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Abstract

Background: Bronchiolitis obliterans syndrome (BOS) is a highly morbid form of chronic graft

versus-host disease (GVHD) after allogeneic hematopoietic cell transplantation (HCT). Several 

plasma proteins have been identified as biomarkers for BOS after lung transplantation. Relevance 

of these biomarkers in BOS patients after allogeneic HCT has not been examined.

Objective: We hypothesized that biomarkers associated with BOS after lung transplantation are 

also associated with BOS after allogeneic HCT.

Study Design: We tested plasma samples from 33 adult HCT patients who participated in 

a phase II multicenter study of fluticasone, azithromycin and montelukast (FAM) treatment 

for new-onset BOS (NCT01307462), and matched control samples of HCT patients who had 

non-BOS chronic GVHD (n=31) and those who never experienced chronic GVHD (n=29) 

Authorship statement: Y.I., P.J.M., J.A.H., and S.J.L. designed the study. Y.I., L.E.O., and T.A.G. performed the statistical analysis. 
G.S.C., K.M.W., I.P., V.T.H., M.A., J.P., and M.E.D.F. collected samples and data. R.L.L. performed experiments. All authors wrote 
and critically revised the manuscript for important intellectual content and approved the manuscript to be published.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Transplant Cell Ther. Author manuscript; available in PMC 2022 September 01.

Published in final edited form as:
Transplant Cell Ther. 2021 September ; 27(9): 759.e1–759.e8. doi:10.1016/j.jtct.2021.06.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT01307462


(NCT00637689 and NCT01902576). Candidate biomarkers included matrix metalloproteinase-9 

(MMP-9), MMP-3 and chitinase-3-like1 glycoprotein (YKL-40).

Results: MMP-9 concentrations were higher in BOS patients than those with non-BOS chronic 

GVHD (P=0.04) or no chronic GVHD (P<0.001). MMP-3 concentrations were higher in patients 

with BOS (P<0.001) or non-BOS chronic GVHD (P<0.001) than those with no chronic GVHD. 

YKL-40 concentrations did not differ statistically among the groups. MMP-9 concentrations 

before starting FAM therapy were higher in patients with treatment failure within 6 months than 

those with treatment success (P=0.006), while MMP-3 or YKL-40 concentrations did not differ 

statistically between the groups. Patients with MMP-9 concentrations ≥ 200,000 pg/ml before 

starting FAM therapy had worse overall survival compared to those with the lower MMP-9 

concentrations.

Conclusions: Plasma MMP-9 concentration could serve as a relevant biomarker at diagnosis 

of BOS after allogeneic HCT, for prognostication of survival and for prediction of treatment 

response. Further validation is required to confirm our findings.
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Introduction

Bronchiolitis obliterans syndrome (BOS) is a highly morbid form of chronic graft-versus

host disease (GVHD) after allogeneic hematopoietic cell transplantation (HCT). BOS 

also occurs after lung transplantation and is characterized by peribronchial fibrosis and 

intraluminal obstruction of the small terminal airways, resulting in airflow obstruction.1 

At least 3 plasma proteins, matrix metalloproteinase-9 (MMP-9), MMP-3 and chitinase-3

like1 glycoprotein (YKL-40), have been identified as biomarkers for BOS after lung 

transplantation.2–6 MMP family members are responsible for the turnover and degradation 

of the extracellular matrix through their capacity to cleave structural proteins such as 

collagens and elastin.7 MMP-9 contributes to the migration of neutrophils into lung tissues, 

leading to parenchymal destruction.8 MMP-3 was identified as a diagnostic biomarker for 

