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Key Points

• There is a high level of
heterogeneity in cGVHD
plasma biomarkers in a large
cGVHD cohort, with CXCL10
being the most reproducible
marker.

• CXCR31CD56bright natural
killer regulatory cells have a
strong inverse relationship
with plasma CXCL10 in
patients with or without
cGVHD.

Chronicgraft-versus-hostdisease (cGVHD) remainsoneof themostsignificant long-term

complications after allogeneic blood andmarrow transplantation. Diagnostic biomarkers

for cGVHD are needed for early diagnosis and may guide identification of prognostic

markers. No cGVHD biomarker has yet been validated for use in clinical practice. We

evaluated both previously known markers and performed discovery-based analysis for

cGVHDbiomarkers in a2 independent test sets (total of 36 cases£1month fromdiagnosis

and 31 time-matched controls with no cGVHD). On the basis of these results, 11 markers

were selected and evaluated in 2 independent replication cohorts (total of 134 cGVHD

cases and 154 controls). cGVHD cases and controls were evaluated for several clinical

covariates, and their impact on biomarkers was identified by univariate analysis. The 2

replications sets were relatively disparate in the biomarkers they replicated. Only sBAFF

and, most consistently, CXCL10 were identified as significant in both replication sets.

Other markers identified as significant in only 1 replication set included intercellular

adhesion molecule 1 (ICAM-1), anti-LG3, aminopeptidase N, CXCL9, endothelin-1, and

gelsolin. Multivariate analysis found that all covariates evaluated affected interpretation

of the biomarkers. CXCL10 had an increased significance in combination with anti-LG3

andCXCL9,or inverselywithCXCR31CD56bright natural killer (NK)cells. Therewassignificantheterogeneityof cGVHDbiomarkers ina

large comprehensive evaluation of cGVHD biomarkers impacted by several covariates. Only CXCL10 strongly correlated in both

replication sets. Future analyses for plasma cGVHD biomarkers will need to be performed on very large patient groups with

consideration of multiple covariates. (Blood. 2016;127(24):3082-3091)

Introduction

Chronic graft-versus-host disease (cGVHD) remains one of the most
significant long-term complications of allogeneic blood and marrow
transplantation (BMT). Recent studies have shown that the quality of
life of patients with cGVHD ismuch poorer, with a higher frequency
of cardiovascular disease, metabolic syndrome, diabetes mellitus,
obesity, cognitive issues, fatigue, sexual dysfunction, and endocrine
abnormalities.1-4

Biomarkers that can act as diagnostic, prognostic, and pre-
dictive markers for cGVHD are needed to improve the ability to
treat cGVHD effectively. Criteria for such biomarkers are well
defined in the recent National Institutes of Health (NIH) Chronic
GVHD consensus report.5 Many candidate plasma or serum
cGVHD diagnostic biomarkers have been identified but none
have been validated for use in clinical practice.6 Many recurring
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markers include soluble B-cell activating factor (sBAFF), amino-
peptidase N (sCD13), interleukin-2 receptor alpha (IL-2Ra), and
CXCL9.6-8

It has been 10 years since the first NIH consensus report was
published, and themost recent report still concludes that there is a great
need for biomarkers that can be rigorously replicated by several

Initial selection of biomarkers for evaluation in replication sets

Selection criteria for replication set testing

Analysis methods
- Proteomic analysis with
  MRM validation
- Luminex
- Enzymatic assay

- Statistically significant difference between cGvHD and
  control in test sets #1 or #2 (P ≤ .05)
- Identified in the published literature
- Identified from a collaborator (S. Holton and MJ Hebert)
- Identified 11 promising biomarkers

Replication of most promising markers methods:
• ELISA
• MRM
• Luminex
• Enzymatic assays

Test set #1
FHCRC (S. Lee)

N = 38
cGvHD = 17
Control = 21

Replication set #1
Chronic GvHD

Consortium (S. Lee)
N = 198

cGvHD = 104
Control = 94

Criteria for selection of biomarkers after studies on replication sets
- Statistically significant (P ≤ .05) AND
- Highest interest
  • ROC AUC ≥ 0.75
- Of interest for further replication analyses included either
  • ROC AUC = 0.59 – 0.74 OR
  • Effect size ≥ 1.5 or ≤ 0.7

Replication set #2
Vancouver cGvHD

Network
(K. Schultz)

N = 85
cGvHD = 30
Control = 55

Analysis methods
- ELISA
- Luminex

Test set #2
Regensburg (D. Wolff)

N = 28
cGvHD = 19
Controls = 9

Other sources
Communication from

Endothelin-1- OHSU (S. Holton)
Anti-LG3 - University of
Montreal (M-J Hebert)

Publications
CXCL9 (9)

sBAFF - (7,8)

Figure 1. Biomarker selection algorithm. Biomarkers for testing in the replication sets were selected from 2 test sets with discovery-based evaluations using proteomic

analysis followed by MRM-MS replication, Luminex, and enzymatic assays. Other markers were selected from communication with collaborators (M.-J.H. and S.G.H.) as well as

from recent biomarker studies in the literature (Kitko et al8). Using the selection criteria as outlined, only 11 biomarkers were evaluated in the replication sets using ELISA, MRM-

MS, Luminex, and enzymatic assays.
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Table 1. Patient characteristics

