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ABSTRACT

ncreasing evidence suggests that endothelial cell distress is associated
Iwith mortality after allogeneic stem cell transplantation and acute graft-

versus-host disease. Asymmetric dimethylarginine is an endogenous
nitric oxide synthase inhibitor that induces endothelial cell dysfunction. We
analyzed the impact of pre-transplant serum levels of asymmetric dimethy-
larginine on outcome after allogeneic stem cell transplantation. Since acute
graft-versus-host disease and its treatment are major contributors to post-
transplant mortality, the effect of asymmetric dimethylarginine on outcome
measures was also assessed after onset of acute graft-versus-host disease. A
total of 938 patients allografted at two centers between 2002 and 2013 were
included in the retrospective study. In multivariable models, higher pre-
transplant asymmetric dimethylarginine levels were significantly associated
with an increased risk of non-relapse mortality (hazard ratio 1.43 per 1-log,
increase, P=0.005) but not with relapse (hazard ratio 1.21, P=0.109) within
the first year after transplantation. This translated into worse overall sur-
vival (hazard ratio 1.45, P<0.0001) and shorter progression-free survival
(hazard ratio 1.30, P=0.002) in the first year after transplantation. Higher
pre-transplant asymmetric dimethylarginine levels were also associated
with shorter overall survival (hazard ratio 1.46, P=0.001) and progression-
free survival (hazard ratio 1.32, P=0.010) and higher non-relapse mortality
(hazard ratio 1.36, P=0.042) within 1 year after the onset of acute graft-ver-
sus-host disease. Taken together, our data indicate an association between
pre-transplant asymmetric dimethylarginine status and early non-relapse
mortality in allografted patients, both overall and after the onset of acute
graft-versus-host disease. These findings underline the relevance of endothe-
lial dysfunction for transplant complications.

Introduction

Non-relapse mortality (NRM) represents a challenge for successful allogeneic
stem cell transplantation (SCT). NRM is predominantly driven by graft-versus-host
disease (GvHD) as a major complication of allogeneic SCT. There is a body of evi-
dence showing that mortality after allogeneic SCT and after acute GvHD is asso-
ciated with endothelial cell distress. In previous studies, endothelial markers, such
as angiopoietin-2 and nitrates, and, on the genomic level, single nucleotide poly-
morphisms (SNP) in the recipients’ thrombomodulin and CD40 ligand genes, were
shown to predict overall mortality and GvHD-related mortality already prior to
transplantation.”

Serum asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of
nitric oxide (NO) synthase which competes with arginine and influences the
bioavailability of NO.*” ADMA may cause endothelial dysfunction and, in patients
with a compromised vascular system, elevated ADMA levels can predict cardio-
vascular events and mortality.*"* Recently, two large meta-analyses across different
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patient and general populations demonstrated that circu-
lating ADMA is also an independent risk factor for all-
cause mortality.""* In view of these findings, the present
retrospective study investigated the impact of pre-trans-
plant serum ADMA levels on major outcome measures in
the setting of allogeneic SCT.

Methods

Patients

Adult patients (age =18 years) who were allografted between
2002 and 2013 at two centers (Heidelberg, n=518, and Essen,
n=420) and who had serum samples available for ADMA meas-
urement (collected directly before the start of conditioning
chemotherapy prior to allogeneic SCT) were included in this
study. Written informed consent to sample and data collection
according to the Declaration of Helsinki was obtained from all
patients, and the local ethics committees approved the study.

Assessment of serum levels of asymmetric dimethyl-
arginine and endothelium-related serum factors

Serum levels of ADMA and endothelium-related serum factors
were assessed by enzyme-linked immunosorbent assay retrospec-
tively in the last serum sample taken before the start of the condi-
tioning treatment.

Statistical analysis

Overall survival (OS), progression-free survival (PES), time to
relapse, and NRM (death in the absence of prior relapse) were cal-
culated from the date of allogeneic SCT to the appropriate end-
point. PES was defined as the time from transplantation to relapse
of the underlying disease or death. Since acute GvHD and its treat-
ment are major contributors to post-transplant mortality, OS, PFS
and NRM were also assessed after acute GVHD (i.e. from the date
of onset of acute GVHD). NRM and recurrence of the underlying
malignancy were considered as competing events. For the inci-
dence of acute GvHD, the competing events were relapse and
death in remission without acute GvHD. The Kaplan-Meier
method was used to estimate distributions of survival times.
Follow-up times were calculated by the reverse Kaplan-Meier esti-
mate.” Cumulative incidence functions were implemented to
account for the competing risks,.

