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Abstract

Chronic graft-versus-host disease (GVHD) results in significant morbidity and mortality, limiting 

the benefit of allogeneic hematopoietic cell transplantation (HCT). Peripheral blood gene 

expression profiling of the donor immune repertoire following HCT may provide associated genes 

and pathways thereby improving the pathophysiologic understanding of chronic GVHD. We 

profiled 70 patients and identified candidate genes that provided mechanistic insight in the 

biologic pathways that underlie chronic GVHD. Our data revealed that the dominant gene 

signature in patients with chronic GVHD represented compensatory responses that control 

inflammation and included the interleukin-1 decoy receptor, IL-1 receptor type II, and genes that 

were profibrotic and associated with the IL-4, IL-6 and IL-10 signaling pathways. In addition, we 

identified three genes that were important regulators of extracellular matrix. Validation of this 

discovery phase study will determine if the identified genes have diagnostic, prognostic or 

therapeutic implications.
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1. Introduction

Chronic graft-versus-host disease (GVHD) is the major late complication after allogeneic 

hematopoietic cell transplantation (HCT) and approximately half of patients who survive 
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beyond 100 days after transplantation develop chronic GVHD [1,2]. The manifestations of 

chronic GVHD adversely impact patient quality of life and the three year survival rate for 

newly diagnosed “favorable” and “poor” risk chronic GVHD is approximately 80% and 

40%, respectively [3] and only 50% of patients discontinue immunosuppressive treatment 

within 5 years after its onset [4,5]. Improvements in supportive care and infection 

prophylaxis and the introduction of reduced intensity conditioning (RIC) have led to a 

significantly higher number of patients surviving beyond 100 days after transplant [6–10], 

and therefore the number of patients at risk for chronic GVHD was estimated to double over 

a 5 year period [11].

The pathogenesis of chronic GVHD is incompletely understood and although it often 

follows acute GVHD, it is clinically and biologically distinct, and can occur even in the 

absence of acute GVHD [12]. Chronic GVHD is predominantly a disease of immune 

dysregulation with donor T cells mediating chronic alloimmune (directed to recipient tissue 

histocompatibility antigens) and autoimmune (directed against antigens on both donor and 

recipient tissue) reactions [13,14]. The activated donor immune response progresses because 

of attenuated or absent thymic and peripheral mechanisms of clonal deletion and tolerance 

[15,16]. The pathologic immune response attacks the target tissues of chronic GVHD 

through direct cellular mechanisms, and inflammatory and sclerosing cytokines, and 

autoantibody production [17,18].

The diagnosis of chronic GVHD can be somewhat challenging especially when diagnostic 

features are absent or when the clinical features are confined to internal organs (i.e., lungs) 

or clinical assessment is hampered by medical co-morbidities. In the more challenging cases 

biopsy confirmation is essential to the diagnosis [19]. About 10% of patients referred to a 

chronic GVHD specialist had no biopsy and were incorrectly diagnosed and treated prior to 

their referral [20]. Furthermore, uniform minimal diagnostic histologic criteria for chronic 

GVHD have not been established and validated for affected organs, and sampling and 

technical factors can also contribute to a false negative histologic assessment. Due to the 

diagnostic challenges in the clinical presentation and the limitations in time and invasiveness 

of obtaining a tissue biopsy, a recent focus has been to identify surrogate diagnostic markers 

of chronic GVHD [21–23]. To date, no single gene or pathway has been identified, 

validated, and introduced into clinical practice for chronic GVHD.

Discovery phase gene expression microarray profiles provide a snapshot of all the 

transcriptional activity in a biological condition, and facilitate the identification of novel and 

previously unrecognized functional role of genes. In the current report, we conducted a 

discovery phase gene expression study and hypothesized that the gene expression profile of 

the circulating donor immune cell repertoire following allogeneic HCT would highlight a list 

of candidate genes and pathways associated with the presence of chronic GVHD. Among 70 

patient samples assessed in this retrospective cross-sectional, discovery phase study, we 

identified potential genes that appeared consistent with the pathobiology and cellular basis 

of chronic GVHD. We used biostatistical methods and repeated the analyses 100 times with 

random different splits of the confounding gene elimination, training and tests sets, and 

