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refractory graft-versus-host disease in the absence of statin therapy

Sascha Dietrich,* Jurgen G. Okun,? Kathrin Schmidt,? Christine S. Falk,® Andreas H. Wagner,* Suzan Karamustafa,*
Aleksandar Radujkovic,* Ute Hegenbart,* Anthony D. Ho,* Peter Dreger,* and Thomas Luft*

‘Department of Internal Medicine V, University of Heidelberg, Germany; 2Children’s Hospital, University of Heidelberg, Germany;
*Institute for Transplant Immunology, IFB-Tx, Hannover Medical School, Germany; and “Institute of Physiology and Pathophysiology,
University of Heidelberg, Germany

ABSTRACT

Steroid-refractory graft-versus-host disease is a life-threatening complication after allogeneic stem cell transplanta-
tion. Evidence is accumulating that steroid-refractory graft-versus-host disease is associated with endothelial dis-
tress. Endothelial cell homeostasis is regulated by nitric oxide, and serum nitrates are derived from nitric oxide syn-
thase activity or dietary sources. In this retrospective study based on 417 patients allografted at our institution we
investigated whether quantification of serum nitrates could predict steroid-refractory graft-versus-host disease.
Elevated pre-transplant levels of serum nitrates (>26.5 uM) predicted steroid-refractory graft-versus-host disease
(P=0.026) and non-relapse mortality (P=0.028), particularly in combination with high pre-transplant angiopoietin-
2 levels (P=0.0007 and P=0.021, respectively). Multivariate analyses confirmed serum nitrates as independent pre-
dictors of steroid-refractory graft-versus-host disease and non-relapse mortality. Differences in serum nitrate levels
did not correlate with serum levels of tumor necrosis factor or C-reactive protein or expression of inducible nitric
oxide synthase in blood cells. Patients with high pre-transplant nitrate levels had significantly reduced rates of
refractory graft-versus-host disease (P=0.031) when pravastatin was taken. In summary, patients at high risk of
developing steroid-refractory graft-versus-host disease could be identified prior to transplantation by serum mark-
ers linked to endothelial cell function. Retrospectively, statin medication was associated with a reduced incidence

of refractory graft-versus-host disease in this endothelial high-risk cohort.

Introduction

Steroid-refractory acute graft-versus-host disease (GVHD) is
a life-threatening complication following allogeneic stem cell
transplantation (SCT). A significant proportion of patients
succumb to this condition despite the administration of a
plethora of immunosuppressive drugs.' This non-response to
intensive immunosuppression along with our previous obser-
vations support a working hypothesis that alloreactive T-cell
responses induce acute GVHD. Consequently, immunosup-
pressive therapy is able to effectively erase this immune
response and cure most patients. However, a minority of
patients (refractory despite effective immune depletion)
progress to develop a fatal inflammatory process based on a
pre-existing, so far ill-defined endothelial vulnerability.**

Angiopoietin-2 is a Tie2-ligand enhancing pro-inflammato-
ry effects of tumor necrosis factor alpha (TNF-a) on endothe-
lial cells.” We have previously shown that in patients develop-
ing grade 3-4 GVHD, high pre-transplant angiopoietin-2
serum levels are correlated with steroid refractoriness and a
fatal outcome but not with GVHD risk itself, suggesting a
role for endothelial vulnerability in the pathogenesis of
refractory GVHD >

In 1980 nitric oxide (NO) was identified as endothelial-
derived relaxing factor, a potent vasodilator that is intrinsical-
ly tied to endothelial cell homeostasis.*” NO is labile with a
very short half-life (<4 seconds in biological solutions) and is

rapidly oxidized to nitrite and then nitrate by oxygenated
hemoglobin before being excreted into the urine.’ Serum
nitrates are therefore considered as indicators of NO produc-
tion i1 vivo.*” Diet contributes about half of the serum nitrate
levels, whereas 90% of circulating nitrites in fasting humans
are derived from the constitutive endothelial and brain iso-
forms of NO synthase (eNOS and nNOS, respectively).”

Excessive levels of NO are produced by the inducible iso-
form of NOS (iNOS) in numerous cell types including
immune effector cells."! Furthermore, elevated iNOS-derived
NO levels have been demonstrated in various autoimmune
diseases™ as well as in solid organ allograft rejection.” In the
setting of allogeneic SCT NO was shown to facilitate engraft-
ment and iINOS inhibitors were reported to reduce mortality
caused by experimental GVHD."