BOS after lung transplantation and after allogeneic HCT,6 and it was also identified a 

diagnostic biomarker for chronic GVHD.9 YKL-40 is a chitinase-like protein secreted by 

alveolar macrophages, neutrophils, and epithelial cells10 and functions as a growth factor 

for fibroblasts and vascular endothelial cells.11, 12 Animal models indicate that YKL-40 

is a prominent regulator of lung inflammation, remodeling and fibrosis.13 The reported 

areas under the receiver operating characteristic curve (AUC) for association with diagnosis 

of BOS after lung transplantation were 0.79 (95% confidence interval [CI], 0.58–0.98) 

for MMP-9, 0.77 (95% CI, 0.68–0.86) for MMP-3 and 0.70 (95% CI, 0.60–0.83) for 

YKL-40.2, 4, 6

We hypothesized that biomarkers associated with BOS diagnosis after lung transplantation 

are also associated with BOS diagnosis after allogeneic HCT. We also hypothesized that 

these biomarkers may have prognostic relevance for BOS severity or subsequent survival, 
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and predictive relevance for treatment failure. To test these hypotheses, we assessed these 

candidate biomarkers in enrollment plasma samples of patients who participated in a phase 

II multicenter study of fluticasone, azithromycin and montelukast (FAM) treatment for 

new-onset BOS after allogeneic HCT,14 and matched control samples of patients who had 

non-BOS chronic GVHD and patients who never experienced chronic GVHD.

Methods

Patients and sample collection

All samples were collected from patients aged 18 years or older. The study cohort included 

93 patients (Figure 1): BOS cases (n=33) and two sets of controls, non-BOS chronic 

GVHD patients (n=31) and patients with no chronic GVHD (n=29). Cases included 33 

patients with new-onset BOS, defined as diagnosis within 6 months of enrollment, who 

participated in a phase II multicenter study of FAM treatment (NCT01307462).14 We used 

enrollment plasma samples collected before starting FAM treatment and follow-up plasma 

samples collected at 3 and 6 months after starting FAM treatment. Three patients without 

enrollment samples were excluded from the original cohort of 36 patients. Controls were 

drawn from prospective, multicenter, longitudinal, observational studies of the Chronic 

GVHD Consortium (NCT00637689 and NCT01902576),15, 16 and were matched for patient 

sex and time after HCT (90-day window for non-BOS chronic GVHD and within 2 years for 

no chronic GVHD). Among the non-BOS chronic GVHD patients, absence of subsequent 

development of BOS after sample draw was confirmed. For 2 BOS cases, no non-BOS 

chronic GVHD patients met the matching criteria. Among the 29 control patients who never 

experienced chronic GVHD, absence of subsequent development of chronic GVHD after 

sample draw was confirmed. For 4 cases, no matches were found among patients without 

chronic GVHD. The study cohort had no overlap with one that was evaluated in previously 

published studies.6, 9 Blood was collected in EDTA, and plasma was stored in aliquots 

at −80°C within 4 hours of phlebotomy. Patients gave written informed consent allowing 

blood sample collection and the use of medical records for research in accordance with the 

Declaration of Helsinki. The study protocol was approved by the Institutional Review Board 

of all participating centers.

Acute GVHD was diagnosed and graded according to previously described criteria.17 

Chronic GVHD was diagnosed and scored according to the 2014 National Institutes of 

Health consensus criteria.18 Organ involvement was defined as NIH organ score ≥1 except 

for the lungs. Lung involvement was defined for patients who met the 2014 NIH consensus 

criteria of BOS.18 Normative values for spirometric parameters (i.e., % predicted values) 

were calculated according to the NHANES III equations.19 Treatment failure was defined 

as ≥10% decrease in FEV1 % predicted at 6 months after starting FAM therapy or death 

within 6 months after starting FAM therapy.20 Treatment success was defined as absence 

of treatment failure within 6 months. The intensity of conditioning is defined as previously 

described.21
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Luminex microbead assay

The Luminex microbead method (Luminex, Austin, TX) was used for measurement of 

plasma proteins, as previously described.22 Antibodies were purchased from R&D Systems, 

Minneapolis MN. The following antibodies were used for analysis: MMP-9 #MAB936 

(capture) and #BAF911 (detection), MMP-3 #AF513 (capture) and #BAF513 (detection), 

and YKL-40 #MAB25991 (capture) and #BAF2559 (detection). The lower limits of 

detection were 10 pg/mL for MMP-9, 2000 pg/mL for MMP-3, and 32 pg/mL for YKL-40. 

