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m To identify plasma biomarkers associated with fibrotic mechanisms of chronic graft-versus-
host disease (GVHD), we used multiplex mass spectrometry with pooled samples for
*Mass E{ERE Iz biomarker discovery in comparing proteomic profiles between patients with newly
analysis identified . diagnosed sclerotic chronic GVHD (n = 21), those with newly diagnosed nonsclerotic chronic
R a5 ”‘?"e' b|o-_ GVHD (n = 33), and those without chronic GVHD (n = 20). Inmunoassay was used to
marker associated with . . e . .
measure protein concentrations of individual discovery samples and 186 independent

chronic GVHD. , ) . . . .
verification samples. The discovery mass spectrometry analysis identified 2 candidate

* Plasma DKK3 concen-
trations were associ-
ated with nonrelapse
mortality after sample
draw in patients with
chronic GVHD.

proteins with at least 1.5-fold difference in sclerotic GVHD: Dickkopf-related protein 3
(DKK3) and interleukin-1 receptor accessory protein (IL1RAP). Analysis of individual
discovery samples by immunoassay showed that DKK3, a modulator of the Wnt signaling
pathway, was a biomarker for both sclerotic and nonsclerotic chronic GVHD. Verification
analysis of 186 patients confirmed that elevated plasma DKK3 concentrations were
associated with chronic GVHD, regardless of the presence or absence of sclerosis, and that
the area under the receiver operating characteristic curve was 0.85 for association of DKK3
concentrations with chronic GVHD. Multiple linear regression analysis showed that chronic
GVHD with or without steroid treatment and patient age were independently associated
with DKK3 concentrations. Patients with high DKK3 concentrations had a higher nonrelapse
mortality than those with low concentrations. The lower IL1RAP concentrations in patients
with sclerotic GVHD compared with other conditions in the discovery cohort were not
confirmed in the verification cohort. DKK3 is a novel biomarker for chronic GVHD. Further
studies are needed to determine the biological functions of DKK3 in the pathogenesis of
chronic GVHD.

Introduction

Chronic graft-versus-host disease (GVHD) is a systemic immunological complication that occurs in
approximately one-half of patients who underwent allogeneic hematopoietic cell transplantation
(HCT)." It initially starts from inflammation, eventually leading to extensive tissue fibrosis and
significant disability.? Clinical manifestations of chronic GVHD are highly variable but at least 2
clinically unique phenotypes have been recognized as sclerotic chronic GVHD and bronchiolitis
obliterans syndrome (BOS). Sclerosis occurs in more than 20% of patients with chronic GVHD and
is characterized by skin thickening or fasciitis resulting from accumulation of collagen and extensive
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fibrosis.®® BOS is characterized by airflow obstruction from
progressive circumferential fibrosis and ultimate cicatrization of
the small terminal airways.® Biomarkers that identify patho-
genic mechanisms or reflect disease activity in patients with
these specific phenotypes of chronic GVHD would help advance
the field.

High-throughput mass spectrometry (MS) is a powerful and
comprehensive approach to identify proteomic profiles. Prior
studies have identified several biomarkers for chronic GVHD
such as CXCL9, CXCL10, ST2, MMP-3, osteopontin, BAFF,
and CD163.”'® We hypothesized that comparison of plasma
proteomic profiles among patients with different phenotypes of
chronic GVHD could identify biomarkers associated with specific
phenotypes or specific mechanisms of chronic GVHD that may
also serve as treatment targets. Using a novel multiplex MS
system, we compared samples among 5 different conditions
including several phenotypes of chronic GVHD. This study aimed
to identify biomarkers associated with fibrotic mechanisms of
chronic GVHD. We hypothesized that such fibrosis-related
biomarkers are most likely to be evident in patients with sclerotic
chronic GVHD.

Methods
Study design

This study was carried out in 3 phases: (1) an initial discovery
phase testing pooled plasma samples using high-throughput
MS; (2) confirmation of candidate proteins in individual samples
of the discovery cohort using immunoassays; and (3) verification of
candidate proteins in an independent cohort using immunoassays.