consistently identified a repertoire of genes that were regulators of excessive inflammatory 

bioactivity included the interleukin-1 (IL-1) decoy receptor, IL-1 receptor type II (IL-1R2), 
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and genes that were profibrotic and associated with the IL-4, IL-6 and IL-10 signaling 

pathways. In addition, we identified three genes that were important regulators of 

extracellular matrix remodeling involved in connective tissue disorders. Our data suggests 

that the dominant gene signature in patients with established chronic GVHD represent 

compensatory anti-inflammatory and profibrotic genes. This discovery phase study supports 

the utility of gene profiling to further the understanding of the molecular pathogenesis of 

chronic GVHD and following further refinements may represent a useful noninvasive assay 

in the diagnosis, prognostic assessment, and identification of novel therapeutic approaches in 

chronic GVHD.

2. Materials and methods

2.1. Study population

The Division of Blood and Marrow Transplantation at Stanford University Medical Center 

maintains a comprehensive clinical and pathologic database of patients undergoing 

transplantation on Institutional Review Board approved protocols. Peripheral blood samples 

for research purposes are routinely obtained from patients at designated time points after 

transplant following written informed consent. A computer review of the database identified 

167 patients between February 13, 2008 and April 24, 2009, who were seen in the outpatient 

clinic and met the following inclusion criteria: alive beyond 100 days from allogeneic HCT 

with complete (100%) donor CD3+ T cell chimerism, without disease relapse for greater 

than 90 days after the time of sample acquisition, and for which research blood samples 

were available. The exclusion criteria included patients with active viral, fungal, or bacterial 

infection or who received treatment for documented viral (including viremia), fungal, or 

bacterial infection within 30 days of sample acquisition. Patients classified in the non-

chronic GVHD group had an additional exclusion which was the development of GVHD 

within 90 days of sample acquisition. From among this group, 68 of 167 patients were 

conveniently selected for analysis in the current study.

The information in the database is gathered from the chart note following a medical 

assessment by the primary transplant physician during the clinic visit. A review of the 

medical records of the 68 patients was performed by two independent investigators to 

confirm patient inclusion and exclusion criteria, confirm a history of acute and chronic 

GVHD and its severity, and the presence or absence of chronic GVHD at the time of sample 

acquisition. The reviewed information also included the immune suppression medication(s), 

if any, prescribed for GVHD therapy and its dose(s), the peripheral blood leukocyte count 

and differential, and the status of chimerism and disease. From among the cohort of 68 

patients, 3 were excluded due to disease relapse within 90 days of the sample acquisition 

date, and 2 were excluded because of either mixed chimerism (<100% donor type) or the 

development of chronic GVHD within 90 days of sample acquisition. The 63 patients were 

divided into chronic GVHD and non-chronic GVHD groups. The diagnosis and grading of 

acute [24] and chronic [25] GVHD (including overlap syndrome) followed established 

criteria and were determined by two independent investigators. Severity scores using the 

categories of mild, moderate and severe chronic GVHD were also captured according to the 

consensus document on Guidelines for Global Scoring of Chronic GVHD [19,26]. Chronic 
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GVHD assessment included type of presentation; de novo (no antecedent history of acute 

GVHD), interrupted (prior history of acute GVHD that resolved yet was later followed by 

the onset of chronic GVHD), or progressive (prior history of acute GVHD that remained 

active and developed into chronic GVHD) [25]. Immunosuppressive therapy for the 

treatment of acute (grades II–IV) and chronic GVHD (extensive) typically consisted of 

initiating prednisone or solumedrol 1–2 mg/kg/day. Two patients were successfully weaned 

from immunosuppressive drug therapy to physiologic corticosteroid replacement 

(prednisone 2.5 mg daily) for greater than 180 days prior to blood sample acquisition, and 

were considered to have no chronic GVHD for analysis.

2.2. Prospective cohort study population

To mitigate the influence of immune suppression medication on the gene signature we 

collected a prospective cohort of 7 consecutive patients who presented from July 1, 2011, to 

September 30, 2011, with new onset chronic GVHD, who fulfilled the following criteria: 

were beyond 6 months after allogeneic HCT, did not have a history of prior acute or chronic 

GVHD, and presented with moderate severity de novo chronic GVHD. These patients were 

free of immune suppression medication at the time of onset of chronic GVHD and at the 

time of blood sample acquisition. They had 100% donor type among CD3+ T cells, and 

were free of active bacterial, viral and fungal infection. All signed informed consent for 

study analysis.