No sample showed values below the lower limit of detection.

Statistical analysis

Protein concentrations were log-transformed for analysis and mean differences between 

the groups were calculated as fold differences. The Skewness/Kurtosis test was used to 

assess the normality assumption. Concentrations were compared between the groups using 

the t-test. Linear regression models were used to examine factors associated with protein 

concentrations. Model assumptions were evaluated with a residual by predicted plot. Factors 

with a P value < 0.05 in simple regression models were entered into a multiple regression 

model. A backward elimination procedure was used in developing a final model, using a 

P-value threshold of 0.05. Covariates included GVHD groups (main effect), patient age 

at sample draw, patient sex, race, stem cell source, conditioning intensity, donor type, a 

female donor to a male recipient, prior grade II-IV acute GVHD, duration from HCT to 

sample draw, steroid treatment at sample draw, NIH global severity excluding the lungs at 

sample draw and individual involved sites at sample draw. Overall survival was estimated 

using the Kaplan-Maier method. Two-sided P values < 0.05 were considered statistically 

significant. Correlations between biomarker concentrations and spirometric parameters were 

tested by Spearman’s correlation test. The receiver operating characteristic curves and 

related measures were estimated non-parametrically. Statistical analyses were performed 

using STATA version 12.1 (StataCorp, College Station, TX) and GraphPad Prism Version 6 

(GraphPad Software, San Diego, CA).

Results

Patient characteristics

The median ages were 56 years (range, 31–72 years) in BOS patients, 53 years (range, 

21–68 years) in non-BOS patients, and 53 years (range, 23–75 years) in patients with no 

chronic GVHD. Other patient characteristics are summarized in Table 1. Patients with BOS 

more frequently had steroid treatment at sample draw and eye involvement compared to 

control patients. Other characteristics did not differ statistically between the groups.

Comparison of biomarker concentration among the groups

Log-transformed values of all tested biomarkers did not violate the Skewness/Kurtosis test 

for normality. MMP-9 concentrations were higher in BOS patients compared with those 

with non-BOS chronic GVHD (P = 0.04) or those with no chronic GVHD (P < 0.001) 

(Figure 2A). MMP-3 concentrations were higher in patients with BOS or those with non

BOS chronic GVHD compared with those with no chronic GVHD (P < 0.001 for both 
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comparisons) and were similar between patients with BOS and those with non-BOS chronic 

GVHD (Figure 2B). YKL-40 concentrations did not differ statistically among the groups 

(Figure 2C). The AUCs of the association of biomarker concentrations with new-onset BOS 

among all patients were 0.69 (95% CI, 0.58–0.80, P = 0.003) for MMP-9, 0.68 (95% CI, 

0.57–0.79, P = 0.005) for MMP-3, and 0.56 (95% CI, 0.44–0.69, P = 0.32) for YKL-40 

(Figure 2D). We further compared biomarker concentrations according to severity of BOS 

(i.e., 2014 NIH PFT score). Concentrations did not differ statistically according to BOS 

severity for any of the biomarkers. Correlations between biomarker concentrations and 

FEV1 % predicted or FEV1/FVC ratios were also low (Spearman rank correlation values 

ranged from −0.18 to 0.20).