Statins lower cholesterol levels by inhibiting 3-hydroxy-3-
methyl-CoA (HMG-CoA) reductase and are, therefore, used
to prevent complications of arteriosclerotic diseases. Besides
protective effects on endothelial cells,”" statins also modu-
late the immune system.”"® This has led several investigators
to test statins in the context of allogeneic SCT, but the results
have been inconsistent. A reduction of acute GVHD or mor-
tality after allogeneic SCT in mice and humans was shown in
some studies”? but not in others.”” However, studies focus-
ing on the effect of statins on the prevention or treatment of
refractory GVHD and associated endothelial alterations are
lacking.
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The purpose of the present retrospective study was to
investigate whether the predictive value of pre-transplant
levels of parameters representing endothelial cell function,
such as angiopoietin-2, could be further refined by meas-
uring pre-transplant nitrate levels, and to analyze whether
negative influences on clinical outcome could be attenuat-
ed by (potentially endothelium-protective) concomitant
statin administration.

Methods

Eligibility of patients

Patients were eligible for this study if they had undergone allo-
geneic SCT at our institution between June 2002 and December
2011 and their blood samples were available for nitrate measure-
ment (collected directly before the start of conditioning
chemotherapy prior to allogeneic SCT). Written informed consent
to sample and data collection in accordance with to the declaration
of Helsinki was obtained from all eligible patients as well as nor-
mal donors (n=49) and sample and data collection was approved
by the responsible Institutional Review Board.

Graft-versus-host disease prophylaxis, treatment,
and supportive care

GVHD prophylaxis was performed as previously described”
and remained unchanged over the whole study period. GVHD
was clinically and histologically diagnosed and graded using stan-
dard criteria.”* Steroid-refractory GVHD was defined as histologi-
cally confirmed disease not responding to standard prednisone
therapy (2x1 mg/kg body weight, for intestinal GVHD combined
with mycophenolate mofetil 2x1 g/day) and requiring second-line
salvage immunosuppressive therapy which was generally pento-
statin® (see Online Supplementary Methods).

Enzyme-linked immunosorbent assays, multiplex
analyses, nitrate assay and western blots

Serum levels of angiopoietin-2 were quantified by multiplex
protein array technology in 327 patients as reported before.” TNF
levels were measured in 417 patients by enzyme-linked
immunosorbent assay (BD Biosciences Pharmingen, San Diego,
CA, USA). Serum nitrates (n=417 samples) were determined using
the Griess Reagent System (see Online Supplementary Methods).

The following monoclonal antibodies were used for the west-
ern blots: rabbit anti-TNF-a (Cell Signaling Technology through
New England Biolabs, Frankfurt, Germany), mouse anti-iINOS
(2D2-B2) (R&D Systems, Wiesbaden-Nordenstadt, Germany) and
mouse anti-B-actin  (AC-15) (Abcam, Cambridge, UK).
Corresponding secondary antibodies were purchased from Sigma-

Aldrich (Deisenhofen, Germany).

Statistical analysis

Categorical and continuous variables of the patients’ character-
istics were compared using the Fisher exact test and the Mann-
Whitney test, respectively. Cumulative incidences of refractory
GVHD were compared using the log-rank test. The choice of cut-
offs for nitrates and angiopoietin-2 is explained in the Ounline
Supplementary Methods.

Non-relapse mortality (NRM) was calculated as the time from
allogeneic SCT to death in the absence of relapse, considering
recurrence of the underlying malignancy as a competing event. the
NRM rates of different groups of patients were compared with the
Gray test.”*”

Cox proportional hazard regression models were performed for
multivariate analysis of predictors of grade 3-4 and refractory

GVHD, and multivariate competing risk proportional subdistribu-
tion hazard regression models were set up to adjust for the impact
of potential confounders of the effect of nitrate levels on sensitive
GVHD and NRM: donor, conditioning, age, and disease-specific
remission score.””

Calculations were done using the statistical software environ-
ment R, version 2.13.2, together with the R packages 'maxstat'
version 0.7-17,'coin’, version 1.0-19, 'mms', version 3.3-0, cmprsk,
version 2.2-2, kmi, version 0.3-4. All statistical tests were two-
sided and P values <0.05 were considered to denote a statistically
significant result.