2.3. Sample preparation

Peripheral blood mononuclear cells (PBMCs) from 70 patients were obtained after Ficoll 

(Amersham, Piscataway, NJ) gradient centrifugation of 20 mL of whole blood collected in 

heparin containing Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ). Ten to 30 

million cells were aliquoted into cryovials containing RPMI with 10% DMSO, and 10% 

fetal bovine serum and were cryopreserved and stored at −80 °C until thawed for gene 

expression analysis.

2.4. Microarray target preparation, hybridization, and gene expression profiling

Total RNA was isolated from PBMC samples using the RNeasy mini kit (Qiagen). RNA 

concentration was measured using NanoDrop® ND-1000 (NanoDrop Technologies, 

Wilmington, DE) and the integrity of RNA was assessed with the Agilent 2100 Bioanalyzer 

using RNA Nano Chips (Agilent Technologies, Santa Clara, CA). RNA was stored in 

RNase-free water at −80 °C. For hybridization onto Agilent Whole Human Genome 4 × 44K 

60mer oligonucleotide arrays (G4112F, Agilent Technologies, Palo Alto, CA), 100 ng of 

total RNA was used in the Agilent LIRAK PLUS, two-color Low RNA input Linear 

Amplification method, according to the manufacturer’s instructions. Briefly, total RNA was 

reverse transcribed into complimentary DNA (cDNA) using T7-promotor primer and 

MMLV reverse transcriptase. The cDNA was transcribed into complimentary RNA (cRNA), 

during which it was fluorescently labeled by incorporation of cyanine (Cy) 5-CTP (target 

samples) or Cy3-CTP. After purification, using the RNeasy mini kit (Qiagen), cRNA yield 

and Cy incorporation efficiency (specific activity) into the cRNA were determined using a 

NanoDrop Spectrophotometer (NanoDrop Technologies). cRNAs with a yield of >825 ng 

and a specific activity of 8–20 pmol/μg were selected for further processing. Equal amounts 
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of the target and reference control sample (825 ng) were competitively hybridized onto 

Agilent Whole 4 × 44K Human oligonucleotide arrays in a hybridization oven at 65 °C for 

17 h. Slides were washed according to the manufacturer’s instructions with washing buffers 

and finally dipped in Stabilization and Drying Solution (Agilent Technologies) to protect 

them from environmental ozone. The arrays were scanned on an Agilent scanner and further 

processed using Agilent Feature Extraction Software.

2.5. Microarray analysis

We used the Agilent 44K array and a cut-off for absolute value of log2red channel/green 

channel >0.5 for at least one array; data was processed and normalized in GeneSpring GX7 

(Agilent Technologies, Redwood, CA).

2.6. Analysis for potential confounding variables

We examined the correlation between the classification score from PAM and potential 

clinical confounding variables that included length in days of date of sample acquisition 

relative to transplant date, donor–recipient relationship (related and unrelated), type of 

conditioning regimen (full-dose versus reduced intensity conditioning), recipient age, donor 

gender and type of cancer (myeloid and lymphoid) based on linear or logistic regression 

when appropriate. We repeated the PAM analysis and adjusted for length in days of sample 

time acquisition relative to transplant date, the type of conditioning regimen and donor–

recipient relationship, which were selected a priori as potentially important confounders.

2.7. Biological pathway analysis

The probes on Agilent platform were re-annotated using AILUN [27] and mapped to get the 

most recent NCBI gene identifiers for the analysis. Ingenuity Pathways Analysis software 

(http://www.ingenuity.com/, Ingenuity Systems, Inc., Redwood City, CA) and Pathway 

Express [28] were used to assess the functional composition of genes and related regulatory 

networks for the minimum significant gene classifiers [29]. Data was deposited at http://

www.ncbi.nlm.nih.gov/projects/geo (GSE23924).