Characteristic

Test set 1 (Fred
Hutchinson Cancer
Research Center

collection) (n 5 38)

Test set 2 (University
Hospital Regensburg
collection) (n 5 23)

Replication set 1
cGVHD Consortium

(U54) (n 5 198)

Replication set 2
Vancouver cGvHD
network collection

(n 5 83)

cGVHD
(n 5 17)

Control
(n 5 21)

cGVHD
(n 5 19)

Control
(n 5 4)

cGVHD
(n 5 104)

Control
(n 5 94)

cGVHD
(n 5 30)

Control
(n 5 53)

No. % No. % No. % No. % No. % No. % No. % No. %

Time from HCT to sample, mo

Early (,9) 0 1 5 9 47 2 50 65 63 49 52 23 77 46 87

Late (.9) 17 100 20 95 10 53 2 50 39 38 45 48 7 23 7 13

Prior aGVHD

No 4 25 6 30 6 32 4 100 42 40 40 43 8 29 18 34

Yes 12 75 14 70 13 68 0 62 60 54 57 20 71 35 66

Age, y

,50 9 53 8 38 12 63 3 75 41 39 37 39 17 57 30 57

$50 8 47 13 62 7 37 1 25 63 61 57 61 13 43 23 43

Donor

Matched related 6 35 11 52 6 32 1 25 39 38 27 29 11 38 14 27

Matched unrelated 10 59 5 24 10 53 2 50 45 43 33 35 14 48 30 58

Mismatched 1 6 5 24 3 16 1 25 20 19 34 36 4 14 8 15

Stem cell source

PBSCs 16 94 15 71 19 100 3 75 93 89 57 61 28 97 46 92

BM 1 6 6 29 0 1 25 5 5 7 7 1 3 3 6

Umbilical cord blood 0 0 0 0 6 6 30 32 0 1 2

Conditioning

Myeloablative without TBI 5 29 5 25 11 58 2 50 22 21 14 15 6 20 9 17

Myeloablative with TBI 3 18 6 30 8 42 2 50 22 21 25 27 16 53 13 25

Nonmyeloablative 9 53 9 45 0 0 60 58 55 59 8 27 31 58

GVHD prophylaxis

CNI 1 MTX/MMF with or without sirolimus 16 94 20 95 6 32 1 25 94 90 71 76 24 89 25 47

CNI with or without sirolimus 0 0 0 0 8 8 16 17 0 0

CNI 1 MTX/MMF 1 ATG 0 0 13 68 3 75 0 0 3 11 28 53

Other 1 6 1 5 0 0 2 2 7 7 0 0

Sex

Male 7 41 10 48 14 74 2 50 63 61 50 53 19 63 29 55

Female 10 59 11 52 5 26 2 50 41 39 44 47 11 37 24 45

Female donor to male patient

No 13 76 17 81 17 89 4 100 77 74 77 82 26 90 45 88

Yes 4 24 4 19 2 11 0 27 26 17 18 3 10 6 12

CMV serostatus

Negative 5 29 12 57 15 79 4 100 48 47 41 44 13 43 29 57

Positive 12 71 9 43 4 21 0 55 53 53 56 17 57 22 43

Disease diagnosis

AML 4 24 9 43 11 58 2 50 30 29 34 36 12 41 17 43

ALL 3 18 3 14 2 11 0 14 13 13 14 6 21 4 10

CML 0 1 5 0 0 8 8 5 5 2 7 2 5

CLL 1 6 0 0 0 3 3 3 3 2 7 5 13

MDS 1 6 3 14 1 5 0 23 22 14 15 1 3 8 20

HL/NHL 4 24 4 19 4 21 1 25 14 13 15 16 2 7 4 10

MM 0 1 5 0 1 25 7 7 7 7 2 7 0

Other 4 24 0 1 5 0 5 5 3 3 2 7 0

Receiving steroids at sample draw

No 14 82 21 100 10 53 4 100 55 53 83 88 NA

Yes 3 18 0 9 47 0 49 47 11 12

cGVHD characteristics

Median days from HCT to cGVHD (range) 362

(257-818)

281

(106-1953)

203

(83-566)

174

(74-383)

Median days from cGVHD to sample (range) 2

(0-24)

0

(–1 to 0)

6

(–12 to 29)

2

(–21 to 27)

Skin involvement 59 79 63 65

Oral involvement 65 53 61 83

GI involvement 41 21 25 26

Eye involvement 35 26 41 26

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ATG, antithymocyte globulin; BM, bone marrow; CLL, chronic lymphocytic leukemia; CML, chronic

myeloid leukemia; CMV, cytomegalovirus; CNI, calcineurin inhibitor; HCT, hematopoietic stem cell transplantation; HL, Hodgkin lymphoma; MDS, myelodysplastic syndrome;

MM, multiple myeloma; MMF, mycophenolate mofetil; MTX, methotrexate; NHL, non-Hodgkin lymphoma; PBSC, peripheral blood stem cell.
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research groups. The conclusions of the most recent consensus report
were that (1) larger replication studies are needed, (2) more work needs
to focus on prognostic and predictive cGVHD biomarkers in addition
to diagnostic markers, and (3) there is little consistency between the
biomarkers currently identified to allow for clinical application. The
report noted that collection methodology is highly variable, with little
consideration of factors that may have an impact on the importance
of the markers, and many potential covariates were identified.5 These
covariates includedmethodof sample collection, clinical data collected,
clinical presentation, total body irradiation (TBI), previous acute
GVHD (aGVHD), infection, type of preparative regimen, underlying
disease, donor source, and level of HLA matching.