Results

Patients’ characteristics

Of 828 patients who underwent allogeneic SCT in our
institution between June 2002 and December 2011, 417
met the eligibility criteria for this study (measurable serum
nitrate levels). Angiopoietin-2 was measured in 327
patients, as reported previously.® Collectively, 182 of 417
patients (44%) developed at least one episode of acute
GVHD. Patients were categorized based on concomitant
statin therapy starting at least 1 day before transplantation
into group 1, consisting of 258 patients not taking con-
comitant pravastatin, and group 2, formed of 159 patients
receiving therapy with pravastatin. As shown in Table 1,
baseline and transplant-associated characteristics did not
differ between the two groups of patients except for age
distribution, donor use, disease status and liver GVHD.
Patients treated with statins were significantly older and
were significantly more often transplanted from a
matched unrelated donor. They were also more often in
disease remission status 1 and more often had liver
GVHD. No statin-associated toxicities requiring statin
withdrawal were observed.

In addition, patients were grouped based on pre-trans-
plant nitrate levels (low: <26.5 uM, n=169; high: >26.5
uM, n=248) (Online Supplementary Table S1, Online
Supplementary Methods). Again, no significant differences
between the two cohorts could be identified except that
patients with high nitrate levels were significantly
younger, were more often female, were more often in dis-
ease remission status 1 and less often had acute myeloid
leukemia.

High pre-transplant serum nitrate levels predict
steroid-refractory graft-versus-host disease
and non-relapse mortality

In the absence of statin therapy, pre-transplant serum
nitrates exceeding 26.5 uM predicted steroid-refractory
GVHD (P=0.026) and NRM (P=0.028) (Figure 1A).
Multivariate analyses confirmed serum nitrates as inde-
pendent predictors of steroid-refractory GVHD and NRM
(Table 2). Nitrates were only predictive for NRM within
the subgroup of patients who later developed any grade
GVHD [P=0.015; hazard ratio (HR) 2.50, 95% confidence
interval (95% CI) 1.19-5.24)] but not within the group of
patients who never suffered from GVHD (P=0.76; HR
1.18, 95% CI 0.41-3.35).

Lack of correlation between serum nitrates

and systemic inducible nitric oxide synthase activity
Increased NO levels can be generated by iNOS.”

Because iNOS is induced during inflammation, we tried to
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link inflammatory markers with pre-transplant nitrate lev-  used from day -1 (P=0.031; HR 0.19 95% CI 0.05-0.86) g
els. Differences in serum nitrate levels did not correlate  (Figure 1B).
with pre-transplant serum levels of TNF-o (Pearson corre- o )
lation: r’=0.1), C-reactive protein (n=150, r’=0) or expres- High pre-transplant angiopoietin-2 and nitrate
sion of iNOS in blood cells (Online Supplementary Figure ~levels independently predict outcome
S1). of graft-versus-host disease
o In multivariate analyses, pretransplant nitrate and
Reduced incidence of refractory graft-versus-host angiopoietin-2 levels were independent predictors of
disease in patients with high pre-transplant nitrate steroid refractory GVHD (Table 2). Consequently, patients
levels treated with statins with both risk factors had the highest risk of developing
In contrast to patients with low pre-transplant nitrate  steroid-refractory GVHD and NRM (P=0.0007 and
levels (P=0.28; HR 1.66, 95% CI 0.66-4.17), patients with ~ P=0.021, respectively) (Figure 2). Among patients with
high pre-transplant nitrate levels had significantly both risk factors (angiopoietin-2 >1,000 pg/mL and nitrate
reduced rates of refractory GVHD when pravastatin was ~ >26.5 uM), statin intake showed a non-significant trend
for lower incidence of steroid-refractory GVHD (P=0.26;
HR 0.48, 95% CI 0.10-1.87), with lack of significance most

Table 1. Characteristics of patients divided according to whether they received  LKely due to the low number of patients on statins (n=20)

statins. P values were calculated using the Mann-Whitney test, Fisher test or  in this high-risk group. Again, subgroup analysis revealed

x>-test. that the NRM of the high-risk group was only elevated in
No statins Statins P value patients with GVHD (P=0.0006; HR 3.73, 95% CI 1.75-

N=258 N=159 8.83), but not in patients without GVHD (Figure 3).
] Multivariate analysis of the whole study population, not

Year of allogeneic SCT 2002-2009 20102011 restricting the analysis to any subgroup, confirmed that

Median age at SCT (years, range) 51 (17-70) 95 (19-70)  P=0.0001 low nitrate levels were associated with a reduced inci-

Sex P=048 dence of refractory GVHD overall, but not of grade 3-4
Female 81 (31%) 56 (35%) GVHD (Table 2). Furthermore, high nitrate levels (>26.5
Male 177 (69%) 103 (65%) uM) were associated with an increased incidence of NRM

DT P=0.03 whereas statin intake was associated with a significantly
Related donor 92 (36%) 45 (28%) reduced incidence of NRM (Table 2).