Patients and sample collection

All samples were collected from patients aged 18 years or older. The
discovery samples were identified from 5189 samples in 1237 patients
prospectively collected during follow-up visits between March 2003
and August 2013 at the Fred Hutchinson Cancer Research Center/
Seattle Cancer Care Alliance from participants in an observational
study of patients who had allogeneic HCT. A total of 74 patients in
the following 5 mutually exclusive conditions were selected for the
discovery cohort (Table 1; supplemental Figure 1A): (1) 21 patients
who newly developed sclerotic GVHD?; (2) 16 patients who were
taking immunosuppressive treatment and newly developed moderate
or severe chronic GVHD other than sclerosis or BOS™: (3) 11
patients who had withdrawn all immunosuppressive treatment and
newly developed moderate or severe chronic GVHD other than
sclerosis or BOS': (4) 6 patients with newly diagnosed BOS'*: and
(5) 20 patients who never developed chronic GVHD and had ended
all immunosuppressive treatment without subsequent resumption.'®
All samples from patients in groups 1 through 4 were collected before
changing systemic treatment. Absence of subsequent development of
sclerotic GVHD or BOS after sample draw was confirmed for groups
2 and 3. Blood was collected in EDTA or heparin, and plasma was
stored in aliquots at —80°C within 4 hours of phlebotomy.

The independent verification cohort included 186 patients (supple-
mental Figure 1B): (1) 62 patients with sclerotic chronic GVHD
who participated in a multicenter randomized phase 2 study of
rituximab vs imatinib for treatment of sclerotic chronic GVHD
conducted by the Chronic GVHD Consortium.'® Three patients
without enrollment samples, 5 with BOS at enrollment and 2
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without matched control samples, were excluded from the original
cohort of 72 patients. Almost all patients were already on treatment
of chronic GVHD, but samples were collected at study enrollment in
the clinical trial before starting treatment with rituximab or imatinib;
(2) 62 control patients with nonsclerotic chronic GVHD who
participated in a prospective, multicenter, longitudinal, observational
study of the same Consortium'”'®; and (8) 62 control patients with
no chronic GVHD who participated in the same observational study.
Sclerotic chronic GVHD cases and controls were matched for sex
and time after HCT (90-day window for nonsclerotic chronic GVHD
and 2-year window for no chronic GVHD). We confirmed that
control patients with nonsclerotic chronic GVHD and those with
no chronic GVHD did not subsequently develop sclerotic GVHD
after samples were collected. Patients gave written 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.'® Chronic GVHD was diagnosed according to
the 2014 National Institutes of Health (NIH) consensus criteria.?°
Organ involvement was defined as NIH organ score =1 except for
the lungs. Lung involvement was defined for patients with BOS
according to the 2014 NIH consensus criteria.’® Late acute GVHD
was not included in this study. The intensity of conditioning was
defined as described elsewhere.?’

Quantitative MS

Six pooled-plasma samples were individually processed to remove
high-abundance proteins (supplemental Figure 2). Remaining low-
abundance proteins in each sample were labeled with 6-plex tandem-
mass-tag isobaric reagents (Thermo Pierce) individually. The mixture
of labeled samples was separated by an orthogonal 2-dimensional
high-performance liquid chromatography with anion exchange as
the first dimension, and reversed phase as the second dimen-
sion. Collected protein fractions were digested with trypsin and
analyzed by nano liquid chromatography-HDMSF with ion-mobility
(Waters).

Two-hour gradient elution was performed in a capillary column
(C18,3 um 120A, 75 pm IDX25 cmL; Column Technology, Inc.)
at 500 nL/min (A: 0.1% formic acid in water; B: 0.1% formic acid
in acetonitrile). MS was undertaken with a resolving power of at
least 20 000 full width at half maximum at m/z 785.843 (+2, Glu1-
fibrinopeptide B) nano ESI source with a NanoLockSpray. The
lock mass channel was sampled every 60 seconds.