3. Results

3.1. Patient and sample characteristics

Table 1 summarizes the clinical features of 63 patients (34 with myeloid malignancies, 27 

with lymphoid malignancies, and 2 with bone marrow failure disorders) included in this 

cross-sectional, retrospective, series and of the prospective 7 patient cohort with newly 

diagnosed chronic GVHD not yet on immune suppression medication. At the time of 

peripheral blood collection for gene expression analysis, a median of 424 days post-HCT, 28 

patients had no evidence of chronic GVHD and were weaned from immune suppression 

medication prior to blood sample acquisition (Table 2). Among the 35 patients with a history 

of chronic GVHD; 20 patients (32%) had de novo chronic GVHD, 6 patients (10%) had 

interrupted chronic GVHD, and 9 patients (14%) had progressive chronic GVHD. The 

prospective cohort of 7 patients had new onset moderate severity de novo (2/7) and 

interrupted (5/7) chronic GVHD and were not on immune suppression drugs at the time of 

sample acquisition which was a median of 266 days following HCT (range of 177–561 days) 
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(Table 2). At the time of blood sample acquisition, all 44 patients with chronic GVHD had 

diagnostic oral chronic GVHD features with lichen planus-like changes on the buccal 

mucosa. Patients with chronic GVHD also had diagnostic skin manifestations that included 

poikiloderma, and/or lichen planus-like, morphea-like, or sclerosis-like lesions.

3.2. Confounding gene elimination screen, training and test set populations

In order to understand the genes potentially contributing to chronic GVHD, our first analytic 

objective was to develop a classification rule to distinguish chronic GVHD from non-GVHD 

patients based on expression levels of selected genes. The data set consisted of 7 newly 

diagnosed chronic GVHD patients who were not yet on immune suppression medicine, 35 

chronic GVHD patients on immune suppression medicine and 28 non-GVHD controls not 

on immune suppression medication. We constructed three data sets as shown in Fig. 1: a 

confounding gene elimination screen set that consisted of 7 new GVHD patients and 14 

chronic GVHD patients; a training set that consisted of 21 chronic GVHD patients and 21 

non-GVHD controls and a test set that consisted of 7 new GVHD patients and 7 non-GVHD 

controls. The only overlap among the three data sets was the 7 new GVHD patients who 

appeared in both the confounding gene elimination screen and test set.

In the confounding gene elimination screen, we compared gene expression levels in patients 

with chronic GVHD on immune suppression medicine to those with chronic GVHD not yet 

on immune suppression medicine using a two-sample t-test. We eliminated 27k genes whose 

t-test statistics were beyond the interval of [−1,1] as differences in expression could 

potentially be related to the presence or absence of immune suppression medication. After 

the elimination screen we found that 17,208 genes remained whose t-test statistics were 

within the [−1,1] interval. The gene elimination screen was not used to identify genes that 

discriminate GVHD from non-GVHD patients. The latter identification was done in the 

training set.

In the training set, that consisted of 42 samples (21 patients with chronic GVHD compared 

to 21 non-GVHD patients) we applied the Prediction Analysis of Microarray (PAM) [30]5 

method, an algorithm based on nearest shrunken centoids, to discriminate GVHD from non-

GVHD using the 17,208 probes that remained following the confounding gene elimination 

screen. Within the training set, 20 rounds of cross validation were performed using different 

partitions to determine the optimal threshold level in PAM. We found a minimum 

misclassification error of 6 samples was achieved with probe sets that contained 10 or 12 

nested genes, as shown in Fig. 2. The 6 samples were found in the chronic GVHD group, 

and were misclassified as non-GVHD because the probability scores were less than 50% 

(Fig. 2). All non-GVHD patients were correctly classified. In contrast, an average 

misclassification error of 21 (50%) was expected if we applied a random classification rule. 

The gene names of the 12 probe set are listed in Table 3, which were also the same genes in 

the 10 probe set plus two additional ones. The expression values of genes in Tables 3 were 

significantly higher in the chronic GVHD group compared to non-GVHD patients.

We next evaluated the performance of the classification rule developed from the training set 

to differentiate chronic GVHD patients from non-GVHD patients in a 14 patient test set and 

correctly predicted 3 new chronic GVHD and all 7 non-GVHD controls when the 10 probe 
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set was used (Fig. 3); similar results were observed when the 12 probe set was used (data not 

shown).