Due to the relatively wide range of supposedly normal ADMA
serum levels, pre-transplant ADMA was analyzed as a continuous
variable. Since ADMA serum levels did not follow a normal distri-
bution and the data were log,-transformed, the prognostic effect
of pre-transplant ADMA on OS, PES, relapse, and NRM as a con-
tinuous variable was evaluated using Cox regression models. Cox
proportional hazards regression modeling was used for OS and
PES (overall and after the onset of acute GvHD). Relapse and NRM
(overall and after the onset of acute GVHD) were analyzed by
cause-specific Cox models.

To illustrate the continuous effect of pre-transplant ADMA on
the different endpoints, patients were grouped according to
ADMA quattiles, and the observation period was restricted to the
first year after transplantation or acute GvHD.

To assess the dependency of endothelium-related serum mark-
ers [free interleukin (IL)-18, sCD141, and nitrates] on ADMA lev-
els, the Jonckheere trend test was applied comparing serum mark-
er data in four increasing intervals of pre-transplant ADMA levels
determined by the quartiles of the ADMA distribution. The
Jonckheere trend test is a rank-based nonparametric test which is
used to test for an ordered difference in medians."

All statistical tests were two-sided. Hazard ratios (HR) were
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estimated with 95% confidence intervals (95% CI). P values <0.05
were considered statistically significant.

Details regarding prophylaxis, diagnosis, and treatment of
GvHD, the assessment of serum levels of ADMA and endotheli-
um-related serum factors, SNP analyses in the inducible nitric
oxide synthase gene (INOS) and additional statistical methods are
described in the Online Supplement.

Results

Patients’, disease and treatment characteristics and
graft-versus-host disease incidence

A total of 938 patients met the eligibility criteria for this
study. The patients’, disease and transplant characteristics
are given in Table 1. A total of 493 patients died after allo-
geneic SCT, of whom 309 died within the first year after
transplantation. The cumulative incidences of relapse and
NRM at 1 year after transplantation were 23.0% (95% Cl:
20.3%-25.7%) and 18.2% (95% CI: 15.8%-20.7%),
respectively. The cumulative incidences of acute GvHD

Table 1. Patients’, disease and transplant characteristics.

Parameter N=938
Age [in years] at allogeneic SCT, median, (IQR) 54 (46-62)
Recipient sex, n (%)

Female 424 (45)

Male 514 (55)
Disease, n (%)

Myeloid* 665 (71)

Lymphoid® 273 (29)
Disease stage at allogeneic SCT¢, n (%)

Early 306 (33)

Late/intermediate 632 (67)
Conditioning’ regimen, n (%)

Reduced intensity 804 (86)

Myeloablative 134 (14)
Stem cell source, n (%)

Peripheral blood 861 (92)

Bone marrow 77 (8)
Donor type, n (%)

Unrelated 700 (75)

Related 238 (25)
Donor-recipient HLA-matching, n (%)

Mismatched 242 (26)

Matched 696 (74)
Antithymocyte globulin treatment, n (%)

No 225 (24)

Yes 713 (76)
Donor sex, n (%)

Female 311 (33)

Male 627 (67)
Pre-transplant ADMA?, uM, median (IQR) 0.73 (0.59-0.97)
Pre-transplant nitrate levels', uM, median (IQR) 22.4 (15.0-35.7)

Pre-transplant free IL-18¢, pg/mL, median (IQR) 442 (316-683)
Pre-transplant soluble CD141*, pg/mL, median (IQR) 4179 (3386-5376)

ADMA: asymmetric dimethylarginine; SCT: stem cell transplantation; HLA: human
leukocyte antigen; IL-18: interleukin 18; IQR, interquartile range; “Myeloid: acute
myeloid leukemia, myelodysplastic and myeloproliferative syndromes. "Lymphoid:
acute lymphoblastic leukemia, chronic lymphocytic leukemia, lymphoma and multi-
ple myeloma.“According to Gratwohl et al."" *According to Bacigalupo et al.* ‘Based
on 938 serum samples.'Based on 375 serum samples. ‘Based on 746 serum samples.
"Based on 776 serum samples.
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(any grade) and grade 3-4 acute GvHD on day +100 after
transplantation were 54.0% (95% Cl: 50.8%-57.3%) and
13.7% (95% CI: 11.1%-16.3%), respectively. The estimat-
ed median follow-up time was 64.9 months (95% CI:
62.0-67.9; range, 0.0-167.7).