Accurate liquid chromatography-HDMSE data were acquired in an
alternating, low-energy (HDMS) and high-energy (HDMSF) mode
with mass scan range from m/z 50 to 1800 under a capillary voltage
of 2.8 kV, a source temperature of 100°C, and a cone voltage of
30 V. The spectral acquisition in each mode was 1.0 second with
a 0.1 second interscan. In HDMS mode, data were collected at
collision energy of 2 eV in both the trap and transfer cells. In HDMSE
mode, the collision energy was ramped up from 25 to 55 eV in the
transfer cell. Acquired data were processed through ProteinLynx
Global Server software (Waters) and searched against UniProt at
a 4% false discovery rate. The identified proteins were filtered with
=5 ppm mass accuracy of sequenced peptides. Loess and quantile

9 JUNE 2020 - VOLUME 4, NUMBER 11 & blood advances



Table 1. Patient characteristics

Discovery Verification
Sclerotic Chronic GVHD Chronic GVHD No chronic Sclerotic Nonsclerotic No chronic
Characteristics chronic GVHD* with IST+ without IST+ BOS# GVHD chronic GVHD chronic GVHD GVHD
Total no. 21 16 11 6 20 62 62 62
Median age at transplant (range), y 51 (26-70) 50 (18-63) 42 (24-60) 42 (35-61) 44 (20-68) 53 (16-74) 52 (29-74) 51 (22-74)
Sex, n (%)
Male 10 (48) 10 (63) 5 (45) 3 (50) 10 (50) 32 (52) 32 (52) 32 (52)
Female 11 (52) 6 (38) 6 (55) 3 (50) 10 (50) 30 (48) 30 (48) 30 (48)
Race, n (%)
White 18 (86) 13 (81) 10 (91) 6 (100) 19 (95) 58 (94) 56 (90) 53 (85)
Others 3 (14) 3(19) 1(9) 0 (0) 1(5) 4 (6) 6 (10) 9 (15)
Primary diagnosis, n (%)
Acute leukemia 8 (38) 6 (38) 5 (45) 1(17) 11 (65) 31 (50) 29 (47) 31 (50)
Chronic leukemia 0(0) 2 (13) 0 (0) 2 (33) 0 (0) 5 (8) 8 (13) 7 (11)
MDS/MPN 6 (29) 2 (13) 1(9) 0 (0) 2 (10) 9 (15) 12 (19) 11 (18)
Lymphoma 5 (24) 4 (25) 4 (36) 2 (33) 5 (25) 12 (19) 7 (11) 8 (13)
Others 2 (10) 2 (13) 1(9) 1(17) 2 (10) 5 (8) 6 (10) 5 (8)
Stem cell source, n (%)
Peripheral blood stem cell 20 (95) 13 (81) 8 (73) 6 (100) 13 (65) 58 (94) 56 (90) 48 (77)
Bone marrow 1 (5) 2 (13) 1(9) 0 (0) 7 (35) 3 (5) 5 (8) 10 (16)
Cord blood 0 (0) 1(6) 2 (18) 0 (0) 0 (0) 0 (0) 1(2) 4 (6)
Missing 0 (0) 0 (0) 0 (0) 0(0) 0(0) 1(2) 0(0) 0(0)
Conditioning intensity, n (%)
Myeloablative 15 (71) 8 (50) 6 (55) 2 (83) 11 (55) 33 (53) 25 (40) 38 (61)
Reduced intensity 6 (29) 8 (50) 5 (45) 4 (67) 9 (45) 29 (47) 37 (60) 24 (39)
Donor type, n (%)
HLA-matched relative 12 (57) 5 (31) 5 (45) 1(17) 13 (65) 23 (37) 19 (31) 26 (42)
HLA-mismatched relative 1 (5) 1 (6) 0 (0) 0 (0) 3§ (15) 0 (0) 3 (5) 4§ (6)
Unrelated donor 8 (38) 10 (63) 6 (55) 5 (83) 4 (20) 39 (63) 40 (65) 32 (52)
Female donor to a male 4(19) 6 (38) 3(27) 2 (33) 2 (10) 12 (19) 14 (23) 11 (18)
recipient, n (%)
Prior grade 2-4 acute GVHD, n (%) 13 (62) 15 (94) 8 (73) 4 (67) 8 (40) 26 (42) 44 (71) 38 (61)
Median time from HCT to sample 12 (2-41) 2.8 (2.6-7.6) 11 (7-12) 13 (11-26) 12 (11-13) 29 (8-55) 29 (8-58) 13 (9-64)
draw (range), mo
Median time from chronic GVHD to 0 (0-37) 0 (0-0) 0 (0-0.1) 2.9 (0-15) NA 11 (0.1-45) 17 (0.5-53) NA
sample draw (range), mo
Steroid treatment at sample 5 (24) 13 (81) 0 (0) 5 (83) 0 (0) 54 (87) 33 (53) 0 (0)

draw, n (%)

BOS, bronchiolitis obliterans syndrome; IST, immunosuppressive treatment; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm.