In this study, we performed a replication study of cGVHD di-
agnostic markers in adult cohorts after initial discovery analyses on
independent test sets. We attempted to control our analyses for several
covariates, including time of onset, presence of previous aGVHD, and
TBI. We found that there was a high heterogeneity among plasma
markers, but that CXCL10 was consistently elevated at diagnosis of
cGVHD. We found that a high plasma CXCL10 level correlated with
low numbers of peripheral blood CXCR31CD56bright natural killer
(NK) cells.

Methods

Sample collection and processing protocol

Samples in all test and replication sets were collected from patients age 18 years
or older. Two test sets and 2 independent replication sets (Figure 1) were ob-
tained, and laboratory analysis was performed after informed consent was
provided in accordance with the Declaration of Helsinki and approval was given
by the local ethics committee. Plasma samples for test set 1 were collected at the
Fred Hutchinson Cancer Research Center from participants in a prospective
longitudinal cohort study.9 Samples from late onset cases,10 diagnosed 9 ormore
months after transplantation, were collected within 1 month of the onset of
cGVHD(n517). Control sampleswere obtained frompatientswith no cGVHD
at the time of collection or in the subsequent 3 months. These samples were
matched to cGVHDcaseson thebasis of time afterBMT(n521).Anycases that
had a previous diagnosis of cGVHD or a flare-up of old cGVHDwere excluded
from both groups.

Twenty-three samples for test set 2 were collected from patients undergoing
allogeneic BMT at the University Hospital Regensburg (19 cGVHD cases and 4
no GVHD controls). Serum samples were retrieved at diagnosis of cGVHD in

the outpatient clinic and were prepared and stored at 280°C in aliquots within
4 hours. Clinical data were obtained within the prospective trial, including
transplant characteristics, history of aGVHD, and NIH-based diagnosis, and
organ grading of cGVHD, as well as intensity of immunosuppression at time of
sampling.

Samples in replication set 1 (n5 198) were collected as part of the Chronic
GVHDConsortium Protocol 6501 cohort study. In replication set 1, heparinized
plasma was isolated from freshly processed blood without platelet depletion.
Samples fromcaseswere collectedwithin1monthof cGVHDdiagnosis.Control
samples were matched within 90 days of time since transplantation.

Samples in replication set 2 were collected as a part of a Canadian Institutes
of Health Research (CIHR)–funded biomarker study based at the British
Columbia Children’s Hospital Child and Family Research Institute from 9
Canadian BMT Group (CBMTG) centers, an additional 2 centers in the United
States, and 1 BMT center in Saudi Arabia (n 5 30 cGVHD cases; n 5 53 no
cGVHD controls). Onset samples were collected between 21 days before and 26
days after cGVHDdiagnosis. In replication set 2, platelet-depleted plasmaswere
isolated and frozen within 24 hours of collection. Supplemental Table 1
(available on the Blood Web site) summarizes the comparison of the sample
collection and processing differences between test sets and replication sets.

Proteomics for discovery of markers

Briefly, samples from cases and controls were sent to the University of Victoria
Genome BC Proteomics Centre, where they were depleted of the most abundant
proteins; albumin and immunoglobulins were precipitated, digested to form
peptides, differentially labeled with iTRAQ, and separated by ion chromatog-
raphy on a VISIONworkstation (Applied Biosystems). Resultant peptides were
processed by using the 4800MALDI TOF/TOF analyzer (Applied Biosystems).
Spectrawere searchedagainst IPIHuman (v3.2195) andMSDB(build20063108)
sequence databases.7

Validation with multiple reaction monitoring mass spectrometry

All experiments were performed on simple tryptic digests of human plasma
without prior affinity depletion or enrichment. Stable isotope-labeled standard
peptides were added immediately after tryptic digestion. Proteotypic tryptic
peptides containing isotopically coded amino acids were synthesized for all 45
proteins. Peptide purity was assessed by capillary zone electrophoresis, and
the peptide quantity was determined by amino acid analysis. For maximum
sensitivity and specificity, instrumental parameters were empirically determined
to generate the most abundant precursor ions and ion fragments. Concentrations
of individual peptide standards in the mixture were optimized to approximate
endogenous concentrations of analytes and to ensure the maximum linear
dynamic range of themultiple reactionmonitoringmass spectrometry (MRM-MS)
assays.11

Table 1. (continued)

Characteristic

Test set 1 (Fred
Hutchinson Cancer
Research Center

collection) (n 5 38)

Test set 2 (University
Hospital Regensburg
collection) (n 5 23)

Replication set 1
cGVHD Consortium

(U54) (n 5 198)

Replication set 2
Vancouver cGvHD
network collection

(n 5 83)

cGVHD
(n 5 17)

Control
(n 5 21)

cGVHD
(n 5 19)

Control
(n 5 4)

cGVHD
(n 5 104)

Control
(n 5 94)

cGVHD
(n 5 30)

Control
(n 5 53)

