included in the analysis. In patients without GVHD,
samples were obtained either at the occurrence of the rash or at equivalent time points after
BMT. Recipients of grafts from donors who were not family members or who were not HLA-
matched were overrepresented in the two GVHD groups. Patients who developed GI GVHD
were more likely to have received a reduced intensity conditioning regimen (P = 0.04).

Plasma elafin levels were twice as high in patients with skin GVHD compared to each of the
other groups, a finding that was consistent with the result from patients with skin biopsies (P
< 0.001, Fig. 3A). We next analyzed whether elafin levels correlated with the severity of skin
GVHD (stages 1 to 4) at presentation (4). Elafin levels rose significantly as the GVHD stage
increased (Fig 3B) and were significantly different in patients with skin stage 2 versus stage 1
(mean ± SEM: 8662 ± 793 pg/ml vs. 4011 ± 245 pg/ml, P < 0.001).

These two stages are commonly combined in grade I GVHD by the modified Glucksberg scale
(4). There was no difference between stage 0 and stage 1 GVHD. We also analyzed plasma
elafin levels by the extent of the skin rash. Elafin levels in patients with GVHD rashes were
significantly higher than those with non-GVHD rashes for both stage 2 (25% – 50 % body
surface area) and stage 3–4 (> 50% area) (Fig. 3C, P < 0.001). Elafin levels in patients with
non-GVHD rashes were similar when the absence of GVHD was established by clinical criteria
alone (mean ± SEM: 3649 ± 426 pg/ml, N = 23) or confirmed by biopsy (mean ± SEM: 4644
± 564 pg/ml, N = 30).

We compared the sensitivity of elafin as a unique biomarker of skin GVHD to four previously
reported diagnostic biomarkers of systemic acute GVHD (IL-2Rα, TNFR1, IL-8, HGF) (8).
We obtained all five biomarkers in 111 patients with skin rashes: 58 patients with skin GVHD
and 53 patients with non-GVHD rash. Patient characteristics were similar between the two
groups for age, diagnosis, donor type and match, conditioning regimen intensity and day of
sample acquisition after BMT (Table S3). We generated Receiver Operating Characteristic
(ROC) curves and found that the area under the curve (AUC) of elafin was the highest (0.77)
and the AUC of the composite panel was 0.84 (Fig. 4). These data show that elafin is the best
single discriminator for the diagnosis of GVHD in BMT patients with a rash, and that the
combination of all five biomarkers further improves the specificity and sensitivity of the test.

Elafin levels have prognostic significance in patients presenting with skin GVHD
Elafin is an alarm antiprotease secreted in response to antiprotease secreted in response to IL-1
and TNFα (9); we therefore next analyzed whether elafin levels have prognostic significance
for patients presenting with GVHD of the skin. We chose the median level of elafin as the
cutoff, and divided 159 patients with skin GVHD into two equal groups according to elafin
levels: low (< 6000 pg/ml, N = 80) and high (≥ 6000 pg/ml, N = 79). We then determined the
non-relapse mortality (NRM) for each group (Fig. 5A). The NRM at 1 year was more than
double in the high elafin group and trended toward statistical significance: 28% [95% CI, 19%
–40%] vs. 11% [95% CI, 6% – 20%], P = 0.06. The causes of NRM were acute GVHD
(thirteen), chronic GVHD (five), two idiopathic pneumonia syndrome (two) and veno-
occlusive disease (one) in the high elafin group and acute GVHD (five), chronic GVHD (one),
hemorrhage (one) and undetermined (one) in the low elafin group (Table S4). Patients with
high elafin levels at the diagnosis of GVHD died from GVHD and its consequences three times
as often as those with low levels at diagnosis (26% vs. 8%, P = 0.02). Mortality from relapse
in the first two years was similar in both groups, 28% [95% CI, 19% – 40%] vs. 23% [95%
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CI, 15% – 35%], P = 0.48 (Fig. 5B). The five year overall survival was significantly higher in
the low elafin group: 48% [95% CI, 35% – 65%] vs. 26% [95% CI, 16% – 42%], P = 0.011
(Fig. 5C).