*Without BOS.
1tWithout sclerosis or BOS.
$Without sclerosis.

§Among these patients, 3 in the discovery cohort and 2 in the verification cohort had HLA-haploidentical donors.

normalization approaches were used to normalize the peak intensities
of reporter ions before protein quantification.

Luminex microbead assay

The Luminex microbead method (Luminex, Austin, TX) was used
for measurement of proteins, as previously described.?? Supplemental
Table 1 lists the reagents used in these assays along with their
respective lower limits of detection. No sample showed values below
the lower limit of detection.
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Statistical analysis

Protein concentrations were log-transformed for analysis and mean
differences between the groups were calculated as fold differences.
Concentrations were compared between the groups using the
Student ¢ test. Linear regression models were used to examine
factors associated with protein concentrations. A backward elimina-
tion procedure was used in developing final models, using a P value
threshold of .05. Covariates included GVHD conditions (main effect),
patient age at sample draw, patient sex, race, stem cell source,
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Table 2. Discovery candidate selection: comparison of sclerotic chronic GVHD (n = 21) with other conditions (n = 53)

Mean fold difference in

Mean fold difference in

MSs Luminex
Protein Male Female Male Female Consistency AUC Candidate
Candidates from MS analysis
C-C motif chemokine ligand 14 0.5 0.6 1.1 1.0 No 0.51 No
DKK3 4.5 25 1.3 1.2 Yes 0.64 Yes
IL1RAP 0.6 0.4 0.8 1.0 Yes 0.62 Yes
Interleukin-6 receptor subunit 3.1 3.9 0.9 0.8 No 0.67 No
Galectin-3-binding protein 0.4 0.4 1.5 1.8 No 0.69 No

Boldface type indicates that the protein passed criteria for further evaluation (consistent fold differences between MS and Luminex as well as between males and females, and AUC =0.60).

conditioning intensity, donor type, a female donor to a male recipient,
prior grade 2-4 acute GVHD, duration from HCT to sample draw, NIH
global severity at sample draw, and involved sites at sample draw.
Patients without chronic GVHD were not treated with steroids.
Therefore, 3 categories were analyzed for the main effect: chronic
GVHD with steroid treatment at sample draw, chronic GVHD without
steroid treatment at sample draw, and no chronic GVHD (no steroid
treatment). The cumulative incidence of nonrelapse mortality from
sample draw was calculated by the Gray method, treating disease
progression as a competing risk. Two-sided P < .05 was considered
statistically significant. The receiver operating characteristic area under
the curve (AUC) was estimated nonparametrically.

Results

Candidate discovery

Patient characteristics of the discovery cohort are summarized in
Table 1. Using the multiplex MS system, we compared pooled
plasma of patients with sclerotic chronic GVHD versus those with 4
other conditions without sclerosis. Experiments were performed
separately in male and female patients. A total of 617 proteins were
identified from a male experiment, and 769 proteins were identified
from a female experiment. Of the 377 proteins identified in both

male and female experiments, 23 were increased to 1.5-fold or
higher among patients with sclerotic chronic GVHD compared with
at least 3 other chronic GVHD conditions in both experiments using
the Loess normalization, whereas 52 proteins were decreased to 0.67-
fold or lower. Among these 75 proteins, the quantile normalization
showed similar results for 70 proteins as summarized in supplemental
Table 2. Among the 70 proteins, 10 had relevant biology in fibrotic
mechanisms of chronic GVHD based on the literature (supplemental
Table 3), and 5 (CCL14, DKK3, IL1RAP, IL6ST, LGALS3BP) had
commercially available antibodies that were suitable for Luminex
assays. Concentrations of these 5 proteins were measured by
immunoassays in 74 individual discovery samples and were
evaluated in 21 patients with sclerotic chronic GVHD compared
with 53 patients with other conditions without sclerosis (Table 2).
Two proteins (DKK3 and IL1RAP) met criteria for further evaluation
(consistent fold difference between MS and immunoassay as well as
between males and females, and AUC =0.60).