Pre-transplant serum asymmetric dimethylarginine
levels and their impact on outcome measures after
allogeneic stem cell transplantation

Across all 938 patients, the median pre-transplant
ADMA level was 0.73 uM [interquartile range (IQR) 0.59-
0.97]. Initial analyses indicated that the proportional haz-
ards assumption was violated for pre-transplant ADMA,
i.e., the effect of pre-transplant ADMA on mortality risks
was not constant over time and was limited to the first
year after transplantation or after acute GvHD (additional
statistical methods are given in the Online Supplement).

In multivariable analyses adjusted for known con-
founders, increasing pre-transplant ADMA levels, as a
continuous variable, were significantly associated with
worse OS (HR 1.45 per 1- log, increase, 95% CI: 1.21-1.74,
P<0.0001) and shorter PFS (HR 1.30, 95% CI: 1.10-1.54,
P=0.002) within the first year after allogeneic SCT, but not
thereafter. This was based on an increased risk of NRM
(HR 1.43, 95% CI: 1.12-1.83, P=0.005) rather than relapse
(HR 1.21, 95% CI: 0.96-1.52, P=0.109) in the year follow-
ing transplantation. The results of the multivariable analy-
ses with the endpoints OS, PES, NRM and post-transplant
relapse are summarized in Table 2.

Increasing pre-transplant ADMA levels were not signif-

ADMA and post-transplant mortality -

icantly associated with the incidence of acute GvHD (uni-
variable: any grade, HR 1.04, 95% CI: 0.90-1.20, P=0.583;
univariable: grade 3-4, HR 1.27, 95% CI: 0.93-1.73,
P=0.129). However, we observed an association with
higher risk of NRM after GvHD onset (HR 1.36, 95% CI:
1.01-1.83, P=0.042). This translated into worse OS (HR
1.46, 95% CI: 1.17-1.83, P=0.001) and shorter PES (HR
1.32, 95% CI: 1.07-1.63, P=0.010) within the first year
after the onset of acute GVHD. The results of the multi-
variable analyses with the endpoints OS, PFS, and NRM
after acute GvHD are given in Table 3.

The association of increasing pre-transplant ADMA lev-
els with shorter OS and PFS and higher risk of NRM in the
multivariable models, both within the first year after-
transplantation and within the first year after the develop-
ment of acute GvHD, could also be observed when
patients were stratified according to the transplant center
applying a meta-analytic approach (Figure 1).

In order to illustrate the continuous effect of pre-trans-
plant ADMA levels on all aforementioned endpoints,
patients were grouped according to four increasing ranges
of pre-transplant ADMA levels determined by the quar-
tiles of the ADMA distribution. The corresponding plots
showing OS, PFS, NRM and relapse in the first year after
transplantation, and OS, PFS, and NRM in the first year
after acute GvHD are given in Figure 2.

In addition, the prediction performance of the univari-
able ADMA models was assessed with regards to OS and
PES (overall and after acute GvHD). As compared to the
respective Kaplan-Meier survival estimates, the ADMA

Table 2. Multivariable analysis of predictors of overall survival, progression-free survival, non-relapse mortality and relapse (=938, complete case analysis).

(1] PFS NRM* Relapse*
HR (95% CI) P HR (95% Cl) P HR (95% CI) P HR (95% CI) P

Covariate
ADMA (per 1-log, increase): 145 (1.21-1.74) ~ <0.0001  1.30 (1.10-1.54) 0.002 1.43 (1.12-1.83) 0.005 1.21 (0.96-1.52) 0.109
1* year
ADMA (per 1-log, increase): ~ 1.02 (0.74-1.41) (.888 1.00 (0.71-1.42) 0.980 1.18 (0.69-2.04) 0.543 0.92 (0.59-1.42) 0.694
2-3 years
ADMA (per 1-log, increase):  1.03 (0.69-1.55) 0.878 0.93 (0.58-1.52) 0.781 0.87 (0.48-1.58) 0.645 1.07 (0.47-2.44) 0.877
after 3 years
Age at transplantation (per year)1.01 (1.00-1.02) 0.008 1.01 (1.00-1.02) 0.034 1.03 (1.01-1.04) <0.0001 1.00 (0.96-1.01) 0.395
Donor sex