3.3. Analysis for confounding variables

A limitation to this cross-sectional, retrospective study is the heterogeneity of the patient 

population and the influence of unmeasured covariates. We therefore assessed the 

correlation between the classification score from PAM for potential confounding variables 

that included length in days of sample acquisition date relative to the transplant date, 

recipient age, donor gender, disease histology (myeloid or lymphoid malignancy), whether 

the donor was related or unrelated to the recipient, and type of conditioning regimen (full 

dose or reduced intensity conditioning). We calculated the PAM-based gene score for the 

probability of GVHD in the 42 patient test set and found that the gene score was 

significantly lower in patients who were related with their donor (p = 0.049) or who received 

RIC (p = 0.025). In contrast, the gene score was not significantly associated with the length 

in days of sample acquisition date relative to the transplant date (p = 0.098), recipient age (p 

= 0.116), donor gender (p = 0.894) and type of cancer (p = 0.240).

3.4. Validation analysis

We repeated PAM and adjusted for the length in days of sample acquisition date relative to 

the transplant date, the type of conditioning regimen and donor–recipient relationship, and 

observed a result similar to that from the unadjusted analysis. Specifically, with a gene score 

based on the following probes; “A_23_P321307”, “A_24_P63019”, “A_23_P79398” and 

“A_24_P251866”, PAM achieved a minimum cross-validated misclassification error rate of 

9 among the test set cohort of 42 samples (Fig. 4). The adjusted gene score was not 

significantly associated with any of the confounding factors, which confirmed that the 

identified genes were informative to GVHD status beyond the influence of confounding 

factors. It is noteworthy that the four probes were identical to the top four probes from the 

unadjusted PAM analysis. Lastly, we repeated the entire analysis 100 times and used 

different random splits of the 70 samples in the confounding gene elimination screen, 

training and test sets and obtained similar results with each run. The probe sets with top 

frequencies are listed in Table 4. The top 4 probes identified the ADAMTS 2 gene that 

encodes a disintegrin and metalloproteinase, and the IL-1R2 gene that encodes an IL-1 

decoy receptor.

3.5. Biological pathways analysis

To identify the biological pathways and functional groups enriched by the differentially 

expressed loci, the frequently identified candidate genes beyond the top four listed in Table 4 

were entered into the Ingenuity Pathway Analysis database and the Database for Annotation, 

Visualization and Integrated Discovery. The predominant biological pathways and function 

identified were immune cell trafficking and hematological and lymphoid system 

development and function (Table 4; (http://www.ingenuity.com/, Redwood city, CA). The 

cluster of the up-regulated genes was used in the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) [29] Pathway Analysis component and revealed sharing with IL-10, IL-6 

and IL-4 signaling.
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4. Discussion

In this cross-sectional, retrospective discovery phase series we used whole genome wide 

analysis of peripheral blood mononuclear cells from 70 allogeneic HCT transplant recipients 

coupled with biostatistical analysis and identified several candidate genes associated with 

chronic GVHD. Consistent with the clinical presentation and pathobiology that underlie 

chronic GVHD, the candidate genes identified in this study attenuated the bioactivity of 

proinflammatory IL-1 via a decoy receptor, converged through profibrotic immune response 

pathways, or were direct regulators of extracellular matrix remodeling. The genes 

highlighted in the present study have not been previously associated with GVHD and 

represent novel pathways for further study.

The proinflammatory cytokine interleukin-1 (IL-1) is central in inflammation and in the 

pathogenesis of inflammatory diseases such as rheumatoid arthritis and systemic lupus 

erythematosus [31] and also is a recognized proinflammatory cytokine mediating acute 

GVHD in animal models [32]. Two distinct IL-1 receptors (IL-1R) exist: the type 1 receptor 

(IL-1R1) that is important for transmitting the inflammatory effects of IL-1 [33] and, the 

type II receptor (IL-1R2) that functions as a non-signaling decoy receptor to prevent 

excessive IL-1 bioactivity [33]. Up-regulation of IL-1R2 represents a mechanism by which 