Comparison of IL1RAP concentrations among the
groups and verification

To verify the IL1RAP results from the discovery analysis, we tested
independent plasma samples from 186 patients: 62 with sclerotic
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Figure 2. Protein concentrations of DKK3. (A) Discovery

cohort. (B) Verification cohort. The horizontal lines indicate A B
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chronic GVHD, 62 with nonsclerotic chronic GVHD, and 62 with
no chronic GVHD. Patient characteristics were well balanced
among the 3 groups (Table 1). Chronic GVHD samples in the
verification cohort were notably collected after longer interval times
from HCT and after longer interval times from diagnosis of chronic
GVHD when compared with chronic GVHD samples in the discovery
cohort.

Although discovery analysis showed that IL1RAP concentrations
measured by immunoassays were lower in patients with sclerotic
chronic GVHD compared with other conditions (respective AUC,
0.62; Figure 1A), this relationship did not hold true in the verification
cohort (Figure 1B).

Comparison of DKK3 concentrations among the
groups and verification

In the individual discovery samples, DKK3 concentrations measured
by immunoassays were higher among patients with sclerotic
chronic GVHD (P = .006) and those with nonsclerotic chronic
GVHD (P = .06) vs those with no chronic GVHD, with no appreciable
difference between sclerotic chronic GVHD and nonsclerotic
chronic GVHD (Figure 2A), suggesting that DKK3 concentra-
tions measured by immunoassays are a marker for chronic
GVHD overall regardless of the presence or absence of sclerotic
symptoms. We therefore combined patients with sclerotic
chronic GVHD and nonsclerotic chronic GVHD for subsequent
analyses.

In the verification cohort, DKK3 concentrations were higher among
124 patients with chronic GVHD compared with 62 patients with no
chronic GVHD (P < .001), with no statistically significant difference
between sclerotic chronic GVHD and nonsclerotic chronic GVHD
(Figure 2B). DKKS3 concentrations were slightly higher in the
discovery cohort compared with the verification cohort. Although
longer time intervals from HCT to sample draw and from the onset
of chronic GVHD to sample draw were associated with slightly
lower concentrations of DKK3 in simple regression analysis
among patients with chronic GVHD (supplemental Figure 3),
these associations were attenuated and were no longer statistically
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significant when these factors were entered in the multiple regression
model together with cohort type (supplemental Table 4). Compared
with the discovery cohort, the verification cohort included larger
proportions of patients with mild or severe NIH global severity and
those with joint/fascia involvement, and smaller proportions of
patients with oral or hepatic involvement (supplemental Table 5).
To adjust for those differences between the cohorts, another
multiple regression model was constructed (supplemental Table 6).
The adjusted and unadjusted fold differences for the verification
cohort compared with the discovery cohort were identical (0.77).
Taken together, the lower DKK3 concentrations in the verification
cohort were independent of differences in time intervals to sample
draw, NIH global severity, or organ involvement between the
cohorts.

In the discovery cohort, the AUC of the association of DKK3
concentrations with chronic GVHD was 0.70 (Figure 3). In the
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Figure 3. Receiver operating characteristic curves for association of DKK3
with chronic GVHD.
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Table 3. Linear regression analysis for DKK3 concentrations in the verification cohort