Acute GVHD usually presents with Grade I (Stage 1 or Stage 2) skin disease, but approximately
50% of patients will not respond to treatment and the severity of disease progresses (5). Linear
regression analysis showed that higher elafin levels at the time of diagnosis of skin GVHD
correlated with greater stages of skin GVHD but not with greater stages of GI GVHD at the
time of maximal GVHD grade (P < 0.001 and P = 0.83, respectively). This correlation further
indicates the specificity of elafin as a biomarker for GVHD of the skin. Elafin levels at the time
of diagnosis of skin GVHD also correlated with maximum overall GVHD grade (P = 0.002).
We compared elafin levels and the stage of GVHD at presentation for their independent
prognostic value in patients presenting with skin GVHD (N =159). When adjusted for other
known prognostic factors (donor type, degree of HLA-match, conditioning intensity, age, and
disease status at transplant), a high elafin level at the time of GVHD diagnosis was significantly
associated with a greater risk of death (hazard ratio of 1.71 [95% CI, 1.08% – 2.69 %], P =
0.02; Table 2) whereas the onset stage (1 and 2 vs. 3 and 4) of skin GVHD was not associated
with mortality risk (Table 2). When survival was modeled simultaneously on elafin level,
GVHD skin stage at onset, and the other prognostic factors listed above, the association
between elafin level and risk of mortality remained statistically significant (P = 0.02). Elafin
levels at the time of GVHD diagnosis thus provided important prognostic information
independent of the extent of skin GVHD at presentation.

These analyses were performed for all patients with rashes (N = 212). NRM at one year for
patients with high elafin levels was 29% [95% CI, 20% – 39%] vs. 8% [95% CI, 4% – 15%],
(P = 0.003, Fig. 5D). Mortality from relapse in the first two years was the same in both groups:
28% [95% CI, 19% – 38%] vs. 25% [95% CI, 18% –34%], (P = 0.63, Fig. 5E). The five year
overall survival was significantly higher in the low elafin group: 53% [95% CI, 43% – 66%]
vs. 29% [95% CI, 20% – 43%], (P = 0.001, Fig. 5F). When we analyzed overall survival in
only the patients presenting with a rash involving 25% or more body surface area, it was
significantly higher in the low elafin group (N = 60) compared to the high elafin group (N =
83): 54% [95% CI, 42% – 70%] vs. 29% [95% CI, 19% – 44%] (P = 0.01).

Discussion
Elafin, a plasma biomarker specific for a GVHD target organ, was identified as a candidate
biomarker by using an in-depth, unbiased, tandem MS-based analysis of plasma that can
quantify proteins at low concentrations (10,11). Other MS-based approaches have described
spectral patterns associated with GVHD, but have not identified specific proteins (12,13,14).
Here, we identify elafin, measure its plasma levels in a large validation set, and analyze both
the diagnostic and prognostic value of this biomarker in allogeneic BMT patients.

Elafin was initially identified as an elastase inhibitor overexpressed in inflamed epidermis
(15,16,17). Gene expression studies in human keratinocytes have shown that elafin is induced
by inflammatory cytokines that mediate GVHD (9,18). The specificity of elafin as a GVHD
biomarker may be attributed to its production by target keratinocytes rather than by effector
cells capable of damaging all three target organs (2,3). Although produced locally as an
antiprotease secreted in response to IL-1 and TNFα (9), elafin was readily detected in the
systemic circulation, and plasma elafin levels effectively discriminated between GVHD of the
skin from rashes of other etiologies, a common diagnostic dilemma after BMT (2,3). We have
previously reported a panel of biomarkers for systemic acute GVHD, but did not evaluate
whether the biomarkers could distinguish between GVHD and other conditions presenting with
similar symptoms (8). When all five biomarkers were analyzed in BMT patients with rashes,
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elafin performed the best (Fig. 4). Our data provide a proof-of-principle demonstration that
biomarkers of disease-related tissue-specific changes can be detected in the plasma of patients,
and suggests a diagnostic blood test with promising specificity and sensitivity for GVHD of
the skin.