IL-1 bioactivity is attenuated [34,35]. In the current study we used an adjusted PAM to 

account for potential confounding variables and repeated the analysis 100 times with 

different random splits of the samples and consistently found significantly increased IL-1R2 

expression in the classification rule for chronic GVHD. The finding of increased IL1R2 

expression in chronic GVHD patients compared to non-GVHD patients is consistent with an 

acquired attenuation response to pathologic inflammatory processes. In other discovery 

phase gene expression association studies of patients with allo- and auto-immune reactivity, 

an attenuation response was also reported. In small bowel transplant recipients, a discovery 

phase PCR based gene signature study evaluated 280 selected immune, inflammation and 

apoptosis related genes and identified over-expression of IL-1R2 as associated with cellular 

rejection [36]. In another study, whole blood gene expression was evaluated with a 

commercially available Genechip oligonucleotide array and established a four gene panel 

that included elevated IL-1R2 expression as a blood based biomarker that associated with 

inflammatory ulcerative colitis but not non-inflammatory diarrhea [37]. Over-expression of 

IL1-R2 was reported in the inflammatory arthritides and not the non-inflammatory type in a 

discovery phase genome wide association study of blood mononuclear cells obtained from 

patients with systemic lupus erythematosus (SLE) and non-inflammatory arthritis [38]. We 

consider the finding of significantly increased IL-1R2 expression in more than 90 of the 100 

repeated classification rules for chronic GVHD, combined with the aggregate biomarker 

literature, support the contention that upregulation of this gene can be considered evidence 

that chronic GVHD is associated with an attenuation response.

Other genes consistently identified in the chronic GVHD classification rule in the current 

discovery phase study were over-expression of ADAMTS2, and ADAMTS3. Although these 

genes are not directly related to pathologic immune activation per se, their over-expression 

may have biological relevance to chronic GVHD. The ADAMTS designates a family of 

secreted enzymes that have a key role in extracellular matrix integrity, degradation and turn 
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over [37]. Specifically, the ADAMTS2 and ADAMTS3 genes are grouped among the pro-

collagen modifying enzymes that regulate the clipping of collagen molecules to allow their 

assembly into fibrils outside cells and impart structure to connective tissue. Mutations in 

ADAMTS2 have been implicated in inherited connective tissue disorders like Ehrlos-Danlos 

[39] whereas increased levels of ADAMTS2 expression have been described as part of the 

pathologic lesion in patients with fixed flexion deformities of Dupuytren’s disease [38,40]. 

The over-expression of ADAMTS2, and ADAMTS3, in chronic GVHD patients compared 

to non-GVHD patients has suggestive biological relevance to the pathophysiology of the 

skin manifestations associated with chronic GVHD.

In addition to skin changes, oral lichen planus (OLP) is a ‘diagnostic’ clinical feature 

sufficient to establish a diagnosis of chronic GVHD [19]. The AREG gene, an EGFR ligand, 

is a key mitogen for keratinocytes in OLP, and is highly expressed by infiltrating 

mononuclear cells in the lamina propria in OLP lesions but not by mononuclear cells in 

normal oral mucosa [41]. Our finding of AREG up-regulation in chronic GVHD patients 

compared to non-GVHD patients suggests this too may be a relevant marker of active 

disease. The observation of AREG up-regulation in the current report is in keeping with a 

smaller study that used a commercially available 114 set gene array and compared 7 chronic 

GVHD patients to 7 non-chronic GVHD patients following RIC allogeneic HCT [21]. In this 

other report significant up-regulation of AREG was also identified in the chronic GVHD 

patient group [21].

GVHD is mediated in part by a cascade of pro-inflammatory pathways [8]. We evaluated the 

other candidate genes (other than IL1R2 and ADAMTS2, and ADAMTS3 from Table 4) 

frequently observed in the GVHD classification rule using database resources that highlight 

cell function and biological systems from large-scale molecular level information generated 

by high throughput technologies. The analyses revealed immune cell trafficking, and IL-4, 

IL-6 and IL-10 signaling as having a central role in the biologic function among the 

frequently identified candidate genes. IL-4, and IL-10 are considered GVHD blocking 

signals [42] and are controllers of inflammation and promote tolerance [43,44]. IL-4 and 

IL-6 help control inflammation in part by promoting matrix remodeling and regulating pro-

fibrotic aspects of immune activation [45]. Our finding of upregulated genes that converged 

through IL-4, IL-6 and IL-10 signaling pathways suggest that the dominant signature 

associated with chronic GVHD represented a compensatory gene response. It remains to be 

determined how much in advance of a clinical diagnosis of chronic GVHD is the 

compensatory gene response set in play.