No. % No. % No. % No. % No. % No. % No. % No. %

Joint involvement 29 5 15 9

Lung involvement 59 21 48 48

Liver involvement 47 32 56 43

Genital involvement 18 0 7 4

NIH overall severity

Mild 12 26 18 21

Moderate 53 47 54 46

Severe 35 26 28 32

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ATG, antithymocyte globulin; BM, bone marrow; CLL, chronic lymphocytic leukemia; CML, chronic

myeloid leukemia; CMV, cytomegalovirus; CNI, calcineurin inhibitor; HCT, hematopoietic stem cell transplantation; HL, Hodgkin lymphoma; MDS, myelodysplastic syndrome;

MM, multiple myeloma; MMF, mycophenolate mofetil; MTX, methotrexate; NHL, non-Hodgkin lymphoma; PBSC, peripheral blood stem cell.
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Anti-perlecan auto-antibodies (anti-LG-3)

Auto-antibody immunoglobulin G (IgG) titers against the bioactive C-terminal
fragment of perlecan released by apoptotic endothelial cells is shown to be
a biomarker of immune-mediated vascular injuries.12 Anti-LG3 titers were
measured with previously described laboratory-made enzyme-linked immuno-
sorbent assay (ELISA).13Briefly, recombinantmouseLG-3 (10mg/mL)wasfirst
coated on 96-wellNuncMaxiSorp plates (ThermoScientific, Rochester,NY) for
a total of 1mg per well. The plasma was diluted (1:250), and 100mLwas added
perwell. After 1 hour of incubation at room temperature, the plateswerewashed,
and bound IgGwas detected by using horseradish peroxidase coupled with anti-
human IgG antibody (Amersham, Little Chalfont, United Kingdom). Reactions
were revealed with 100 mL of tetramethylbenzidine substrate (BD Biosciences)
for 10 minutes and stopped with 50 mL of H2SO4. Spectrophotometric analysis
was undertaken at 450 nm, and the results were expressed as optical density
(OD) 3 1000.

Cytokine measurements

ELISA and multiplex kits used to detect cytokines in replication sets were
purchased from R&D Systems (Minneapolis, MN), except for CXCL9, which
was purchased from RayBiotech (Norcross, GA). Manufacturer’s instructions
were followed for every assay and the source of each assay is summarized
in supplemental Table 2. The lowest standard concentration showed that
OD$ 2.03OD of the blank was set as the detection limit. Samples evaluated
for vascular markers at Oregon Health & Science University had levels of
epidermal growth factor (EGF), fibroblast growth factor 1 (FGF-1,) FGF-2,
heparin binding EGF-like growth factor, vascular endothelial growth factor
A, (VEGFA), VEGFC, and VEGFD, angiopoietin-2, endothelin-1, endoglin,
follistatin, leptin, and placental growth factor determined by Milliplex
magnetic bead array (Millipore, Billerica, MA). For laboratory measure-
ments that were detectable but below the lower limit of quantification, the values
were imputed as the lower limit of quantification.

Immune cell phenotyping

Peripheral blood was collected, usually from a vein in the antecubital fossa, into
blood collection tubes containing heparin (BDVacutainer). Peripheral bloodwas
processed, and immunophenotypingwas performedon cryopreserved peripheral
blood mononuclear cells with a panel consisting of FITC-CD3 (UCHT1;
BioLegend), Brilliant Violet 510-CD8 (RPA-T8; BioLegend), PE-CD56
(MEM-188; BioLegend), Pacific Blue-CD4 (SK3; BioLegend), Brilliant Violet
785-CD45RA (HI100; BioLegend), APC/Cy7-CD183 (CXCR3) (G025H7;
BioLegend), and 7-AAD viability staining solution (BioLegend). Cells were an-
alyzed by using a Fortessa cell analyzer equippedwith four lasers (yellow-green,
blue, violet, and red) (BDBiosciences), anddatawere analyzedbyusingFlowJo,
v9.8 software (Tree Star, Ashland, OR).

Criteria for selection of biomarkers

We used two separate criteria for biomarker selection (summarized in Figure 1).
Markers identified in the test sets were selected for further evaluation in the
replication sets if they were significantly different from the no cGVHD controls
(P # .05). They were considered of high interest if the difference was
significant and the receiver operating characteristic area under the curve
(ROC AUC) $0.75.

Statistical methods

Biomarker values were log-transformed before analysis; mean differences
between groups were re-expressed as fold differences (case:control). Those
recorded as below the lower limit of detectionwere assigned a value equal to one-
half the lower limit. In test sets 1 and 2, differences between cGVHD case and
control groups were assessed byWilcoxon rank-sum test. In the replication sets,
linear regression analysis was used to evaluate biomarker levels according to
cGVHD case-control status, with or without inclusion of other covariates. In the
replicationdata sets, logistic regressionwasused to computeROCAUCbyusing
single biomarkers or combinations of biomarkers to distinguish cGVHD cases
and controls. Forward and backward selection was used with logistic regression
to define optimal combinations of biomarkers.

