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Abstract

Recombinant interleukin-2 (IL-2) therapy for malignancy is associated with a pulmonary vascular
leakage syndrome (VLS) similar to that seen in sepsis. We investigated the possibility that the 1L-2-
induced VLS may be associated with the release of peroxynitrite (ONOO™), and used a model of
IL-2-induced VLS in sheep to test the effects of the ONOO™ decomposition catalyst WW-85.
Eighteen sheep were chronically instrumented and randomly divided into 3 groups (n=6 per group):
sham: lactated Ringer’s solution, control: 1L-2, and treatment: IL-2 and WW-85. Treatment with
WW-85 significantly improved lung transvascular fluid flux, decreased lipid peroxidation, limited
iNOS as well as PAR intensity, prevented tachycardia, and attenuated the increase in core body
temperature resulting from IL-2 treatment. These findings suggest that ONOO™ plays a pivotal role
in the pathology of IL-2-induced pulmonary VLS, and that WW-85 may become a useful treatment
option.
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Interleukin-2 (IL-2), is a lymphokine, synthesized by T-helper lymphocytes and activated by
interaction of the T-cell receptor complex with antigen/MHC complexes on the surfaces of
antigen-presenting cells [1,2]. IL-2 acts as a paracrine factor, influencing the activity of cells
within the immune system. B-cells and natural killer (NK)-cells respond, when properly
activated, to IL-2 [3]. Lymphocyte activated killer (LAK)-cells, appear to be derived from NK
-cells under the influence of IL-2 [4]. IL-2 has shown promise as an anticancer drug by virtue
of its ability to stimulate both the proliferation and activity of tumor-attacking LAK and tumor-
infiltrating lymphocyte-cells (TIL), and is under investigation for the immunotherapy of
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metastatic tumors [5]. Objective responses have been reported in patients with malignant
melanoma, metastatic renal cell carcinoma (MRCC), or lung adenocarcinoma [6].

However, IL-2-based cancer treatment is limited by a syndrome of life-threatening adverse
reactions, such as disseminated vascular leakage with loss of intravascular fluids to interstitial
tissues, considerable fluid retention, and non-cardiac pulmonary edema. Vascular leakage after
IL-2 therapy may trigger multiple reversible cardiovascular abnormalities that are similar to
the hemodynamic changes seen in the presence of systemic inflammatory response syndrome
(SIRS). SIRS is associated with an excessive production of reactive nitrogen species such as
nitric oxide (NO). Furthermore, it has been reported [7] that IL-2 therapy increases the release
of reactive oxygen species (ROS) from macrophages, e.g. superoxide (O, ™). As a consequence,
peroxynitrite (ONOQ™) is formed by a rapid reaction between NO and O,~. ONOQ™, in turn,
acts as a terminal mediator of cellular injury under various pathophysiologic conditions of
oxidative and nitrosative stress, and is able to induce cell necrosis and apotosis [8].

The purpose of this study is to investigate the effect of the metalloporphyrinic peroxynitrite
decomposition catalyst WW-85 on IL-2-mediated toxicity, and pulmonary vascular leakage,
as well as an initial evaluation of the safety of this approach.

Materials and methods

Animal care and use

The Institutional Animal Care and Use Committee at the University of Texas Medical Branch
at Galveston approved this study, accordingly to the guidelines of the National Institutes of
Health for the care and use of experimental animals. The animals were individually housed in
metabolic cages and were studied in the awake state.

Surgical preparation

Eighteen female Merino sheep, weighing 34.5 + 1.1 kg, were chronically instrumented for
hemodynamic monitoring with a femoral artery catheter and a 7-French Swan-Ganz
thermodilution catheter, as previously described [9,10]. Through a left thoracotomy at the level
of the 5™ intercostal space, a silastic catheter was positioned in the left atrium. Through an
incision on the right, 6! intercostal space, the efferent lymphatic vessel of the CMN was
cannulated with Silastic medical grade tubing by a modification of the technique originally
described by Staub et al. [11]. The distal end of the CMN was ligated through the 9t intercostal
space and the borders of the diaphragm, and posterior aspects of the right hemithorax were
cauterized to avoid any systemic afferent lymphatic duct to enter the CMN. After surgery,
animals were given a seven-day recovery period with free access to food and water.