Matched unrelated donor 100 (39%) 83 (52%)
Mismatched unrelated donor 66 (26%) 31 (20%) . .

Sex mismatch (donor-recipient) P=0.62 Discussion
Male-male, female-female 152 (59%) 86 (54%)

Male-female 63 (24%) 43 (271%) In our retrospective study we identified a cohort of
Female-male 43 (17%) 30 (19%) patients who are high risk of developing steroid-refractory

Disease disease if an allogeneic T-cell response strikes to induce
AML, MDS 99 (38%) 71 (45%) P=021 GVHD. We have previously provided evidence that
Acute lymphoblastic leukemia 27 (10%) 11 (7%) P=099 steroid-refractory but not steroid-sensitive GVHD is asso-
Lymphoma, CLL 64 (25%) 41 (26%) P=0381 ciated with endothelial distress.*® In particular, the levels
Myeloproliferative syndrome 22 (9%) 12 (8%) P=0.85 of cytokines indicating endothelial damage, such as
MM, Amyloidosis 44 (17%) 22 (13%) P=041 angiopoietin-2, soluble thrombomodulin, hepatocyte
Aplastic anemia, PNH 2 (1%) 2 (1%) P=0.64 growth factor, and interleukin 8, were exclusively raised in

Disease score before SCT P=0.05 patients with refractory GVHD when measured in serum
0 7 (31%) 38 (26%) on day 50 and 100 after allogeneic SCT.* Here we report
1 32 (13%) 33 (22%) that these patients can be identified prior to allogeneic
2 136 (56%) 78 (52%) SCT by high serum nitrate and angiopoietin-2 concentra-
NA 13 9 tions. The risk of steroid-refractory GVHD in this high-

Sig @l Soiie P=0.90 risk group appears to be reduced by statin administration
Peripheral stem cells 239 (93%) 147 (92%) during the transplant and early post-transplant period.
Bone marrow stem cells 19 (7%) 12 (8%) The concept of endothelial vulnerability suggests that

Conditioning P=017 the development of refractory disease is at least in part a
Reduced intensity conditioning 179 (69%) 121 (76%) characteristic of the recipient’s endothelial cell system and
Myeloablative conditioning 79 (31%) 38 (24%) hence can be predicted before transplantation.’

GVHD site Angiopoietin-2 clearly mediates endothelial stress” and we
Skin 72 (28%) 41 26%) P=0£5 previously showed that in patients who developed severe
Gut 55 (21%) 46 (29%) P=0.10 (grade 3-4) GVHD high pre-transplant angiopoietin-2 lev-
I 91 (8%) 3 (2%) P=0.01 els were associated with refractoriness to steroids.””

GVHD grade P054 Nitrates are the final oxidative degradation product of
No 142 (55%) 93 (59%) ‘ NO, a critical regulator of vascular homeostasis, neuro-
Grade 1-2 sensitive 66 (26%) 44 (28%) transmission and host defenses.””” We found that patients
Grade 3-4 sensitive 26(10%) 11 (%) with elevated pre-transplant nitrate levels were more like-
Grade 3-4 refractory 24 (9%) 11 (7%) ly to develop steroid-refractory GVHD, translating into a

AML: acute myelogenous leukemia, CLL: chronic lymphocytic leukemia; MM: multiple myeloma; hlgher incidence of NRM among this Eroup- ; 2

NA: I’IO[ availa%le;lgVRM‘ non—relapse’mort-a[i[y, PD:progpressiﬁe disease, Pl\’lH‘pa'roxysrLr)zal ngcturna} Increased NO levels .C?n be Ca,used by INOS.” To

hemoglobinuria; SCT: stem cell iransplantation. exclude that iNOS activity contributed to the serum

haematologica | 2014; 99(3) 543 -



] S. Dietrich et al.