Results

Discovery evaluations performed on test sets 1 and 2

Two separate test sets were evaluated for a broad number of plasma-
basedbiomarkers todeterminewhichpanelwouldbe tested in the larger
replication sets. Test set 1 was obtained from adult patients at the Fred
Hutchinson Cancer Research Center (Table 1) upon diagnosis of
cGVHD (17 cGVHD cases, all collected within 1 month of diagnosis
(supplemental Table 1) and from 21 patients who did not develop
cGVHD (controls). Proteomic analysis on test set 1 plasma was
performed with matrix-assisted laser desorption ionization time of
flight/time of flight methodology by using iTRAQ labels. MRM-MS
was used to validate 71 of the most promising candidates identified by
the initial proteomic studies.Proteomic analysis followedbyMRM-MS
validation identified 2 proteins of highest statistical significance:
aminopeptidaseN (sCD13) (P5 .004) andprotease inhibitor 16 (PI-16)
(P 5 .005). In addition, gelsolin and kallikrein, although less
significant, were determined to be of sufficient interest for further
evaluation (Table 2). Luminex assays identified 2 cytokine
or chemokine markers. One of the markers was soluble IL-2Ra

Table 2. Test set univariate analysis results

Candidate biomarkers Method of measurement

cGVHD cases (n 5 17) Controls (n 5 21)

Effect size* PMean SD Mean SD

Test set 1

Aminopeptidase N (sCD13), mU/mL Enzymatic assay 0.30 0.14 0.18 0.07 1.53 .004

Proteomic 1.44 0.73 0.90 0.26 1.53 .004

IL-2Ra (sCD25) (pg/mL) Luminex 3125 1825 1580 700 1.83 .005

PI-16, fmol Proteomic 0.81 0.27 1.12 0.35 0.73 .005

MRM-MS 1.21 0.56 1.63 0.47 0.53 .005

Gelsolin, fmol Proteomic 0.92 0.22 1.11 0.19 0.83 .02

MRM-MS 0.063 0.040 0.133 0.090 0.73 .02

Kallikrein, fmol Proteomic 0.80 0.32 1.00 0.32 0.83 .06

MRM-MS 0.068 0.022 0.095 0.043 0.83 .007

ICAM-1, pg/mL Luminex 140 110 80 40 1.43 .04

Test set 2 (n 5 19) (n 5 4)

CXCL10, pg/mL ELISA 1423 765 349 157 3.83 .005

SD, standard deviation; U, enzymatic unit.

*Fold difference for cGVHD vs control.
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(sIL-2Ra [sCD25]), previously identified (by our group) in children7

(P 5 .005). The other was ICAM-1 (P 5 .04). Thus, test set 1
identified 6 candidate markers for replication, including gelsolin,
kallikrein, aminopeptidase N, IL-2Ra, ICAM-1, and PI-16.

Test set 2 (Table 2) was made up of 19 cGVHD onset samples and
4 time-matched controls obtained in collaboration with University
Hospital Regensburg (D.W.). CXCL10 (P 5 .005) was identified by
using a screening Luminex assay, ELISA, and enzymatic assays for
markers previously identified in a pediatric cohort and evaluated in test
set 1.7 Two collaborators (S.G.H. and M.-J.H.) identified 2 additional
vascular inflammation markers. One marker was identified in col-
laboration with the Canadian National Transplantation Research
Program (M.-J.H.)12,13 as anti-LG3, a potential validated kidney
vascular rejectionmarker thatmay be elevated inGVHD.13 The second
was identified in collaboration with Oregon Health & Science Uni-
versity (S.G.H.) by using a customized Luminex assay for vascular
markers. Endothelin-114,15 was identified in 2 patients with samples
drawnat theonset of cGVHDand28days later.Bothhad a significantly
increased endothelin-1 concentration at diagnosis, with a 4.8-fold
decrease in endothelin-1 after cGVHD treatment was initiated (19.7 to
4.1 pg/mL). We added two markers, CXCL98 and sBAFF,6,7 shown
in previous publications as being significant for evaluation in the

replication sets, even though they were not identified by the 2 test set
evaluations or by our collaborators.

Replication of candidate diagnostic cGVHD biomarkers

identified in test sets 1 and 2

On the basis of their significance in test sets 1 and 2 and in the literature,
11 biomarkers were selected for testing by using the algorithm in
Figure 1. These included soluble aminopeptidase N (sCD13), gelsolin,
kallikrein, PI-16, CXCL10, ICAM-1, endothelin-1, sBAFF, IL-2Ra
(sCD25), anti-LG3, and CXCL9 (supplemental Table 2). Patient
characteristics for replication sets 1 and 2 are summarized in Table 1.
Replication set 1 included 198 patients (n 5 104 [cGVHD]; n 5 94
[controls afterBMT]), and replication set 2 included83patients (n530
[cGVHD]; n5 53 [controls after BMT]).

In replication set 1 (Table 3), we found that in 4 significant
biomarkers—sBAFF (P 5 .05), CXCL10 (P 5 .02), ICAM-1
(P5 .01), and anti-LG3 (P5 .04)—ROCAUCs were between 0.59
and 0.61. The highest ROC AUC was attained with CXCL10 in
combination with anti-LG3 (0.65; Figure 2A).