Female Ref Ref Ref Ref

Male 0.82 (0.68-1.00) 0.046 0.83 (0.72-1.04) 0.113 0.76 (0.58-0.99) 0.043 0.96 (0.75-1.23) 0.737
Recipient sex

Female Ref Ref Ref Ref

Male 1.10 (0.92-1.32) 0.298 1.06 (0.89-1.26) 0.507 1.14 (0.87-1.48) 0.346 0.99 (0.78-1.25) 0.937
Donor-recipient HLA matching

Mismatched Ref Ref Ref Ref

Matched 0.67 (0.55-0.81)  <0.0001  0.74 (0.62-0.90) 0.002 0.55 (0.42-0.72) <0.0001 0.98 (0.75-1.28) 0.895
Disease stage’

Early Ref Ref Ref Ref

Late/intermediate 1.18 (0.97-1.43) 0.090 1.19 (0.99-1.44) 0.060 0.99 (0.75-1.29) 0.912 1.43 (1.11-1.86) 0.006
Conditioning?

Myeloablative Ref Ref Ref Ref

Reduced intensity 0.96 (0.72-1.28) 0.785 1.00 (0.76-1.31) 0.972 0.87 (0.57-1.36) 0.559 1.06 (0.74-1.52) 0.749

Number of events: overall survival (OS), n=493; progression-free survival (PFS),n=540; non-relapse mortality (NRM), n=243; relapse, n=297. * Cause-specific hazards from a competing risks
analysis for relapse and NRM. 'According to Gratwohl et al.* fAccording to Bacigalupo et al.* ADMA: asymmetric dimethylarginine; Cl: confidence interval; HLA: human leukocyte antigen;
HR: hazard ratio.
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models showed a slightly improved prediction perform-
ance. The corresponding prediction error curves represent-
ing the Brier score over time are depicted in Online
Supplementary Figure S1.

Association of asymmetric dimethylarginine levels with
endothelium-related serum factors and high pre-trans-
plant levels in the context of INOS polymorphisms

Samples for measurement of serum concentrations of
free 1L-18, soluble thrombomodulin (sCD141), and
nitrates were available for 746, 776 and 375 patients,
respectively. The corresponding median pre-transplant
serum levels are given in Table 1. Pre-transplant ADMA
levels correlated with serum levels of nitrates, free IL-18,
and sCD141 (Figure 3A-C).

The concept of endothelial vulnerability involves a pro-
inflammatory environment and ADMA is able to modify
NO synthase and, in particular, inducible NO synthase
(INOS) activity.”** We analyzed whether polymorphisms
in INOS modulated the observed effects of ADMA.
Genotype data on INOS SNP were available for a total of
386 patients. In order to evaluate the effect of ADMA in
the context of INOS polymorphisms, an optimal cut-off
with regard to OS in the first year after transplantation
was determined, yielding multiple cut-points (maxima)
(Online Supplementary Figure S2). The maximum at 0.97
wM, which also represents the upper quartile of the
ADMA distribution, was chosen to stratify patients into
groups with high (=0.97 wM) or low (<0.97 uM) ADMA
levels in the context of INOS polymorphisms. There was
no substantial influence of INOS SNP on the effect of
ADMA on OS or NRM within the first year after allogene-
ic SCT (Ounline Supplementary Figures S3-5).

Table 3. Multivariable analysis of predictors of overall survival, progression-free survival and non-relapse mortality after onset of acute graft-versus-host

disease (complete case analysis).

0S after acute GvHD (n=541)

Discussion

To the best of our knowledge, this is the first report of an
association between ADMA levels measured prior to trans-
plant and subsequent risk of mortality in allografted
patients. ADMA is a well-characterized cardiovascular risk
factor, and dysfunction of the endothelium appears to be a
common finding in studies investigating the role of ADMA
in (cardio-)vascular disease.” Elevated ADMA levels have
also been reported in autoimmune diseases, linking inflam-
mation with autoimmunity-related vascular complica-
tions.” In renal transplant recipients, associations of
increased ADMA levels with acute rejection and mortality
have been observed.”* Furthermore, high ADMA levels
were associated with pro-inflammatory conditions and
were shown to predict mortality risk in critically ill and sep-
tic patients.”” Finally, ADMA was strongly associated with
all-cause mortality across different patient and general pop-
ulations in recent meta-analyses.""