-“ haematologica | 2014; 99(3)

nitrate levels measured in our study, we tried to link
inflammatory markers with nitrate levels measured prior
to allogeneic SCT. However, neither serum levels of TNE,
C-reactive protein nor intracellular iNOS in peripheral
blood mononuclear cells correlated with nitrate levels. It
is, therefore, unlikely that increased pre-transplant iNOS
activity due to inflammatory conditions caused the
increased rates of refractory GVHD in the high nitrate
cohort. Alternatively eNOS activity reflecting endothelial
stress may have contributed significantly to the increased
nitrate levels measured in our study cohort. In line with
our findings animal models of atherosclerosis demonstrat-
ed increased expression of eNOS, at least in early stages of
the disease.” In addition, single nucleotide polymor-
phisms of the eNOS genes have also been shown to alter
baseline nitrate levels prior to allogeneic SCT.* Most
importantly, nitrate itself has also been recognized as a
storage pool for NO-like bioactivity, and can physiologi-
cally be recycled to form NO.** The bioactivation of
nitrate from dietary or endogenous sources requires its ini-
tial reduction to nitrite.* As mammals lack specific and
effective nitrate reductase enzymes, this conversion is
mainly carried out by commensal bacteria on body sur-

faces and in the gastrointestinal tract (including
mouth/saliva).® This evokes a fascinating, nitrate/NO-
associated relationship of commensal bacteria, mucosal
surface immunity and endothelial cell function that
deserves further attention in the context of GVHD patho-
physiology.

A major finding of this study is the observation that
statin therapy seems to eliminate the increased risk of
GVHD refractoriness associated with elevated pre-trans-
plant nitrate serum levels. Statins were reported to attenu-
ate innate and adaptive immune responses® and to protect
endothelial cells.”” As patients with refractory GVHD are
insensitive to the immunosuppressive activity of a wide
variety of drugs, it is hard to conceive how the reduced
incidence of refractory GVHD could be explained by
statins suppressing immune responses. Rather, we
hypothesize that it is the endothelial protective activity of
statins that is responsible, at least in part, for the decrease
in the incidence of refractory GVHD under statin treat-
ment. Statins have been shown to exert pleiotropic, con-
centration-dependent effects, including eNOS induction
and vessel stabilization."””*® Recently, we reported that
intestinal biopsy findings of patients with refractory
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Figure 1. (A) Serum nitrate levels measured prior to allogeneic SCT predict steroid-refractory GVHD and NRM. Patients with high pre-transplant
serum nitrate levels (>26.5 uM, dashed line, n=169) had a higher incidence of steroid-refractory GVHD (P=0.026; HR 2.5, 95% Cl 1.1-6.2) and
a higher NRM rate (P=0.028; HR 1.96, 95% Cl 1.08-3.56) than patients with low serum nitrate levels (£26.5 uM, solid line, n=248). Patients
who received statins during and after transplantation were excluded from all analyses. (B) Statin intake reduces incidence of steroid-refractory
GVHD in patients with high nitrate levels. Statin intake (dashed line) during and after transplantation (n=159) did not reduce the incidence of
steroid-refractory GVHD among patients with low pre-transplant serum nitrate levels (£26.5 uM, n=248, P=0.28; HR 1.66, 95% Cl 0.66-4.17).
In contrast, patients with high pre-transplant serum nitrate levels (n=169, >26.5 uM) did benefit from statin intake and had a significantly
lower incidence of steroid-refractory GVHD (P=0.031, HR 0.20, 95% CI 0.05-0.86).
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GVHD were associated with an abnormal loss of endothe- ~ were or were not treated with statins were consecutive
lial thrombomodulin expression.’ It is possible that statins ~ and not concurrent in this study. It cannot, therefore, be
might affect local endothelial thrombomodulin expres- ruled out that other, yet unrecognized, time-dependent
sion, a hypothesis that is currently being investigated. factors may have accounted for the effects observed.
Clearly, it must be taken into account that patients who However, the lack of effects of statin treatment on patients

Table 2. Multivariate analysis with regard to GVHD grade 3-4, refractory GVHD and NRM. A complete case analysis was performed for all patients,
without restriction to any subgroup (n=308).