Biomarker concentration according to 6-month treatment failure and survival according to 
biomarker concentrations

In examining the predictive relevance of the biomarkers for treatment failure, we compared 

concentrations of each biomarker according to 6-month treatment failure (Figure 3). Three 

patients with missing pulmonary function test results at 6 months were excluded from 

analysis. MMP-9 concentrations before starting FAM therapy were higher in patients with 

treatment failure compared with those with treatment success (P = 0.006) (Figure 3A), 

while MMP-3 and YKL-40 concentrations did not differ statistically between the two 

groups (Figures 3B and C). The AUC for the association of biomarker concentrations with 

treatment failure at 6 months after FAM therapy were 0.82 (95% CI, 0.56–1.00, P = 0.01) 

for MMP-9, 0.52 (95% CI, 0.22–0.75, P = 0.90) for MMP-3, and 0.68 (95% CI, 0.42–0.93, 

P = 0.16) for YKL-40 (Figure 3D). Sensitivities, specificities, positive predictive values 

(PPV), and negative predictive values (NPV) of MMP-9 for treatment failure according to 

different thresholds are shown in Table 2. Concentrations of MMP-9, MMP-3 and YKL-40 

were similar between responders and non-responders at 6 months according to the 2014 NIH 

overall response criteria.

We further examined the prognostic relevance of these biomarkers in predicting overall 

survival after FAM therapy for patients with new-onset BOS. In exploring multiple 

thresholds, patients with MMP-9 concentrations ≥ 200,000 pg/ml before FAM therapy had 

worse overall survival compared with those with the lower MMP-9 concentrations (Figures 

3E). Probabilities of overall survival after the sample draw did not differ statistically 

according to any threshold concentrations of MMP-3 or YKL-40. The combination of 

MMP-9 and YKL-40 concentrations did not improve the predictive values in treatment 

failure or survival (data not shown). Longitudinal changes in MMP-9 concentrations at 3 and 

6 months after FAM therapy did not correlate with treatment failure or changes in FEV1 % 

predicted (data not shown).

Factors associated with MMP-9 concentrations

We used linear regression models to identify factors associated with MMP-9 concentrations 

in all samples (Table 3). Simple regression models showed that higher MMP-9 

concentrations were associated with 5 factors: BOS compared with no chronic GVHD, male 

patients, a female donor to a male recipient, longer duration from HCT to sample draw, and 

steroid treatment at sample draw. Patient age, stem cell source, conditioning intensity, donor 
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type, prior acute GVHD, NIH global severity excluding the lungs, and individual involved 

sites other than the lungs were not statistically associated with MMP-9 concentrations. 

Multiple regression models showed that higher MMP-9 concentrations were associated with 

BOS compared with no chronic GVHD and with male patient sex. Constant variance and 

normal distributions of the residuals in the final model were confirmed with a residual by 

predicted plot and the Skewness/Kurtosis test. The results of multiple regression analysis 

were similar after adjustment for duration from HCT to sample draw, steroid treatment at 

sample draw, or eye involvement.

Discussion

By testing samples collected in prospective studies, our results showed that plasma MMP-9 

concentration was associated with a diagnosis of BOS after allogeneic HCT and might also 

predict subsequent survival and treatment failure after FAM therapy. Our results showed 

that plasma MMP-3 concentration was associated with diagnosis of chronic GVHD after 

allogeneic HCT, not specific for BOS. In contrast to prior lung transplant BOS studies, our 

results did not support plasma YKL-40 as a biomarker for BOS after allogeneic HCT.

MMP-9 is present in low quantities in the healthy adult lung but is much more abundant in 

the lungs of patients suffering from chronic obstructive pulmonary disease and idiopathic 

pulmonary fibrosis.23, 24 MMP-9 contributes to the remodeling processes leading to 

airway obstruction.5 Since bronchial neutrophils are suggested to be a major source of 

MMP-9,25 azithromycin, a component in FAM therapy that impedes neutrophil activity, 

may reduce bronchial neutrophil infiltration, and some studies have shown improved 

survival after lung transplantation.26 The results of the current study suggest that similar 

mechanisms are relevant in BOS after allogeneic HCT. In addition, our results indicated the 

potential of plasma MMP-9 concentrations in predicting treatment failure of FAM therapy. 