Previous studies by us and others®”* led us to propose
the hypothesis of “endothelial vulnerability” as an impor-
tant contributor to the main complications of allogeneic
SCT. This concept may explain why a proportion of
patients with acute GvHD fail to respond to escalating
immunosuppressive therapy and ultimately succumb to
acute GvHD, its treatment and/or related complications.”
It denotes a risk that, in the setting of allogeneic SCT, is sub-
stantiated particularly in the presence of additional chal-
lenges, i.e., conditioning treatment and/or allogeneic T-cell
attacks in a pro-inflammatory environment, and may result
in endothelial damage that leads to perpetuating inflamma-
tory end-organ destruction despite (initially) effective con-
trol of T-cell activity. Since this “vulnerability” is, at least in

PFS after acute GvHD (n=530)

HR (95% Cl) P HR (95% Cl) P HR (95% Cl) P
Covariate
ADMA (per 1-log, increase): 1 year 1.46 (1.17-1.83) 0.001 1.32 (1.07-1.63) 0.010 1.36 (1.01-1.83) 0.042
ADMA (per 1-log, increase): years 2and 3 1.13 (0.73-1.76) 0.577 1.12 (0.70-1.81) 0.633 1.50 (0.76-2.96) 0.242
ADMA (per 1-log, increase): after 3 years ~ 0.82 (0.45-1.48) 0.507 1.06 (0.56-2.02) 0.860 0.65 (0.26-1.64) 0.364

Age at transplantation (per year) 1.02 (1.01-1.03) 0.003 1.01 (1.00-1.03) 0.013 1.03 (1.01-1.05) 0.0003
Donor sex

Female Ref Ref Ref

Male 0.79 (0.62-1.00) 0.054 0.81 (0.64-1.03) 0.081 0.71 (0.51-0.99) 0.041
Recipient sex

Female Ref Ref Ref

Male 1.21 (0.95-1.53) 0.119 1.24 (0.99-1.57) 0.065 1.30 (0.94-1.80) 0.119
Donor-recipient HLA matching

Mismatched Ref Ref Ref

Matched 0.61 (0.48-0.78) <0.0001 0.73 (0.57-0.93) 0.010 0.55 (0.40-0.77) 0.0004
Disease stage’

Early Ref Ref Ref

Late/intermediate 1.11(0.86-1.42) 0.423 1.11 (0.88-1.42) 0.378 0.91 (0.65-1.26) 0.553
Conditioning’

Myeloablative Ref Ref Ref

Reduced intensity 1.08 (0.45-1.48) 0.710 1.05 (0.71-1.54) 0.847 1.05 (0.58-1.89) 0.882

NRM* after acute GvHD (n=530)

Number of events: OS after acute GvHD, n=297; PFS after acute GvHD, n=314; NRM after acute GvHD, n=159; relapse after acute GvHD, n=155. *Cause-specific hazards from a competing
risks analysis for relapse and NRM after onset of GvHD.'According to Gratwohl et al.” According to Bacigalupo et al.” ADMA: asymmetric dimethylarginine; CI: confidence interval; GvHD:
graft-versus-host-disease; HLA: human leukocyte antigen; HR: hazard ratio; NRM: non-relapse mortality; OS: overall survival; PFS: progression-free survival.
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part, a characteristic of the recipient’s endothelial cell sys-
tem, increased risk of mortality, both overall and after the
onset of acute GvHD, may be determined (and predicted)
already prior to transplantation. However, it should be
noted, that, although most markers of “endothelial vulner-
ability” are likely to predict outcome after a severe chal-
lenge, particularly after acute GvHD, they do not seem to
be associated with a higher incidence of acute GvHD. In
line with this, in the present study, pre-transplant ADMA
was not a biomarker of acute GvHD risk but was associat-
ed with early NRM, both overall and following acute
GvHD, which translated into shorter survival outcomes.