In replication set 2 (Table 3), an identical analysis was performed.
Findings were different from those in replication set 1. Three
biomarkers were identified as significant in replication set 2 that had
not been identified in replication set 1, including aminopeptidase N
(P5 .02), endothelin-1 (P5 .02), and gelsolin (P5 .0007). Markers
identified as significant in replication set 1, but not as significant in
replication set 2, included ICAM-1andanti-LG3.Therewere2markers
identified as statistically significant in replication set 1 that had been
previously identified in replication set 2. These were sBAFF (P5 .01)
and,most significantly,CXCL10 (P, .0001).Overall, theROCAUCs
were much higher in replication set 2 compared with replication set 1,
with 4 markers—aminopeptidase N, sBAFF, CXCL9, and endothelin-
1—having ROCAUCs between 0.60 and 0.69. Twomarkers, gelsolin
(0.71) andCXCL10 (0.78), hadROCAUCs$0.70. The bestmodel by
forward or backward model selection was CXCL10 combined with
CXCL9, with an AUC of 0.83 (Figure 2B). Analysis of the 4 markers,
CXCL10, CXCL9, anti-LG3, and sBAFF, in combination in both
replication sets 1 and 2 did not increase the AUC compared with the
2 combinations of CXCL10 plus anti-LG3 or CXCL10 and CXCL9
in the 2 replication sets (Table 3). The best cutoffs for CXCL10
(for highest sensitivity with high specificity) were 291 pg/mL (29%
sensitivity and 90% specificity) in replication set 1 and 313 pg/mL
(50% sensitivity and 91% specificity) in replication set 2.

Analysis of covariates that have an impact on cGVHD

biomarkers

Weperformed amultivariate analysis evaluatingmajor factors thatmay
have an impact on the interpretation of biomarkers (Table 4): early vs
late cGVHD, prior aGVHD, conditioning (myeloablative, myeloa-
blative with TBI, or nonmyeloablative), female donor to male re-
cipient, donor source (peripheral blood stem cells, bone marrow [BM],
umbilical cord blood), donormatching (matched related,matchedunre-
lated, mismatched), and age 50 years or older. For evaluation of time
dependence, early cGVHD markers (cGVHD onset before 9 months)
were matched with no GVHD controls (majority at 6 months after
BMT) and late cGVHD ($ 9 months cGVHD onset) with no GVHD
controls (majority at 12 months after BMT). None of the control
patients developed cGVHD within the first year after transplantation.
Multiple factors were evaluated, including donor matching, donor
source, TBI, previous aGVHD, time of onset of cGVHD (early vs late),
and non-myeloablative preparatory regimen; all had an impact on the

Table 3. Replication set univariate analysis for candidate
biomarkers

Candidate biomarkers
No. of evaluable

cases
Effect
size* P

ROC
AUC

Replication set 1

Aminopeptidase N (sCD13) 193 1.03 .99

sIL-2Ra 198 1.13 .13 0.56

sBAFF 198 1.23 .05 0.59

CXCL10 198 1.53 .02 0.61

PI-16 173 0.93 .30

ICAM-1 198 1.23 .01 0.60

CXCL9 187 1.43 .06 0.60

Anti-LG3† 198 0.73 .04 0.59

Endothelin-1† 160 1.33 .20

Gelsolin† 173 1.03 .43

Kallikrein† 173 1.03 .48

Combination of markers

CXCL10 1 anti-LG3 198 .003 0.65

CXCL10 1 CXCL9 1 sBAFF 1

anti-LG3

187 .04 0.63

Replication set 2

Aminopeptidase N (sCD13) 83 1.33 .02 0.64

sIL-2Ra 83 1.13 .28

sBAFF 83 1.53 .01 0.68

CXCL10 83 3.93 ,.0001 0.78

PI-16 83 0.83 .11

ICAM-1 83 1.23 .23

CXCL9 83 1.83 .04 0.67

Anti-LG3‡ 83 0.93 .55

Endothelin-1 80 0.73 .02 0.65

Gelsolin† 83 0.83 .0007 0.71

Kallikrein† 83 1.03 .58

Combination of markers

CXCL10 1 CXCL9 83 ,.0001 0.83

CXCL10 1 CXCL9 1 sBAFF 1

anti-LG3

83 ,.0001 0.83

*Fold difference for cGVHD vs control.

†Considered to be vascular markers.

‡Anti-LG3 has been associated with renal transplant rejection; reagents for anti-

LG3 ELISA were provided by M.-J.H.
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interpretation of at least 1 biomarker (Table 4). We found no con-
cordance between the 2 replication sets for the impact of any of the
factors on the marker results. Only 1 marker, PI-16, was not impacted
by a covariate in either replication set. Some factors such as TBI, non-
myeloablative transplantation, and donor mismatch were almost
always associated with an increased effect size of the biomarker
(CXCL10, endothelin-1, IL-2Ra). By contrast, the donor source of
either BM or umbilical cord blood and late onset of cGVHD ($ 9
months after BMT), were almost always (except for kallikrein) asso-
ciated with a decreased biomarker effect size (sBAFF, endothelin-1,
CXCL10) (Table 4). Evaluation for skin vs other organ involvement
did not show any impact on the interpretation of the biomarker results
(data not shown).