The functions of elafin are multiple and pleiotropic, including antimicrobial activity, priming
of innate immune responses and the inhibition of proteases (19). As a pro-inflammatory and
antimicrobial agent, elafin enhances the recruitment and function of inflammatory cells in
response to endotoxin (20,21) and activates dendritic cells (DCs) (22,23). As an anti-
inflammatory agent, elafin neutralizes excess damaging proteases released by neutrophils
(24) and reduces the tissue necrosis after experimental cardiac transplantation (25). It has been
suggested that these seemingly contradictory activities might be reconciled if elafin provides
antimicrobial protection while limiting neutrophil-derived inflammation and driving the
transition from an innate to an adaptive immune response (19).

Elafin levels may have value not only as a non-invasive diagnostic test but as a prognostic
marker. The majority (68%) of cases of GVHD present at our center as an isolated skin rash
similar to the incidence reported in the literature (1,2,3). A difference in elafin levels between
stage 1 and 2 skin disease supports the stratification of these two groups as demonstrated in a
large retrospective study (26). All patients received pharmacologic GVHD prophylaxis,
including those who did not develop GVHD; it is thus unlikely that immunosuppressive drugs
altered elafin levels, although this possibility cannot be formally excluded. All samples in this
study were obtained within twenty four hours of the initiation of systemic therapy for GVHD,
and it is interesting to note that elafin levels correlated with the maximum overall grade of
GVHD, which reflects the progression of disease after treatment (4,27). In the multivariate
analysis, elafin levels at the onset of skin GVHD also predicted overall survival independently
of the area of the extent of the skin rash. Several possibilities may explain this significant
prognostic value. First, elafin levels may indicate damage that is not yet clinically evident; in
skin GVHD biopsies numerous keratinocytes that were not apoptotic expressed elafin (Fig 2B).
Second, increased elafin may indicate damage elsewhere, such as the lung; elafin is produced
by bronchial epithelium and alveolar macrophages, and increased levels have been noted prior
to the diagnosis of acute respiratory distress syndrome (28). Third, elafin secretion may reflect
a chronic process, as in severe psoriasis, where serum elafin levels correlated with disease
activity but remained elevated during treatment (29).

Our data are consistent with several other studies that show the GVHD grade at diagnosis does
not have prognostic value because it does not correlate with the eventual maximum grade
(30,31,32). Determination of elafin levels in patients with possible GVHD of the skin may
therefore have significant value to clinicians, and future GVHD grading systems may
beneficially incorporate both laboratory and clinical values in determining the optimal therapy
for individual patients.

Materials and Methods
Patients and samples

All plasma samples were collected prospectively under protocols approved by the Institutional
Review Board between 2000 and 2008 and stored at the University of Michigan. Heparinized
blood samples were collected weekly for one month after BMT, then monthly for two months
and at the time of key clinical events including the development of symptoms consistent with
GVHD. Plasma was obtained after Ficoll (Amersham) gradient centrifugation of 20mL whole
blood that had been collected in heparin containing Vacutainers tubes (Becton Dickinson) to
prevent clotting. Samples were aliquoted without additives into cryovials and stored
immediately at −80°C. Assessments of rash, serum bilirubin level, nausea, and average daily
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stool volume were recorded at the time of sample collection. GVHD was graded based on the
severity of involvement of each target organ (4). All samples collected at the time of GVHD
diagnosis were obtained within 24 hours of commencement of therapy with systemic
corticosteroids. All patients received pharmacologic GVHD prophylaxis with at least two
agents, including a calcineurin inhibitor. No donor grafts were depleted of T cells.

Discovery set patients—Patients presenting with isolated skin GVHD stage 2 and 3 (N =
10), patients without GVHD (N = 10), and patients with isolated GI GVHD (N = 10) were
included in the discovery set. Patients were matched for age, intensity of the conditioning
regimen, donor source, HLA-match and time of sample acquisition (Table S1). The histologic
diagnosis of GVHD was unequivocally confirmed on skin biopsy in all ten patients. Histologic
features of acute GVHD include a perivascular inflammatory lymphocytic infiltrate with
minimal eosinophils, variable exocytosis in the upper dermis, and vacuolar interface changes
with individual keratinocyte apoptosis and lymphocyte satellitosis (lymphocyte associated
apoptosis) in the basal layer of the epidermis (33).