Concentrations of plasma MMP-9 may be affected by many factors. Multiple regression 

analysis showed that only BOS and male patient sex were independently associated with 

higher plasma concentrations of MMP-9.

A comprehensive proteomic analysis identified plasma MMP-3 as a diagnostic biomarker 

of BOS after allogeneic HCT and after lung transplantation.6 MMP-3 promotes epithelial

mesenchymal transition leading to tissue fibrosis.27 In a proteomic study, diagnostic 

relevance was derived mostly from comparison between patients with BOS and those with 

no chronic GVHD, and the difference in MMP-3 concentrations between patients with BOS 

and those with non-BOS chronic GVHD was small.6 We observed similar results in the 

current study of an independent cohort.

YKL-40 is a prominent regulator of lung inflammation and remodeling, prompting us to 

include it in the panel tested for biomarkers of BOS after HCT.28 YKL-40 is associated 

with chronic obstructive pulmonary disease, asthma and lung fibrosis.10, 29–31 High serum 

YKL-40 levels are associated with poor survival in patients with idiopathic pulmonary 

fibrosis.29 In the context of lung transplantation, pretransplant serum YKL-40 concentrations 

predicted development of BOS,3 and serum YKL-40 concentrations showed diagnostic 

relevance in distinguishing between post-infectious BOS and acute bronchiolitis in 
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children,4 while they were not useful for diagnosing BOS in adults.2 YKL-40 concentrations 

in adult studies including ours were much higher compared with those in the pediatric study. 

Our study may not have been able to detect differences because the study included only 

adult patients or because other characteristics differ between HCT and lung transplantation.

This study has several limitations. Although this was a hypothesis-driven analysis based on 

prior literature, the sample size was small, and we did not have an independent cohort to 

validate the results. Our results should be interpreted with caution since there were only 

7 patients who had treatment failure with FAM therapy. Our prognostic and predictive 

thresholds require further validation. Second, this study includes only adult patients, and 

the results might not apply to pediatric patients. Third, the matching windows for time 

after HCT had to be large in order to find adequate numbers of control samples. Although 

duration from HCT to sample draw was associated with MMP-9 concentrations in simple 

regression analysis, it was dropped in multiple regression analysis. The results were similar 

when duration from HCT to sample draw was forced in the multiple regression analysis, 

indicating that differences in sample timing had only a minor influence on the results. Lastly, 

we did not have bronchoalveolar lavage samples, although several studies have shown that 

MMP-9 and YKL-40 concentrations in bronchoalveolar lavage performed better than serum 

or plasma concentrations as biomarkers for BOS diagnosis after lung transplantation.25, 32

Although prognostic and predictive biomarkers are an urgent unmet need in the field,33 

little data has been reported so far in BOS patients. Our results may indicate that plasma 

MMP-9 concentrations could serve as such a biomarker and that the therapeutic potential 

of MMP inhibitors could be tested in patients with BOS, since many MMP inhibitors are 

currently under development.34 Further studies are necessary to determine whether high 

plasma MMP-9 concentrations occur with impending BOS.
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Highlights

• Plasma MMP-9 is a diagnostic and prognostic biomarker of BOS after 

allogeneic HCT.

• Plasma MMP-9 concentration is predictive of treatment response after FAM 

therapy.

• MMP-9 concentrations were higher in BOS patients than those with other 

situations.

• MMP-9 concentrations were higher in patients who failed to FAM therapy.