The current report highlights a challenge in designing discovery phase gene expression 

association studies using a cross-sectional method and archived samples. The main potential 

weakness in the current study was the comparison of gene expression in chronic GVHD 

patients on immune suppressive drugs to patients without chronic GVHD and without 

immune suppressive drugs. Chronic GVHD patients on immune suppression medications 

were also treated with a mixture of antifungal, antiviral, and anti-bacterial prevention 

medicine, and had lower absolute blood lymphocyte counts compared to non-GVHD 

patients not on immune suppression medication (data not shown). It is possible that the 

classification rule for distinguishing the two groups reflected, in part, the presence or 
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absence of immune suppression medication and infection prevention drugs, or the imbalance 

in myeloid to lymphoid cells, rather than the presence of absence of chronic GVHD. To 

mitigate this selection bias we first compared a prospective cohort of drug-free newly 

diagnosed chronic GVHD patients to patients with chronic GVHD on immune suppression 

and anti-infection medicine and removed differentially expressed genes. We made the 

assumption that the differential gene expression between these two cohorts was due, at least 

in part, to the medicine, and otherwise we considered the groups of chronic GVHD patients 

similar with regards to genes that promote and/or maintain chronic GVHD. Thereafter, with 

genes removed that were possibly related to medication, we compared GVHD patients on 

medication to drug free non-GVHD patients. Three other groups of investigators also used a 

retrospective, cross-sectional approach and compared patients with chronic GVHD to non-

GVHD patients [21,22,46]. These studies contained from 8 to 21 patients yet no attempt was 

made to control for immune suppression medication or other medication or confounding 

variables.

The classification score from PAM was also assessed for correlation with additional 

confounding variables. It is noteworthy that we did not find a correlation between the gene 

scores and the length of time of sample acquisition after transplant in chronic and control 

non-chronic GVHD patients. In another study, 4 candidate plasma-derived, soluble chronic 

GVHD markers were evaluated in children, and 3 showed no change in plasma levels with 

time after transplant in the control non-GVHD patients [47]. Likewise, soluble BAFF, which 

was identified as the most significant GVHD marker in the study, was equally increased in 

early and late time points after transplant in the chronic GVHD patients [47]. Taken together, 

there appears little evidence, at present, to require the need for temporarily matching control 

non-GVHD with chronic GVHD patients. Instead the lack of correlation between gene 

scores and the length of time after transplant in patients with and without chronic GVHD, 

support the current study design in which patients at 6 months were grouped together with 

those at 20 months. It is possible that after a diagnosis of new onset chronic GVHD the gene 

pattern may take weeks to months to develop, and this may be why individuals with 

established chronic GVHD used in the training set might not have had the same pattern as 

the newly diagnosed chronic GVHD patients. In the current report, only 3 of 7 new onset 

chronic GVHD patients showed the gene pattern, suggesting that the pattern may be a 

product of both chronic inflammation and use of immunosuppressive drugs. It is also 

reasonable to consider that some genes that underlie chronic GVHD may be expressed in a 

time dependent manner, or that their expression level may be influenced by the tissue 

affected by chronic GVHD. Yet this type of analysis would require a sufficiently large 

number of patients, longitudinally collected samples at designated post-transplant time 

points, and correlation with the clinical presentation of disease, which is beyond the scope of 

this discovery phase study.

Among other possible cofounding variables, we found the gene score for the probability of 

chronic GVHD significantly higher in patients who were unrelated with their donor, or who 

received a full dose transplant preparative regimen. It is reasonable to consider that 

recipients of unrelated donors grafts or patients who undergo full dose conditioning had 

immune dysregulation that might overlap to some degree with GVHD. When we adjusted 

for these variables the adjusted PAM-based gene score with the top 4 probes resulted in a 
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low misclassification rate of 9 among 42 test set samples which confirmed these genes were 

informative for GVHD status.