Validation set patients—Validation set patients were independent from the discovery set
patients. The validation set consisted of four groups: (i) 159 patients evaluated within 24 hours
of the onset of isolated skin GVHD (skin GVHD), (ii) 223 patients who never developed GVHD
(no GVHD), (iii) 57 patients who presented with isolated GI GVHD (GI GVHD), and (iv) 53
patients with skin rash that were judged inconsistent with GVHD (non-GVHD rash) by either
clinical criteria (N = 23) or histological criteria (N = 30) (Table 1). GVHD was confirmed by
biopsy in 144/159 patients with skin GVHD, including those with stage 1 GVHD. GI GVHD
was confirmed by biopsy in 52/57 patients (32 patients had both upper and lower GI GVHD).
All cases were reviewed by a senior staff pathologist and cases with borderline features were
reviewed by at least one other senior pathologist to obtain histological consensus. The
etiologies of non-GVHD rashes were as follows: drug rashes = 39 (sulfamethoxazole/
trimethoprim = 5, dapsone = 3, cefepime/ceftazidime = 5, vancomycine = 3, daptomycine =
1, ciprofloxacin/norfloxacin/levofloxacin = 4, FK463 = 2, zithromicin = 1, KGF = 2, cytarabine
= 1, allopurinol = 1), other rashes = 13 (engraftment syndrome = 5, leukemia cutis = 3, fungal
= 2, viral = 1, actinic granuloma = 1, rosacea flare = 1), and undetermined = 11. 48/53 patients
received only topical treatment for their rashes. The 5 patients with engraftment syndrome
(defined as fever > 38.5°C within 4 days of neutrophil engraftment, no identifiable infectious
cause and a rash not attributable to GVHD) received systemic corticosteroids. In 58 patients
of group (i) (skin GVHD) and all 53 patients of group (iv) (non-GVHD rash), we obtained all
five biomarkers (patient populations are compared in Table S3). 58 and 24 patients in these
two groups, respectively, were reported in the first study (8).

Proteomic Analysis
Sample Preparation—We identified proteins using an IPAS, a MS-based approach that is
able to quantitate 70% of complex protein mixtures across five orders of magnitude of
abundance (10,11). 30 μl aliquots of plasma were pooled from each of 10 patients without
GVHD (No GVHD), and likewise from 10 patients with skin GVHD that were matched for
age, intensity of the conditioning regimen, donor source, degree of HLA-match and time of
sample acquisition. Pooled plasma was then immunodepleted of the six most abundant proteins
(Albumin, IgG, IgA, transferrin, haptoglobin and antitrypsin) using a Hu-6 column
(4.6×250mm; Agilent). Recovery of non-depleted proteins was > 0.95. Immunodepleted
samples were concentrated using Centricon YM-3 devices (Millipore) and re-diluted in 8M
urea, 30 mM Tris pH 8.5, 0.5% OG (octyl-beta-d-glucopyranoside, Roche). Protein
concentrations were determined by the Bradford assay according to the manufacturer’s
instructions (Pierce). Samples were reduced with dithiothreitol (DTT) in 50 μL of 2 M Tris-
HCl pH 8.5 (0.66 mg DTT/mg protein), and cysteine residues of intact proteins were labeled
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with acrylamide isotopes. The No GVHD pool was labeled with the light acrylamide isotope
(12C acrylamide) (> 99.5% purity, Fluka), and the skin GVHD pool was labeled with the heavy
1,2,3-13C acrylamide isotope (13C acrylamide) (> 98% purity, Cambridge Isotope
Laboratories). Alkylation with acrylamide was performed for 1h at room temperature by
adding 12C acrylamide or 13C acrylamide diluted in 2 M Tris-HCl pH 8.5 to the protein solution
at a ratio of 10/1 (weight/weight).