Simple regression Multiple regression
Factor n Fold difference* (95% CI) P Fold difference* (95% CI) P
Main comparison <.001t <.001t
No GVHD 62 Reference Reference
Chronic GVHD without steroid 37 1.40 (1.21-1.63) <.001 1.40 (1.21-1.61) <.001
Chronic GVHD with steroid 87 1.84 (1.63-2.07) <.001 1.83 (1.63-2.05) <.001
Patient age at sample, continuous (per decade) 186 1.08 (1.03-1.13) .003 1.07 (1.08-1.12) .001
Patient sex
Male 96 Reference
Female 90 0.99 (0.87-1.13) .92
Race
White 167 Reference
Others 19 0.92 (0.74-1.14) .45
Stem cell source .06t
Peripheral blood stem cell 162 Reference
Bone marrow 18 0.82 (0.66-1.03) .083
Cord blood 5 0.65 (0.44-0.97) .035
Missing 1 0.74 (0.31-1.80) .51
Conditioning intensity
Myeloablative 96 Reference
Reduced intensity 90 1.17 (1.03-1.33) .02
Donor type .29t
HLA-matched relative 68 Reference
HLA-mismatched relative 7 0.94 (0.66-1.34) .75
Unrelated donor 111 1.10 (0.96-1.27) .16
Female donor to a male recipient 37 1.05 (0.89-1.24) 57
Prior grade 2-4 acute GVHD 108 0.99 (0.86-1.13) .84
Duration from HCT to sample draw per y 186 1.08 (1.02-1.15) .007
NIH global severity <.001t
None or mild 101 Reference
Moderate 35 1.41 (1.20-1.66) <.001
Severe 50 1.51 (1.31-1.75) <.001
Involved sites
Skin 74 1.40 (1.24-1.58) <.001
Mouth 58 1.34 (1.17-1.54) <.001
Eye 72 1.51 (1.34-1.71) <.001
Gastrointestinal tract 24 1.32 (1.09-1.60) .005
Liver 5 1.24 (0.83-1.86) .29
Lung (bronchiolitis obliterans) 4 1.38 (0.88-2.16) 16
Joint/fascia 57 1.38 (1.21-1.58) <.001
Genital 15 1.15 (0.91-1.47) .24

Cl, confidence interval.
*Fold difference values represent the anti-logyo of the regression coefficient.
tOverall P value.

verification cohort, the AUC of the association of DKK3 concen- Factors associated with DKK3 concentrations

trations with chronic GVHD was 0.85. Sensitivities, specificities, We used linear regression models to identify factors associated

positive predictive values, and negative predictive values according with DKK3 concentrations in the verification cohort (Table 3). In
to different thresholds are shown in supplemental Table 7. multiple regression models, independent factors associated with
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Figure 4. DKK3 concentrations according to chronic GVHD condition and
steroid treatment in the verification cohort. The horizontal lines indicate means

and "I" bars indicate SD. P values were derived from Student t test.

DKK3 concentrations were chronic GVHD with steroid treatment,
chronic GVHD without steroid treatment, and older patient age. The
results also show that DKK3 concentrations were 1.31-fold higher
among chronic GVHD patients treated with steroids than among
those not treated with steroids (95% confidence interval, 1.14-
1.50; P < .001) (Figure 4). Separate simple linear regression
analyses in patients without chronic GVHD and those with chronic
GVHD showed similar fold differences associated with patient age
in both subgroups (supplemental Table 8). Stem cell source,
conditioning intensity, duration from HCT to sample draw, NIH global
severity, and involved sites did not remain in multiple regression
models. Prior acute GVHD was not statistically associated with DKK3
concentrations. In addition, DKK3 concentrations did not differ
according to early (<9 months) vs late onset (=9 months) of chronic
GVHD, onset type, subcategory of chronic GVHD, skin features, or
involved sites among patients with chronic GVHD (supplemental
Figure 4).

Nonrelapse mortality according to
DKKS3 concentrations

We compared the cumulative incidence of nonrelapse mortality
from sample draw according to DKK3 concentrations among
patients with chronic GVHD in the verification cohort (Figure 5). The
cumulative incidence of nonrelapse mortality was higher in patients
with DKK3 concentrations above the median (4.91 Logqo pg/mL)
than in those with low concentrations (32% vs 11% at 48 months,
P = .005). Infection was the most common cause of mortality, and
the distributions of mortality causes were similar between the 2
groups. Associations of DKK3 concentrations with mortality were
independent from patient age (data not shown).

Discussion

Using high-throughput MS, we identified a novel protein DKK3 as
a diagnostic biomarker for chronic GVHD. Notably, DKK3 has
relevant biology in fibrotic mechanisms in conditions other than
chronic GVHD.?*2® The association of DKK3 concentrations with
chronic GVHD was independent of steroid treatment at sample
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Figure 5. The cumulative incidence of nonrelapse mortality from sample
draw according to DKK3 concentrations among patients with chronic GVHD
in the verification cohort.

draw, suggesting its broad utility during steroid treatment. The
associations of DKK3 concentrations with subsequent nonrelapse
mortality after sample draw suggest the prognostic utility of this
biomarker.