Evaluation for a correlation between CXCL10 and CXCR31

immune cell populations and cGVHD severity

It has previously been shown that CXCL9, CXCL10, and CXCL11
all influence trafficking of CXCR31 T cells toward the peripheral

tissues.16 In addition, a decrease in CD41CXCR31T cells was seen in
the blood of a small number of patients with active skin cGVHD and
elevated serumCXCL10.17 In that study, CD41CXCR31T cells were
increased in skin biopsies from the same patients, suggesting a
CXCL10-mediated recruitment ofCXCR31 cells to tissues. In addition
to CD41 and CD81 T cells, another population, CD56bright NK cells,
also express CXCR3.18

We evaluated whether there were any differences in the percentage
ofCXCR31-expressingCD41Tcells, CD81Tcells, orCD56bright NK
cells in the total lymphocyte count between patients with and those
without cGVHD. Second, we evaluatedwhether there was a difference
in the ratio of the plasma CXCL10 level to percentage of the 3 cell
subsets in patients with or without cGVHD. These analyses were
performed on a cohort of patients from replication sets 1 and 2who had
paired plasma and cell samples available. We found that the subset of
replication sets 1 and 2 that was evaluated was representative of the
larger replications sets with not more than a 20% difference between
any of the clinical variables in the subset and the larger replication sets
(supplemental Table 3). Supporting this conclusion, theCXCL10ROC
AUCs in the subsets of 0.61 and 0.73, respectively (Table 5), were
similar to those in the larger replications sets. Evaluation of the 3
CXCR31-expressing populations revealed that CXCR31CD56bright

NK cells were the only CXCR31 population significantly associated
with lower cell numbers in cGVHD for both replication set 1 (ROC
AUC, 0.62; P5 .03) and replication set 2 (ROCAUC, 0.70; P5 .02).
When a ratio of the 3 CXCR31 cell populations was performed with
CXCL10, all 3 populations had significant ROC AUCs in at least
1 replication set. CD56brightCXCR31 NK cells remained the most
significant in both replication sets 1 and 2 (Table 5). Correlation with
CXCL9 and CXCR31 populations was in fact slightly higher than that
for CXCL10 in replication set 1 and the inverse in replication set
2 (Table 5). The most significant association of CXCL9 was with
CXCR31CD56bright NK cells, identical to that in CXCL10.

In replication set 1, cGVHD severity (overall NIH score)
is positively correlated with the combined biomarker score derived
from logistic regression of CXCL10 and anti-LG3 and cGVHD
(Ptrend 5 .07 from linear regression). Among cases in replication
set 2, there is no such evidence (Ptrend5 .67), although the number
of cases is smaller.

Discussion

The results summarized in this article show that, in 2 separate
replication sets, CXCL10 was the most significant diagnostic bio-
marker that distinguished patients with cGVHD from those without.
This represents one of the largest such replication studies (total of 350
patients, including 170 cGVHD cases and 180 controls) performed to
date in cGVHD. Interestingly, CXCL10was not identified in the initial
test set 1 of patients with late onset ($9months after BMT). There was
a high variability in its significance with an ROC of only 0.61 in
replication set 1 and 0.77 in replication set 2. In addition, its highest
predictive value was increased in combination with other biomarkers,
but they were not identical in the 2 replication sets. Its association was
highest in replication set 1 with anti-LG3, a vascular rejection bio-
marker in kidney transplantation,12,13 and in replication set 2, with
CXCL9 and CXCR31 regulatory NK (NKreg) cells.

CXCL10 is an inflammatory chemokine binding to CXCR3, which
is involved in the activation and recruitment of T cells, eosinophils,
monocytes, and NK cells.16 Previously, in a smaller group of patients
(n 5 8), all 3 CXCR3-binding chemokines (CXCL9, CXCL10, and
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Figure 2. Receiver operator characteristic curves. (A) For replication set 1 with

CXCL10 and anti-LG3 each alone and in combination; the combination gave the

highest AUC and (B) for replication set 2 with CXCL10 and CXCL9 each alone and in

combination; the combination gave the highest AUC.
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CXCL11) were increased in patients with cGVHD of the skin17 and
conjunctiva.19 Moreover, a significant decrease in CD41CXCR31

T cells was seen in the blood with concomitant increase in the
number of central arterioles in the dermis. Another recent study
found that both CXCL10 and CXCL11, along with sBAFF, were
reproducible diagnostic biomarkers for cGVHD.20 CXCL10 is
well associated with aGVHD in mice21 and humans22-24 and in
solid organ rejection.25

Elevation of the CXCR31 agonists—CXCL9, CXCL10, and
CXCL11—will cause migration of CXCR31 effector populations in
the skin. We were not able to evaluate skin cell infiltration, but we did
evaluate for an inverse relationship in peripheral blood. We evaluated
3 populations—CD41 T cells, CD81 T cells, and CD56bright NK
cells—associatedwithNK regulatory function. Interestingly, we found
the closest correlation of CXCL10 elevation with a decrease in
CD56bright NK cells. There is now very solid evidence that the
CD56bright NK cell population is a classic NKreg population.We found
that the CXCR31CD56bright populations demonstrated a significantly
higher expression of CD335 (NKp46; not shown) compared with
CD337 in both subpopulations, consistent with the NKreg phenotype.
1,2,26-28 CD56brightCD16– NK cells exert low cytotoxicity but pro-
duce high levels of cytokines upon stimulation, they primarily exhibit
an immunoregulatory role, and they are usually called NKreg cells.
There have been a number of NKreg populations with this phe-
notype associated with immune regulatory functions and immune
tolerance.3,29