It has become clear that no one cytokine is responsible for polarizing donor immune cells to 

one specific GVHD phenotype. Rather, GVHD represents a complex imbalance between 

donor derived Th-1, Th-2 and Th17 cells with other effector T and B cell subsets and antigen 

presenting cell subsets, all driven by a combination of cytokines and antigen stimulators 

[48,49]. Discovery phase studies using high through put analysis of blood mononuclear cells 

comparing GVHD from non-GVHD patients has the potential to identify candidate 

molecular pathways involved in graft-versus host reactions by screening vast numbers of 

genes. In the current discovery phase study we used expression profiling of peripheral blood 

mononuclear cells combined with biostatical analyses and identified several candidate genes 

that associated with chronic GVHD. The genes and signaling pathways highlighted in the 

current analysis suggest that compensatory responses that control inflammation are involved 

with profibrotic matrix remodeling, and represent the GVHD “gene footprint”. We did not 

identify the pro-inflammatory genes that initiate chronic GVHD before the compensatory 

responses occur. Upregulation of the pro-inflammatory genes may occur before 

manifestations of chronic GVHD and perhaps only in selected cell subsets and this is the 

subject of continuing investigations, and beyond the scope of the current study. The 

identified compensatory genes have biological relevance to clinical manifestations of 

chronic GVHD and may further the understanding of its pathogenesis and treatment. This 

study raises the possibility that compensatory responses to the inflammatory GVHD immune 

reactions may be engaged before the signs of GVHD become clinically apparent. Perhaps 

intervention with medication to suppress GVHD inflammation in patients with a 

compensatory gene signature might prevent the subsequent development of the diagnostic 

features of chronic GVHD. The candidate genes from discovery phase studies ultimately 

require prospective trials that use targeted gene specific methods (such as real–time PCR) to 

confirm that dysregulated expression is associated with disease.
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Figure 1. 
Study design. Retrospective banked samples from 63 patients (35 with chronic GVHD and 

28 non-GVHD) and prospectively obtained samples from 7 patients with new onset chronic 

GVHD satisfied study inclusion and exclusion criteria for gene expression profiling. We 

constructed three data sets: a ‘confounding gene elimination screen’ set that consisted of the 

7 new GVHD patients and 14 chronic GVHD patients; a ‘training set’ that consisted of 21 

chronic GVHD patients and 21 non-GVHD controls and a ‘test set’ that consisted of the 7 

new GVHD patients and 7 non-GVHD controls. In the confounding gene elimination screen, 

we compared gene expression levels in patients with GVHD on immune suppression 

medicine to those not yet on immune suppression medicine and disregarded genes whose t-

test statistics were beyond the interval of [−1,1]. In the training set, we applied the PAM 

method to discriminate GVHD from non-GVHD using the selected probe sets identified 

from the screening step. We evaluated the performance of the classification rule developed 

from the training set to differentiate chronic GVHD patients from non-GVHD patients in the 

test set. We repeated the entire analysis 100 times using different random splits of patient 

samples in the screening, training and test sets and recorded the frequency of the selected 

genes from the PAM classifiers to determine reproducibility.
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Figure 2. 
Chronic GVHD ‘training set’. We applied the Prediction Analysis of Microarray (PAM) 

method to a ‘training set’ to discriminate 21 GVHD patients from 21 non-GVHD using the 

17,208 probes that remained from the confounding gene elimination screen and found a 

minimum misclassification error of 6 samples was achieved with a probe set that contained 

10 or 12 genes. Shown is the cross-validated performance of classifier of the 10 genes from 

PAM. (A) Fifteen of the 21 chronic GVHD patients were correctly scored (red). (B) All 21 

non-GVHD patients were correctly scored as no GVHD (black). Near identical results were 

observed with the performance of the 12 gene probe set (not shown).
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Figure 3. 
Chronic GVHD ‘test set’ sample prediction. Performance of the 10 probe set for predicted 

probabilities of the 14 samples in the test set. (A) Three of the 7 new onset chronic GVHD 

patients were correctly predicted (red). (B) All 7 non-GVHD patients were correctly 

predicted as no GVHD (black).
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Figure 4. 
Cross-validated performance based on 4 genes from adjusted PAM in the training set of 42 

samples. (A) Sixteen of the 21 chronic GVHD patients were correctly scored (red). (B) 

Seventeen of the 21 non-GVHD patients were correctly scored as no GVHD (black).
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