The 4-member family of Dickkopf-related proteins are evolutionarily
conserved and contain 2 cysteine rich regions. They modulate
signaling through Wnt pathways involved in development and in many
pathologic conditions including fibrosis and autoimmunity.?”2® DKK 1
and DKKS, the most studied members of this family, inhibit the Wnt
signaling and have been considered as potential targets in
diseases with aberrant Wnt signaling activity.?® DKK3 attenuates
cardiac hypertrophy and fibrosis in murine models,>* and DKK3
overexpression suppressed collagen synthesis through transforming
growth factor-B1 (TGF-B1)/Smad signaling in TGF-1-induced
human keloid fibroblasts.?® On the other hand, evidence from murine
models indicates that DKK3 promotes kidney fibrosis, and urinary
DKK3 concentrations correlate with the extent of renal fibrosis in
patients with progressive chronic kidney disease.?® DKK3 also
modulates B-cell fate and function and suppresses autoimmunity
in a murine model of systemic lupus erythematosus.2® Thus, the
elevated DKK3 plasma concentrations in patients with chronic
GVHD in the current study suggests that Wnt signaling, TGF-B1/
Smad signaling, and B-cell dysfunction may be involved in
chronic GVHD. The elevated DKK3 concentrations in patients
with nonsclerotic chronic GVHD may indicate the involvement of
fibrotic process in those patients even in the absence of sclerotic
symptoms.

Concentrations of plasma proteins may be affected by factors other
than chronic GVHD. In the current study, multiple regression
analysis showed that chronic GVHD, patient age, and steroid
treatment at the time of sample procurement were independently
associated with DKK3 concentrations. Corticosteroids are fre-
quently used for treatment of chronic GVHD and can affect the
concentrations of some plasma proteins.® Our results showed that
steroid treatment was associated with higher DKK3 concentrations
among patients with chronic GVHD, whereas the association of
DKK3 concentrations with chronic GVHD was independent of
steroid treatment.
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Our study has several limitations. First, our original goal was to
identify plasma proteins associated with fibrotic mechanisms of
chronic GVHD by comparing patients with sclerotic chronic GVHD
vs those without sclerotic GVHD. Because the immunoassay
results unexpectedly showed that DKK3 was associated with both
sclerotic chronic GVHD and nonsclerotic chronic GVHD, we
combined these groups for subsequent analyses. Results of MS
and immunoassays can be inconsistent because immunoassays are
based on antibodies directed at specific epitopes, whereas MS has
no epitope limitations. Therefore, the discrepancies could reflect
different forms of proteins being quantified by the 2 methods. We
used immunoassays for verification because immunoassays are
widely available in clinical practice. Second, our proteomic analysis
did not identify biomarker proteins published in prior studies,
probably because of differences in study design. Third, we did not
account for the effects of immunosuppressive medications other
than steroids. Last, DKK3 concentrations were generally lower in
the verification cohort than in the discovery cohort, especially in
patients without chronic GVHD. We examined influences of
different time intervals to sample draw, different degrees of GVHD
severity, and different involved sites between the cohorts, but these
factors did not fully account for the concentration differences.
Therefore, the concentration differences could be related to batch
effects.

Further preclinical and clinical studies are needed to determine
biological functions of DKK3 in chronic GVHD. We speculate that
Whnt or TGF-B1/Smad signaling could serve as a novel target in the
treatment of chronic GVHD. Because both pro-fibrotic and anti-
fibrotic effects of DKK3 have been reported in other clinical
contexts, the role of DKK3 in chronic GVHD needs to be
determined in preclinical models and in patients. Many inhibitors
of the Wnt signaling pathway are under development for cancer
treatment and therapeutic potential of these drugs could be tested
in patients with chronic GVHD.®"

Studies are also needed to elucidate longitudinal changes of
biomarkers across time from HCT to the development and
evolution of chronic GVHD to resolution. Previous studies have
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