Therewashighheterogeneity inour results.Markersweremarkedly
elevated in either test set 1 or 2, as in previous studies, including
aminopeptidase N and IL-2Ra,7,8 sBAFF,6,7 and CXCL9.8 Only 1 of
themarkers, sBAFF, was significant in both replication sets (excluding
CXCL10). Six other markers were significant in either replication
set 1 (ICAM-1, anti-LG3, and IL-2Ra) or replication set 2 (gelsolin,

endothelin-1, CXCL9, and aminopeptidase N). Interestingly, 3 of
thosemarkers—endothelin-1, gelsolin, and anti-LG3—are considered
vascular inflammation markers, supporting that this mechanism is
important in cGVHD. We consider that an ROC AUC of $0.75
represents amarker of highest interest, whereas anAUC between 0.59
and 0.74 represents amarker that is of interest and that warrants further
investigation. CXCL10 was the only biomarker to meet our criteria
for future validation with an AUC of $0.75. In our opinion, amino-
peptidase N, CXCL9, sBAFF, gelsolin, endothlin-1, ICAM-1, anti-
LG3, and IL-2Ra (with AUCs between 0.59 and 0.74) all warrant
further investigation in future replication studies. CXCL10 has now
been identified by 2 separate groups in addition to our own, 1 group in
a small study17 and another group in a recent larger study with 2
centers.20 On the basis of the criteria set out by the NIH consensus
report for biomarkers, CXCL10 has been validated, but we would
argue that before it is used in theclinic asavalidateddiagnosticbiomarker
for cGVHD, it shouldbe further validatedby at least 1 additional separate
largecohort ofpatients.5Validation should focusonaCXCL10cutoff for
maximum sensitivity on plasma or serum concentrations between 291
and 313 pg/mL (approximately 90% specificity).

The high heterogeneity of biomarkers in this study points out a
numberof factors thatmay influence interpretationofplasmaand serum
biomarkers being evaluated and replicated in cGVHD. As summa-
rized in supplemental Table 1, the fact that the time from collection to
processing and whether the sample was plasma or serum were dif-
ferent for each of the sample sets, which may have influenced the
heterogeneity of the results. The NIH cGVHD biomarker consensus
report5 identified a number of covariates that may influence the inter-
pretation of results. In light of these concerns, we evaluated multiple
covariates. All covariates evaluated (Table 4) had an impact on the
interpretation of at least 1 marker. These findings support the con-
clusion that each biomarker used to diagnose cGVHD may require

Table 4. Multivariate analysis for association of biomarkers with cGVHD

Biomarker

Replication set 1 Replication set 2

Effect size* P Other effects† P Effect size* P Other effects† P

Aminopeptidase N 1.13 .41 None 1.23 .13 Age $ 50 y 1.33 .03

ICAM-1 1.23 .11 Unrelated donor 0.83 .02 1.23 .45 None

CXCL10 1.53 .04 TBI 1.83 .04 2.73 .005 None

NMA 1.93 .01

Mismatch 2.13 .01

BM 0.53 .04

Endothelin-1 1.03 .89 aGVHD 1.63 .02 0.73 .04 TBI 1.83 .01

Mismatch 2.03 .04

Umbilical cord blood 0.33 .0005

CXCL9 1.53 .03 aGVHD 0.63 .003 1.53 .29 None

NMA 2.33 .001

IL-2Ra 1.23 .02 Late onset 0.83 .003 1.03 .99 None

TBI 1.33 .05

NMA 1.63 .0001

Anti-LG3 0.93 .47 aGVHD 0.63 .0006 0.73 .28 Female donor to male recipient 0.43 .01

sBAFF 1.23 .05 Late onset 0.83 .04 1.23 .38 None

BM 0.73 .04

Umbilical cord blood 0.73 .02

PI-16 0.93 .46 None 0.63 .008 None

Gelsolin 1.03 .35 TBI 0.93 .03 0.83 .03 None

Mismatch 0.93 .04

Kallikrein 1.0 .51 None 1.13 .24 BM 1.73 .02

Multivariate analysis was adjusted for early vs late onset, prior aGVHD, conditioning (myeloablative, myeloablative with total body irradiation [TBI], nonmyeloablative

[NMA]), female donor to male recipient, source (peripheral blood stem cell, bone marrow [BM], umbilical cord blood), donor (matched related, matched unrelated, mismatched

[HLA mismatch]), and age 50 years or older. Late onset is defined as cGVHD $9 months after BMT.

*Fold difference for cGVHD vs control.

†Other factors in model significant at 0.05 level.
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correction for different covariates. Our results also support the lack of
consistency between previous larger and smaller cGVHD biomarker
trials (summarized in Paczesny et al5). Large trials that consider mul-
tiple covariateswill be needed to evaluate these cGVHDmarkers before
they can be used in clinical applications.

The complexity and heterogeneity of cGVHD continues to make
replication and validation of candidate biomarkers difficult. In this
large discovery and replication study, we found that only 1
marker—CXCL10—met strict criteria for replication as a clinical
biomarker for the diagnosis of cGVHD. The high heterogeneity of
our results within the study emphasizes the critical need for more
clinically well-documented samples that have been collected in a
standardized way. We hypothesize that the heterogeneity of results
can be minimized by considering the impact of covariates on each
individual marker in its interpretation to create a biomarker profile
that can be used for clinical decisions.
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