• BOS patients with MMP-9 ≥ 200,000 pg/ml had worse overall survival.
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Figure 1. 
CONSORT diagram of the study cohort.
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Figure 2. Diagnostic relevance.
Plasma concentrations were compared in BOS cases and controls for (A) MMP-9, (B) 

MMP-3 and (C) YKL-40. (D) Receiver operating characteristic curves for association with 

diagnosis of new-onset BOS. The horizontal lines indicate means, and error bars indicate 

standard deviations. P values were derived from t-test. SD, standard deviation; AUC, area 

under the curve; CI, confidence interval.
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Figure 3. Predictive and prognostic relevance.
Plasma concentrations were compared between patients with treatment success and those 

with treatment failure at 6 months after FAM therapy for (A) MMP-9, (B) MMP-3 and 

(C) YKL-40. (D) Receiver operating characteristic curves in predicting treatment failure 

at 6 months after FAM therapy. (E) Overall survival was compared according to MMP-9 

concentrations before FAM therapy. The horizontal lines indicate means, and error bars 

indicate standard deviations. P values were derived from t-test. SD, standard deviation; 

AUC, area under the curve; CI, confidence interval.
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Table 1.

Patient characteristics

Characteristic

New-onset BOS

Non-BOS chronic 
GVHD

No chronic GVHD

P for BOS 
vs. non-BOS 

chronic 
GVHD

P for BOS 
vs. no 

chronic 
GVHD

Total number 33 31 29

Median age at sample draw (range), y 56 (31–72) 53 (21–68) 53 (23–75) 0.16 0.43

Sex 1.0 1.0

 Male 19 (58) 17 (55) 16 (55)

 Female 14 (42) 14 (45) 13 (45)

Race 0.70 0.28

 White 30 (91) 27 (87) 23 (79)

 Others 3 (9) 4 (13) 6 (21)

Primary diagnosis 0.26 0.69

 Acute leukemia 13 (39) 10 (32) 15 (52)

 Chronic leukemia 6 (18) 1 (3) 3 (10)

 MDS/MPN 9 (27) 14 (45) 5 (17)

 Lymphoma 4 (12) 4 (13) 4 (14)

 Other 1 (3) 2 (6) 2 (7)

Stem cell source 0.83 0.19

 Peripheral blood stem cell 30 (91) 28 (90) 24 (83)

 Bone marrow 3 (9) 2 (6) 2 (7)

 Cord blood 0 (0) 1 (3) 3 (10)

Conditioning intensity 1.0 0.80

 Myeloablative 20 (61) 18 (58) 16 (55)

 Reduced intensity 13 (39) 13 (42) 13 (45)

Donor type 0.14 0.15

 HLA-matched relative 18 (55) 10 (32) 9 (31)

 HLA-mismatched relative 1 (3) 1 (3) 2 (7)

 Unrelated donor 14 (42) 20 (65) 18 (62)

A female donor to a male recipient 11 (33) 6 (19) 6 (21) 0.26 0.39

Prior grade II-IV acute GVHD 17 (52) 22 (71) 18 (62) 0.13 0.45

Median months from HCT to sample 
draw (range)

18 (5–132) 18 (5–72) 13 (9–64) 0.81 0.17

Median months from chronic GVHD to 
sample draw (range)

7 (0–90) 7 (0–66) NA 0.55 NA

Steroid treatment at sample draw 30* (94) 20 (65) 3 (10) 0.005 <0.001

NIH global severity excluding the lungs 0.25 NA

 None or mild 13 (39) 19 (61) NA

 Moderate 14 (42) 9 (29) NA

 Severe 6 (18) 3 (10) NA

Involved sites other than the lungs

 Skin 14 (42) 11 (35) NA 0.62
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Characteristic

New-onset BOS

Non-BOS chronic 
GVHD

No chronic GVHD

P for BOS 
vs. non-BOS 

chronic 
GVHD

P for BOS 
vs. no 

chronic 
GVHD

 Mouth 15 (45) 17 (55) NA 0.62

 Eye 27(82) 16 (52) NA 0.016

 Gastrointestinal tract 5 (15) 5 (16) NA 1.0

 Liver 3 (9) 2 (6) NA 1.0

 Joint/fascia 7 (21) 5 (16) NA 0.75

 Genital 3 (9) 2 (6) NA 1.0

*
One patient is excluded due to absence of information.