With regards to the endothelial system, higher ADMA
levels correlated positively with endothelium-related serum
factors, such as sCD141, free IL-18, and nitrates.
Thrombomodulin is a surface receptor protein
released/shed from the endothelium in an extracellular sol-
uble form (sCD141) during cell distress and elevated serum
levels are frequently indicative of inflammatory cell dam-
age” IL-18 is a pleiotropic, pro-inflammatory cytokine
associated with coronary heart disease” and de-regulation
of the IL-18/IL-18BP pathway® was shown to cause
endothelial cell dysfunction. Interestingly, pre-transplant
nitrate levels, which are markers of i vivo NO production,
also correlated positively with ADMA, which is a NO syn-
thase inhibitor. This seemingly contradictory finding is in
line with some but not all observations made in other clin-
ical settings.”*

Endpoint HR 95% CI P
0s
Heidelberg 1.08~1.91 — — 0.012
Essen 1.14~1.85 —E— 0.003
IPD Meta-Analysis 1.21~1.74 <0.0001
NRM
Heidelberg 1.16~2.64 ——f— 0.010
Essen 0.95~1.78 +l— 0.110
IPD Meta-Analysis 1.12~1.83 | < 0.005
Relapse
Heidelberg 0.80~1.47 —ll— 0.602
Essen 0.97~1.92 —li— 0.075
IPD Meta-Analysis 0.93~1.52 @& 0.109
PFS
Heidelberg 0.99~162 —l— 0.060
Essen 1.06~1.68 |—l— 0.020
IPD Meta-Analysis 1.10~1.54 | @ 0.002
— T T 1
1 15 20 25

In this context, it should be noted, that higher pre-trans-
plant nitrates levels were also associated with a higher inci-
dence of NRM in a previous study.’ In pro-inflammatory
conditions, large amounts of NO are produced by iNOS in
numerous cell types.” In the cardiovascular system, upreg-
ulation of iINOS may contribute to endothelial dysfunc-
tion.”

In the present study, however, INOS SNP did not influ-
ence the effect of ADMA on mortality. Certainly, interac-
tions of ADMA with other NO synthase family members
cannot be excluded, and there is also evidence that NO syn-
thase-independent mechanisms may contribute to the
detrimental biological effects associated with increases in
ADMA *# Consequently, in the setting of allogeneic SCT,
elevated levels of both ADMA and nitrate prior to condi-
tioning and immunosuppressive therapy are likely to reflect
compromised endothelial homeostasis in the recipient
which, particularly in the context of a severe challenge,
such as acute GvHD, may result in an impaired outcome.
However, since GvHD is an immune-triggered process, an
influence of the donor's ADMA or nitrate levels on the
intensity of the subsequent allogeneic immune response in
the recipient cannot definitely be ruled out.

The median pre-transplant ADMA level in our series was
0.73 uwM which is in accordance with literature data that
suggest normal serum ADMA levels are in the range of
0.25-0.92 uM when measured by an enzyme-linked
immunosorbent assay.” Importantly, since ADMA is direct-

Endpoint HR 95% CI P
0S8 after acute GVHD

Heidelberg 1.09~2.39 - 0.012

Essen 1.03~1.81 m— 0.032
IPD Meta-Analysis 1.17~1.83 | - 0.001
NRM after acute GVHD

Heidelberg 1.00~2.86 ——@W— 0.051

Essen 0.84~1.78 —-l— 0.287
IPD Meta-Analysis 1.01~1.83 |« 0.042
PFS after acute GVHD

Heidelberg 0.89~1.85 —l— 0.180

Essen 0.99~1.69 —ll— 0.055
IPD Meta-Analysis 1.07~1.63 |-@ 0.010

— 1 1 1 1

1 1.5 20 25 3.0

Figure 1. Higher pre-transplant asymmetric dimethylarginine levels are associated with non-relapse mortality and worse overall and progression-free survival in
the first year after transplantation and after acute graft-versus-host disease. Meta-analyses of the multivariable effect of pre-transplant asymmetric dimethylarginine
(ADMA) levels as a continuous variable (per 1-log, increase) for overall survival (0S), progression-free survival (PFS), and non-relapse mortality (NRM) in the first year
after transplantation and after acute graft-versus-host disease (GvHD), and relapse in the first year after allografting. Cl: confidence interval; HR: hazard ratio; IPD:

individual patient data.