Protein Fractionation—After isotopic labeling and mixing of the two pools, the sample
was diluted to 10 ml with 20 mM Tris in 6% isopropanol, 4 M Urea – pH 8.5 and immediately
injected in an anion exchange column (SAX, 7.5mm ID × 15cm long, Column Technology)
using an 8 step-elution (from 0 mM NaCl to 1000 mM NaCl) at 0.8 mL/min. Fractions from
each of the 8 anion-exchange separation elution steps were further separated by reversed-phase
chromatography (PorosR2/10, 4.6 mm ID × 100 mm column, Applied Biosystems). A 25 min
gradient elution (from 5% to 95% mobile phase B) was used at 2.4 mL/min. Mobile phase A
for anion-exchange chromatography consisted of 20 mM Tris (Sigma), 6% isopropanol
(Fisher), 4 M Urea, pH 8.5 and mobile phase B was the same composition and pH as phase A
with the addition of 1 M NaCl (Fisher). For reversed-phase chromatography, the mobile phase
A consisted of 95% water, 5% acetonitrile, 0.1% trifluoroacetic acid (TFA) (Supelco) and
mobile phase B consisted of 90% acetonitrile, 10% water, 0.1% TFA. Sixty fractions of 900
μl were collected from each of the 8 pools for a total of 480 fractions. Samples were lyophilized
after reversed phase chromatography and reconstituted in 0.25 M urea containing 50 mM
ammonium bicarbonate and 4% acetonitrile for tryptic digestion. After overnight incubation,
the resulting peptide mixtures were acidified with 5 uL of 1% formic acid prior to mass
spectrometry shotgun analysis. Protein recovery following separation was > 0.95. Aliquots of
200 μl of each fraction contained approximately 20 μg of protein.

Mass spectrometry analysis—We digested the 200 μl aliquot of each fraction with 200
ng modified trypsin in 25 uL of 0.25 M urea with 50 mM ammonium bicorbonate. Individual
digested fractions #4 to #60 from each reverse-phase run were pooled in 12 fractions,
corresponding to a total of 96 fractions. Digests were analyzed by shotgun mass spectrometry
using the hybrid linear ion trap - Fourier Transform (LTQ-FT) mass spectrometer (Thermo-
Finnigan) coupled to a 2D nanoLC (Eksigent). The liquid chromatography separation was
performed in a 25 cm column (Picofrit 75μm ID, New Objectives, in house-packed with
MagicC18 resin) using a 90-min linear gradient from 5% to 40% of acetonitrile in 0.1% formic
acid at 300 nl/min. The spectra were acquired in a data-dependent mode in m/z range of 400
to 1800. The 5 most abundant +2 or +3 ions of each MS spectrum were selected for MS/MS
analysis.

Protein identification—The acquired liquid chromatography-tandem mass spectrometry
(LC-MS/MS) data from a single analysis were automatically processed by the Computational
Proteomics Analysis System – CPAS (34). Database searches were performed to identify
proteins using X!Tandem against the human IPI (International Protein Index) database v.3.29
using a tryptic search (35). Cysteine alkylation with 12C acrylamide (+71.03657) was set as a
fixed modification and 13C acrylamide (+3.01006) and oxidation of Methionine (+15.99491)
as variable modifications. The database search results were then analyzed by PeptideProphet
(36) and ProteinProphet (37) software. 1961 proteins with ProteinProphet scores ≥ 0.95 (5%
error rate) were identified with high confidence. ProteinProphet was also used to remove
redundant protein names.

Quantitative analysis of protein levels—Quantitative ratios of proteins were obtained
by comparison of cysteines labeled with 12C and 13C acrylamide isotopes. Quantitative
information was extracted using a script designated “Q3ProteinRatioParser,” developed to
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quantify each pair of peptides containing cysteine residues identified by MS/MS (11). Only
peptides with a minimum of 0.75 PeptideProphet score, and mass deviation less than 20 ppm
were considered for quantitation. Ratios of 13C/12C acrylamide labeled peptides were plotted
on a histogram (log2 scale) and the median of the distribution was centered at zero. All
normalized peptide ratios for a specific protein were averaged to compute an overall protein
ratio. Additional details of the MS/MS database search, protein identification and quantitation
are provided in Supplemental materials.

Immunohistochemical evaluation of skin biopsies
Formalin fixed skin biopsies from 20 patients in the validation set with GVHD (N = 10), non-
GVHD-rash (N = 10), as well as normal skin (N = 3) were immunohistochemically stained
using a polyclonal antibody directed against elafin (FL-117, dilution 1:250; Santa Cruz
Biotechnology). Positive expression was defined as significant staining of at 50% of the depth
of the epidermis, excluding the granular cell layer and the acrosyringium. Blinded samples
were independently verified by two pathologists. Original magnification 400X.