Endpoint GVHD Grade 3-4 Refractory GVHD NRM
Covariate Effect P value HR (95% Cl) P value HR (95% CI) Pvalue  HR (95% Cl)
Pre-transplant >26.5 vs. <26.5 uM 0.13 1.51 (0.9 to 2.6) 0.015 2.50 (1.2t0 5.3) 0.0055 242 (1.3to4.5)
nitrate level
Pre-transplant >1,000 pg/mL vs. 0.72 0.91 (0.5 to 1.6) 0.047 2.56 (1.1t 6.5) 0.81 1.10 (0.6 to 2.1)
angiopoietin-2 level =<1,000 pg/mL
Statin intake yes vs. o 0.64 0.82 (0.4to 1.8) 0.20 0.51 (0.2to 1.4) 0.0085 021 (0.1t00.7)
Year of SCT per year 0.44 0.95 (0.8 to 1.1) 0.18 1.17 (0.9 to 1.5) 0.071 1.18 (1.0 to 1.4)
Age +10 years 0.70 1.05 (0.8 to 1.3) 0.36 117 (08 to 1.7) 0.0097 146 (1.1to 1.9)
Donor MUD vs. RD 0.02 045 (0.2 t0 0.9) 0.52 0.72 (0.3 to 2.0) 047 1.29 (0.6 to 2.6)
MMUD vs. RD 0.99 0.99 (0.5 to 1.9) 0.12 2.10 (0.8 to 5.4) 0.86 0.92 (0.4 to 2.3)
Sex match female-male vs. sex match 0.62 0.85 (04 to 1.6) 0.57 0.75 (0.3 to 2.1) 0.56 0.78 (0.3 to 1.8)
male-female vs. sex match 0.96 0.98 (0.5 to 1.9) 0.07 2.18 (0.9to 5.1) 0.06 1.96 (1.0 to 4.0)
Conditioning MAC us. RIC 0.54 1.20 (0.6 to 2.2) 0.34 1.49 (0.6 to 3.4) 0.0061 282 (1.3t05.9)
Disease score® 1us. 0 0.14 1.80 (0.8 t0 3.9) 0.91 0.94 (0.3 t0 2.9) 0.24 0.49 (0.1 to 1.6)
20s.0 0.76 110 (0.6 to 2.1) 0.75 0.87 (0.4t02.1) 0.73 1.13 (0.6 to 2.3)

HR: hazard ratio; MAC: myeloablative conditioning, MMUD: mismatched unrelated donor, MUD: matched unrelated donor, NRM: non-relapse mortality, RD: related donor, RIC: reduced
intensity conditioning, SCT: stem cell transplantation.
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Figure 3. Endothelial risk parameters indicate transplant-related mortality only in patients who develop GVHD. Patients were divided into three
risk groups: (i) angiopoietin-2 (ANG) >1,000 pg/mL and nitrates >26.5 uM; (ii) either angiopoietin-2 >1,000 pg/mL or nitrates >26.5 uM; and
(iii) neither of these risk factors. Patients with both risk factors (angiopoietin-2 >1,000 pg/mL and nitrates >26.5 uM) only had an increased

incidence of NRM if they developed GVHD (P=0.0006; HR 3.73, 95% CI

1.75-8.33) but not if they never suffered from GVHD.

with low nitrate levels argues for the specificity of our
observation.

Finally, we have also demonstrated that pre-transplant
nitrate levels are predictive of steroid-refractory GVHD
and NRM, independently of angiopoietin-2 levels. The
presence of both risk factors prior to allogeneic SCT iden-
tifies a group of patients who have the highest risk of
developing refractory GVHD. This information could
potentially be used to guide immunosuppression after
transplantation. Furthermore, a more selective use of
statins for endothelial high-risk patients who are likely to
benefit should be explored in future studies. Statin intake
showed a reduced trend for refractory GVHD, most likely
due to the small numbers of patients on statins in this
high-risk group. Subgroup analysis revealed that the
NRM rate of the high-risk group was increased in patients
with GVHD but not in patients without GVHD. This
observation strongly supports our hypothesis that
endothelial vulnerability causes transplant-related mortal-
ity only in patients who experience a severe immune
attack.

In summary, within the limits of a retrospective analysis
our study shows that patients at high risk of steroid-

refractory GVHD can be identified already prior to allo-
geneic SCT by serum levels of nitrates and angiopoietin-2,
both relevant markers of endothelial cell physiology,
thereby further supporting the “endothelial vulnerability”
hypothesis. Given the dismal prognosis of patients with
refractory GVHD, together with the observed lack of
statin-associated toxicity, we believe that further studies
on the role of the endothelium and statin administration
on GVHD outcome are highly warranted.

Acknowledgments
We thank Michael Hess for his excellent technical assistance
and the construction of the tissue bank.

Funding

This work was supported by grants from the Helmholtz-Alliance
on Immunotherapy of Cancer, B.L.U.T. eV and the Wilhelm-
Sander-Stiftung,

Authorship and Disclosures

Information on authorship, contributions, and financial & other
disclosutes was provided by the authors and is available with the
online version of this article at www.haematologica.org.