BOS, bronchiolitis obliterans; NA, not applicable.
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Table 2.

Sensitivity, specificity, PPV, and NPV of MMP-9 for predicting treatment failure at 6 months after FAM 

therapy

Threshold, log10 pg/ml # of patients ≥ threshold Sensitivity Specificity PPV NPV

4.6 29 1.00 0.04 0.24 1.00

4.7 28 0.86 0.04 0.21 0.50

4.8 27 0.86 0.09 0.22 0.67

4.9 23 0.86 0.26 0.26 0.86

5.0 19 0.86 0.43 0.32 0.91

5.1 17 0.86 0.52 0.35 0.92

5.2 11 0.86 0.78 0.55 0.95

5.3 9 0.86 0.87 0.67 0.95

5.4 7 0.71 0.91 0.71 0.91

5.5 6 0.57 0.91 0.67 0.88

5.6 2 0.29 1.00 1.00 0.82

PPV, positive predictive value; NPV, negative predictive value; NA, not applicable.
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Table 3.

Linear regression analysis of factors associated with MMP-9 concentrations

Simple regression Multiple regression

Factor N Fold difference* (95% CI) P Fold difference* (95% CI) P

Main comparison

 No chronic GVHD 29 1.00 (reference) 1.00 (reference)

 BOS 33 2.07 (1.37–3.13) 0.001 2.05 (1.37–3.07) 0.001

 Non-BOS chronic GVHD 31 1.35 (0.89–2.06) 0.16 1.35 (0.90–2.04) 0.15

Patient age at sample draw, continuous (per decade) 93 0.97 (0.83–1.13) 0.69

Patient sex

 Female 41 1.00 (reference) 1.00 (reference)

 Male 52 1.52 (1.07–2.16) 0.019 1.50 (1.08–2.09) 0.016

Race

 White 80 1.00 (reference)

 Others 13 0.69 (0.41–1.14) 0.15

Stem cell source

 Peripheral blood stem cell 82 1.00 (reference)

 Bone marrow 7 1.33 (0.67–2.62) 0.41

 Cord blood 4 0.90 (0.37–2.19) 0 82

Conditioning intensity

 Myeloablative 54 1.00 (reference)

 Reduced intensity 39 0.76 (0.53–1.09) 0.13

Donor type

 HLA-matched relative 37 1.00 (reference)

 HLA-mismatched relative 4 0.68 (0.27–1.69) 0.40

 Unrelated donor 52 0.92 (0.63–1.33) 0.65

A female donor to a male recipient 23 1.64 (1.10–2.45) 0.016

Prior grade II-IV acute GVHD 57 0.74 (0.52–1.06) 0.10

Duration from HCT to sample draw per year 93 1.14 (1.03–1.27) 0.009

Steroid treatment at sample draw 
† 53 1.69 (1.19–2.39) 0.003

NIH global severity excluding the lungs 
‡ 

 None or mild 32 1.00 (reference)

 Moderate 23 1.30 (0.82–2.05) 0.27

 Severe 9 0.97 (0.51–1.82) 0.91

Involved sites 
‡ 

 Skin 25 0.92 (0.60–1.42) 0.71

 Mouth 32 1.15 (0.75–1.75) 0.51

 Eye 43 1.18 (1.75–1.84) 0.47

 Gastrointestinal tract 10 0.98 (0.55–1.76) 0.95

 Liver 5 0.89 (0.41–1.96) 0.78

 Joint/fascia 12 1.30 (0.76–2.22) 0.33
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Simple regression Multiple regression

Factor N Fold difference* (95% CI) P Fold difference* (95% CI) P

 Genital 5 1.80 (0.83–3.89) 0.14

*
Fold difference values represent the anti-log10 of the regression coefficient.

†
One patient is excluded due to absence of information.

‡
Analysis was performed in 64 patients with BOS or non-BOS chronic GVHD.
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