ELISA assays
Elafin antibody pairs were purchased from R&D systems (Duoset®) and measurements were
performed according to the manufacturer’s protocol. Samples (diluted 1/20) and standards were
run in duplicate, absorbance was measured using a SpectraMax-Plus-384 and results were
calculated with SoftMax-Pro v4.7.1 (Molecular Devices). Details of the assay parameters are
provided in Table S5.

Statistical Analysis
The statistical methods used for IPAS are described above. Elafin levels from individual
samples in the discovery set were compared using ANOVA. Differences in characteristics
between patient groups were assessed with a Kruskal-Wallis test for continuous values and
chi-squared tests of association for categorical values. Differences in elafin staining of skin
biopsies were assessed with Fisher’s Exact Test. Linear regression was used to assess the trend
in elafin levels with maximum grade of skin GVHD, maximum overall grade and future GI
involvement. The ROC AUC was estimated nonparametrically. Logistic regression models
were used to assess the association of elafin with skin GVHD in combination with other
biomarkers. Non-relapse mortality (NRM) and relapse mortality were modeled using
cumulative incidence regression methods as described in Fine et al. (38). Overall survival (OS)
was modeled using Cox regression methods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proteomic workflow for elafin discovery
A) Overview of the proteomic workflow for Intact Protein Analysis System (IPAS).
B) Tandem mass spectrum of the identified peptide, elafin. bn or yn denotes the fragment ion
generated by cleavage of the peptide bond after the nth amino acid containing either the peptide
N-terminus (b series) or the C-terminus (y series), respectively. The identified b- and y-ions
and all fragment ion mass/charge (m/z) values are indicated in the table. C* denotes cysteine
residues modified by acrylamide containing 3 13C atoms. The identified peptide sequence
location is written in bold in the protein sequence.
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Figure 2. Skin biopsies from BMT patients
Skin biopsies from BMT patients with rashes immunohistochemically stained for elafin. A)
Biopsies histologically confirmed as drug hypersensitivity showed staining only in the granular
cell layer (arrow). B) Biopsies histologically confirmed as GVHD showed a strong positive
staining of at least 50% of the layers in epidermis. Scale bar = 50 μm, the dashed line represents
the epidermal/dermal junction. C) Plasma elafin levels in biopsied patients (N=10 per group).
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Figure 3. Elafin plasma levels in BMT patients of the validation set
A) Plasma elafin levels in BMT patient samples measured by ELISA. B) Plasma elafin levels
stratified to the stage of skin GVHD at presentation. C) Elafin levels in patients with rashes
covering equivalent percentages of body surface area (Area).
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Figure 4. ROC curves comparing skin GVHD and non-GVHD rashes
ROC curves for Elafin, TNFR1, IL-2Rα, HGF, IL-8 and the composite curve of all five
biomarkers (AUC = 0.77, 0.73, 0.65, 0.62, 0.54 and 0.84, respectively) comparing patients
with skin-GVHD (N=58) vs. non-GVHD rash (N=53).
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Figure 5. Nonrelapse mortality (NRM), relapse, and overall survival (OS) according to plasma
elafin levels in BMT patients with rashes
Patients with GVHD of the skin (N=159) were divided into two equal groups according to
elafin level: low ( < 6000 pg/ml, N=79) and high (≥ 6000 pg/ml, N=80). The cumulative
incidence of NRM (A), relapse mortality (B) and overall survival (C) were determined by
Kaplan Meier and plotted for each group. The same analysis was performed for all BMT
patients with rashes (N = 212, D–F).
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Table 2

Elafin levels at onset of skin GVHD predict overall survival independent of initial skin stage

Independent * Simultaneous *

Hazard Ratio p-value Hazard Ratio p-value

GVHD Skin Stage (3–4 vs. 1–2) 1.06 0.82 0.88 0.60

Elafin levels (High vs. Low) 1.71 0.02 1.78 0.02

*
Adjusted for age, donor type, HLA-match, conditioning intensity, disease status at transplant
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