References associated with risk of graft-versus-host arterial smooth muscle by acetylcholine.
disease and response to steroid treatment. Nature. 1980;288(5789):373-6.
Biol Blood Marrow Transplant. 2013;19(1): 7. Vallance P, Chan N. Endothelial function and

1. Martin PJ, Rizzo JD, Wingard JR, Ballen K| 22-7. nitric oxide: clinical relevance. Heart.
Curtin PT, Cutler C, et al. First- and second- . Andrulis M, Dietrich S, Longerich T, 2001;85(3):342-50.
line systemic treatment of acute graft-ver- Koschny R, Burian M, Schmitt-Graf A, et al. 8. Wennmalm A, Benthin G, Edlund A,
sus-host disease: recommendations of the Loss of endothelial thrombomodulin pre- Jungersten L, Kieler-Jensen N, Lundin S, et al.
American Society of Blood and Marrow dicts response to steroid therapy and sur- Metabolism and excretion of nitric oxide in
Transplantation. Biol Blood Marrow vival in acute intestinal graft-versus-host dis- humans. An experimental and clinical study.
Transplant. 2012;18(8):1150-63. ease. Haematologica. 2012;97(11):1674-7. Circ Res. 1993;73(6):1121-7.

2. Luft T, Dietrich S, Falk C, Conzelmann M, . Fedler U, Reiss Y, Scharpfenecker M, 9. Takahashi H, Nakanishi T, Nishimura M,
Hess M, Benner A, et al. Steroid-refractory Grunow V, Koidl S, Thurston G, et al. Tanaka H, Yoshimura M. Measurements of
GVHD: T-cell attack within a vulnerable Angiopoietin-2 sensitizes endothelial cells to serum levels of nitrate ions in men and
endothelial system. Blood. 2011;118(6): TNF-alpha and has a crucial role in the women: implications of endothelium-
1685-92. induction of inflammation. Nat Med. 2006; derived relaxing factor in blood pressure reg-

3. Dietrich S, Falk CS, Benner A, Karamustafa 12(2):235-9. ulation and atherosclerosis. ] Cardiovasc
S, Hahn E, Andrulis M, et al. Endothelial . Furchgott RE Zawadzki JV. The obligatory Pharmacol. 1992;20 (Suppl 12):5214-6.
vulnerability and endothelial damage are role of endothelial cells in the relaxation of ~ 10. Rhodes P, Leone AM, Francis PL, Struthers



Steroid-refractory GVHD and statins -

11.

12.
13.

14.
15.

16.

17.

18.

19.

haematologica | 2014; 99(3) 547 -

AD, Moncada S, Rhodes PM. The L-argi-
nine:nitric oxide pathway is the major
source of plasma nitrite in fasted humans.
Biochem Biophys Res Commun. 1995;209
(2):590-6.

Knowles RG, Moncada S. Nitric oxide syn-
thases in mammals. Biochem J. 1994298 (Pt
2):249-58.

Ersoy Y, Ozerol E, Baysal O, Temel I,
MacWalter RS, Meral U, et al. Serum nitrate
and nitrite levels in patients with rheuma-
toid arthritis, ankylosing spondylitis, and
osteoarthritis. Ann Rheum Dis. 2002;61(1):
76-8.

Cai B, Roy DK, Sciacca R, Michler RE,
Cannon PJ. Effects of immunosuppressive
therapy on expression of inducible nitric
oxide synthase (iNOS) during cardiac allo-
graft rejection. Int J Cardiol. 1995;50(3):243-
51

Hoffman RA, Nussler NC, Gleixner SL,
Zhang G, Ford HR, Langrehr JM, et al
Attenuation of lethal graft-versus-host dis-
ease by inhibition of nitric oxide synthase.
Transplantation. 1997;63(1):94-100.
Balakumar P, Kathuria S, Taneja G, Kalra S,
Mahadevan N. Is targeting eNOS a key
mechanistic insight of cardiovascular defen-
sive potentials of statins¢ ] Mol Cell Cardiol.
2012;52(1):83-92.

Martinez-Gonzalez ], Badimon L. Influence
of statin use on endothelial function: from
bench to clinics. Curr Pharm Des.
2007;13(17):1771-86.

Kwak B, Mulhaupt E Myit S, Mach E Statins
as a newly recognized type of immunomod-
ulator. Nat Med. 2000;6(12):1399-402.
Weitz-Schmidt G, Welzenbach K,
Brinkmann V, Kamata T, Kallen ], Bruns C, et
al. Statins selectively inhibit leukocyte func-
tion antigen-1 by binding to a novel regula-
tory integrin site. Nat Med. 2001;7(6):687-
92.

Hamadani M, Awan FT, Devine SM. The
impact of HMG-CoA reductase inhibition
on the incidence and severity of graft-ver-

20.