ADMA and post-transplant mortality -

haematologica | 2019; 104(4) 831 -



I A. Radujkovic et al.

® A o

OS probability
00 02 04 06 038

ADMA Q1
ADMA Q2
ADMA Q3
ADMA Q4

c e

PFS probability

0.0 02 04 06 0.8

ADMA Q1
ADMA Q2
ADMA Q3
ADMA Q4

m
1.0

NRM incidence
00 0.2 04 06 0.8

ADMA Q1
ADMA Q2
ADMA Q3
ADMA Q4

D
1.0

Relapse incidence
00 02 04 06 0.8

ADMA Q1
ADMA Q2
ADMA Q3
ADMA Q4

- 832 haematologica | 2019; 104(4)

— ADMA Q1
— — - ADMA Q2
= =+ ADMA Q3
— ADMA Q4

0 2 4 6 8 10
Months post transplant

235 229 216 203 192 184
234 220 203 180 170 164
234 221 208 193 178 171
235 215 188 168 148 138

- ADMA Q1
= — - ADMA Q2
= = - ADMA Q3
—— ADMA Q4

12

177
157
162
133

0 2 4 6 8 10 12
Months post transplant
235 224 194 179 166 157 153
234 213 190 163 156 146 139
234 213 187 168 152 150 141
235 205 174 153 134 124 118
—— ADMA Q1
7l - -- ADMAQ2
- = - ADMA Q3
1 —— ADMA Q4
) L] 1 1 1 ) 1
0 2 4 6 8 10 12
Months post transplant
235 224 194 179 166 157 153
234 213 190 163 156 146 139
234 213 187 168 152 150 141
235 205 174 153 134 124 118
- ADMA Q1
1 --- ADMA Q2
= = - ADMA Q3
-] —— ADMA Q4
—_ B e oy ik, S S
- ==
) L) L) L) L} L] 1
0 2 4 6 8 10 12
Months post transplant
235 224 194 179 166 157 153
234 213 190 163 156 146 139
234 213 187 168 152 150 141
235 205 174 153 134 124 118

B S _
=
@< |
o
2
s ©
] S
o
S <
(% c —— ADMA Q1
O - — . ADMA Q2
S = -—- ADMAQ3
o — ADMA Q4
e ) L) ] L) 1 L] 1
0 2 4 6 8 10 12
Months post acute GVHD
ADMA Q1 129 125 111 106 102 96 93
ADMA Q2 144 128 113 106 97 93 920
ADMA Q3 139 127 116 106 100 96 91
ADMA Q4 125 109 20 76 68 63 61
o
D 25
« |
‘B. o
5o _
g o
o
a ¥
n° — ADMA Q1
(T8 pe—_
& ADMA Q2
o~ ==+ ADMAQ3
—_— ADMA Q4
e
o ] L) 1 L) 1 L) 1
0 2 4 6 8 10 12
Months post acute GVHD
ADMA Q1 125 118 101 92 87 84 79
ADMA Q2 142 122 105 96 87 83 79
ADMA Q3 136 117 103 920 84 83 79
ADMA Q4 123 100 82 69 61 54 53
F 2
2 -
—— ADMA Q1
(-]
o ©°] ——- ADMA Q2
2 o | —— - ADMAG3
ﬁ o 7| —— ADMA Q4
o
=<
s o
['4
Z N
& -
S
S ) L) L) L) ) L) 1
0 2 4 6 8 10 12
Months post acute GVHD
ADMA Q1 125 118 101 92 87 84 79
ADMA Q2 142 122 105 96 87 83 79
ADMA Q3 136 117 103 920 84 83 79
ADMA Q4 123 100 82 69 61 54 53