21.

22.

23.

24.

25.

26.

27.

28.

sus-host disease in patients with acute
leukemia undergoing allogeneic transplanta-
tion. Blood. 2008;111(7):3901-2.

Zeiser R, Youssef S, Baker J, Kambham N,
Steinman L, Negrin RS. Preemptive HMG-
CoA reductase inhibition provides graft-ver-
sus-host disease protection by Th-2 polar-
ization while sparing graft-versus-leukemia
activity. Blood. 2007;110(13):4588-98.
Broady R, Levings MK. Graft-versus-host
disease: suppression by statins. Nat Med.
2008;14(11):1155-6.

Rotta M, Storer BE, Storb RE Martin PJ,
Heimfeld S, Peffer A, et al. Donor statin
treatment protects against severe acute
graft-versus-host disease after related allo-
geneic hematopoietic cell transplantation.
Blood. 2010;115(6):1288-95.

Rotta M, Storer BE, Storb R, Martin PJ,
Flowers ME, Vernon MS, et al. Impact of
recipient statin treatment on graft-versus-
host disease after allogeneic hematopoietic
cell transplantation. Biol Blood Marrow
Transplant. 2010;16(10):1463-6.

Glucksberg H, Storb R, Fefer A, Buckner CD,
Neiman PE, Clift RA, et al. Clinical manifes-
tations of graft-versus-host disease in
human recipients of marrow from HL-A-
matched sibling donors. Transplantation.
1974;18(4):295-304.

Schmitt T, Luft T, Hegenbart U, Tran TH,
Ho AD, Dreger P. Pentostatin for treatment
of steroid-refractory acute GVHD: a retro-
spective  single-center analysis. Bone
Marrow Transplant. 2011;46(4):580-5.
Scrucca L, Santucci A, Aversa E Regression
modeling of competing risk using R: an in
depth guide for clinicians. Bone Marrow
Transplant. 2010;45(9):1388-95.

Scrucca L, Santucci A, Aversa E. Competing
risk analysis using R: an easy guide for clini-
cians. Bone  Marrow  Transplant.
2007;40(4):381-7.

Gray R]. A Class of K-sample tests for com-
paring the cumulative incidence of a com-
peting risk. Ann Statist. 1988;16(3): 1141-54.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Stuehr D]. Mammalian nitric oxide synthas-
es. Biochim Biophys Acta. 1999;1411(2-
3):217-30.

Moncada S, Higgs A. The L-arginine-nitric
oxide pathway. N Engl ] Med. 1993;329(27):
2002-12.

Ignarro L. Nitric oxide as a unique signaling
molecule in the vascular system: a historical
overview. ] Physiol Pharmacol. 2002;53(4 Pt
1):503-14.

Kawashima S, Yokoyama M. Dysfunction
of endothelial nitric oxide synthase and ath-
erosclerosis. Arterioscler Thromb Vasc Biol.
2004;24(6):998-1005.

Sandrim VC, de Syllos RW, Lisboa HR, Tres
GS, Tanus-Santos JE. Influence of eNOS
haplotypes on the plasma nitric oxide prod-
ucts concentrations in hypertensive and type
2 diabetes mellitus patients. Nitric Oxide.
2007;16(3):348-55.

Benjamin N, O'Driscoll F Dougall H,
Duncan C, Smith L, Golden M, et al.
Stomach NO synthesis. Nature. 1994;368
(6471):502.

Lundberg JO, Weitzberg E, Gladwin MT.
The nitrate-nitrite-nitric oxide pathway in
physiology and therapeutics. Nat Rev Drug
Discov. 2008;7(2):156-67.

Duncan C, Dougall H, Johnston P, Green S,
Brogan R, Leifert C, et al. Chemical genera-
tion of nitric oxide in the mouth from the
enterosalivary circulation of dietary nitrate.
Nat Med. 1995;1(6):546-51.

Forstermann U. Nitric oxide and oxidative
stress in vascular disease. Pflugers Arch.
2010;459(6):923-39.

Medina R], O'Neill CL, Devine AB, Gardiner
TA, Stitt AW. The pleiotropic effects of sim-
vastatin on retinal microvascular endotheli-
um has important implications for ischaemic
retinopathies. PloS one. 2008;3(7):e2584.
Gratwohl A, Stern M, Brand R, Apperley ],
Baldomero H, de Witte T, et al. Risk score
for outcome after allogeneic hematopoietic
stem cell transplantation: a retrospective
analysis. Cancer. 2009;115(20):4715-26.