Figure 2. Outcome of patients in the first year after allogeneic stem cell transplan-
tation and after onset of acute graft-versus-host disease when stratified according
to pre-transplant asymmetric dimethylarginine quartiles. (A, B) Higher pre-transplant
asymmetric dimethylarginine (ADMA) serum levels were associated with lower proba-
bilities of overall survival (OS) in (A) the first year after allogeneic stem cell transplan-
tation and (B) after the onset of acute graft-versus-host disease (GvHD). (C, D) The
probabilities of progression-free survival (PFS) in (C) the first year after transplanta-
tion and (D) after the onset of acute GvHD were substantially lower in patients with
higher pre-transplant ADMA levels. (E, F) Higher pre-transplant ADMA serum levels
were associated with higher incidences of non-relapse mortality (NRM) in (E) the first
year after allografting and (F) after the onset of acute GvHD. (G) In contrast, the nci-
dence of relapse during the first post-transplant year was not affected by pre-trans-
plant ADMA levels. Note: Quartiles were chosen for reasons of visualization of the
continuous ADMA effect which was observed for every 2-fold change in multivariable
analyses (Tables 2 and 3). For this reason, and since pre-transplant ADMA values
were not normally distributed, there is an overlap of the second and third quartile.
Q1-4, quartiles of the ADMA distribution.
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Figure 3. Relationship between quartiles of pre-transplant asymmetric dimethylarginine serum concentration and serum concentration of nitrates, free inter-
leukin-18, and soluble thrombomodulin (sCD141). Trend analysis showed that pre-transplant concentrations of (A) nitrates (n=375, (B) soluble thrombomodulin
(n=776) and (C) free interleukin-18 (n=746) were positively correlated with quartiles of pre-transplant ADMA concentration (Jonckheere trend test, P=0.010,
P<0.0001 and P<0.0001, respectively). ADMA, asymmetric dimethylarginine; IL-18: free interleukin-18; Q1-4, quartiles 1-4 of the ADMA distribution; sCD141: sol-

uble thrombomodulin.

ly involved in endothelial dysfunction, it may be a thera-
peutic target. However, a specific ADMA-lowering agent is
not yet available.* Supplementation of L-citrulline may be
employed to boost intracellular arginine levels and to
reduce ADMA production. In a few clinical studies, supple-
mental L-citrulline in multi-gram doses was well tolerated
and was shown to exert various effects suggestive of car-
diovascular protection; it could, therefore, be studied in
high-risk patients with elevated ADMA.** Given the con-
tinuous relation between ADMA serum levels and survival
outcomes in our study, treatment of patients irrespective of
the individual’s pre-transplant ADMA status may be
favored and such a clinical study should ideally be placebo-
controlled. However, given the necessity of oral L-citrulline
ingestion in multi-gram doses (3-10 g/day) and possible
drug interactions,” the first interventional study in the set-
ting of allogeneic SCT setting may rather enroll patients
with markedly elevated pre-transplant ADMA serum con-
centrations, who are at high risk of early mortality accord-
ing to our retrospective analysis. Based on literature data
and our results, in a possible clinical trial setting, ADMA
levels =1 uM could be used to define such a high-risk pop-
ulation of patients.

Besides its retrospective nature, some limitations of our
study need to be addressed. ADMA was measured at a sin-
gle time point and thus no information on the serum kinet-
ics of ADMA levels in the post-transplant period can be
provided. Furthermore, with regard to the known associa-
tion of ADMA with cardiovascular pathologies, one could
ask whether the NRM events in our study were related to
cardiovascular disease. However, it should be noted that in
the absence of disease recurrence, the exact cause of death
in allografted patients, particularly in the early post-trans-
plant period, is often difficult to determine and for the pur-
poses of categorization, infection, GVHD and (general)
organ failure are generally used. In a recently published
large registry study,” the main causes of NRM were (in
descending order): infection, GVHD and respiratory disease,
all of which may be linked to endothelial distress. The fre-

quency of (isolated) cardiovascular events after transplanta-
tion is rather low with a cumulative incidence of 6% after
15 years.* However, it should be taken into account that
endothelial factors play a crucial role in many important
complications of allogeneic SCT, such as transplant-associ-
ated microangiopathy, veno-occlusive disease, and refracto-
ry GvHD."** Finally, like most clinical research on ADMA,
our data are observational, describe a relationship and do
not allow for interpretation of causality. Our results need to
be validated, ideally in a prospective interventional study.
As already pointed out above, investigating the effects of L-
citrulline treatment in high-risk patients undergoing allo-
geneic SCT may be a feasible approach.

In summary, this retrospective study shows an associa-
tion between ADMA levels and outcome after allogeneic
SCT. Higher ADMA levels were a risk factor for early
mortality in allografted patients, both overall and after the
onset of acute GvHD, and were correlated with other bio-
markers of endothelial vulnerability. Further studies on the
role of the endothelium and markers associated with
endothelial distress in the setting of allogeneic SCT are
warranted.
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