Experimental protocol and measurements

Following a baseline measurement, sheep were randomly allocated to one of the three groups
(n=6 each): sham (uninjured, untreated), control (injured (IL-2), untreated), and WW-85
(injured (IL-2), treated (WW-85)). Thereafter, a Foley urinary retention catheter was placed.
Directly after baseline (BL), IL-2 was intravenously (300.000 U/kg) given to control and
treatment animals in 8h intervals. One hour after the first IL-2 administration, WW-85
(dissolved in saline) was intravenously administered with an initial bolus of 0.1 mg/kg followed
by a continuous infusion of 0.02 mg-kg~-h~1 for the remaining 47h duration of the experiment.
The sham and control group received the vehicle. All animals had free access to food but not
to water and were fluid resuscitated, initially started on an infusion rate of 2 mL-kg™1-h™1 of
lactated Ringer’s solution, to precisely measure the fluid intake. Hemodynamic and
oxygenation variables were measured every 6 h during the experimental period. All pressures
were determined with disposable pressure transducers. Cardiac output (CO) and core body
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temperature was determined, using the Swan-Ganz™ catheter. Arterial and mixed venous
blood gases were determined using a conventional blood gas analyzer and corrected for core
body temperature. While lung lymph flow (Q.) was determined with graduated test tubes,
blood and lymph samples were collected in heparinized sample tubes. Total protein
concentrations in lymph (C_) and plasma (Cp) were measured with a refractometer. During
the entire 48 h study period, all animals were spontaneously breathing in standing position and
not sedated. The concentration of NO and its metabolites in plasma were assessed intermittently
as previously reported [12].

Histopathology and molecular biology

After completion of the 48-h experiment, the animals were anesthetized and euthanized by a
lethal intravenous injection of saturated potassium chloride. Immediately after sacrifice,
several tissue samples were harvested for a) measurement of iNOS mRNA activity, b)
immunostaining for iNOS protein, c) immunostaining for poly(ADP-ribose) (PAR), d)
quantification of myeloperoxidase (MPO) activity, e) quantification of malondialdehyde
(MDA ) activity f) quantification of 3-nitrotyrosine (3-NT) concentration, and g) measurement
of bloodless lung wet-to-dry weight-ratio, as previously reported [12,13].

Statistical analysis

Results

For statistical analysis, Sigma Stat 2.03 software (SPSS Inc., Chicago, IL) was used. After
confirming normal distribution (Kolmogorov-Smirnov test), a two-way analysis of variance
(ANOVA) for repeated measurements with appropriate Student-Newman-Keuls post hoc
comparisons was used to detect differences within and between groups. Significance was
assumed when P-value was less than 0.05. Data are presented as mean + standard error of mean
(S.E.M.).

Pulmonary transvascular fluid flux was evaluated by determination of lung lymph flow and
the pulmonary permeability index. The injured control group showed significant increases in
both, lung lymph flow and the pulmonary permeability index vs. BL and compared to the sham
group and animals treated with WW-85 (Fig. 1A/B). There was no statistical difference
between the sham and the treatment group.

NOx plasma and lymph levels

While NOx plasma levels remained unchanged in sham animals, IL-2 infusion markedly
increased NOx concentrations in the control group during the entire experiment. The treatment
group showed a trend of decreased NOXx levels during the 48 h experiment, with a significant
decrease at 3, 12, and 36 hours after injury compared to controls. The lymph NOXx levels also
displayed significant differences between the WW-85 and control group at 3,12, and 36 h post
injury (p<0.05, Fig. 1C/D).

Gas exchange and pulmonary shunt fraction

PaO,/FiO; -ratio remained stable throughout the experiment in all groups (sham BL: 529+28,
48h: 556+29; control BL: 535+27, 48h: 493+39; treatment BL: 612+20, 48h: 543+30) and
showed no statistical differences between groups (p>0.05). The pulmonary shunt fraction (Qs/
Qt) showed a significant increase in the IL-2 group at six and 12 hours post injury compared
to BL (Table 1, p<0.05). There was no statistical difference between the groups.
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Lung MPO activity and MDA formation

MPO and MDA in lung homogenates was significantly higher in the injured control group than
in the sham and treatment groups (p<0.05, Fig. 2A/B). MPO activity in the WW-85-treated
group was comparable to the sham group (n.s.).

3-NT content in lung tissue was determined by ELISA after 48h. The concentration in lung
homogenates of the control group (1.5£0.5 nM) was significantly higher than in the sham group
(0.4£ 0.2 nM, p<0.05). Lung tissue 3-NT concentrations in the WW-85 group (0.8+£0.4 nM)
showed a trend to be lower than in controls.

iNOS and PARS expression

iNOS Immunostaining of the lungs indicated a significant upregulation of iNOS protein in
control and WW-85-treated animals as compared to the sham group (p<0.05). The treatment
group showed a significant lower iNOS expression than the control group. (p<0.05, Fig. 2C/
D). PAR immunostaining of the lungs showed no differences between the sham and the
treatment group (p>0.05). The control group, however, showed a significant decrease of the
PAR product as compared to the sham and the treatment group (each p<0.05).

Global cardiopulmonary hemodynamics

Heart rate significantly increased in control animals during the first 24 h of the experiment
compared to BL, sham, and WW-85 treated animals (p<0.05, Table 1). The WW-85 group
displayed no statistical difference to the sham group or BL. Core body temperature significantly
increased in response to IL-2 injections in the control group, peaking at 3, 18, and 42 hrs post
injury. This temperature increase was significantly attenuated in the WW-85 group as
compared to the control groups (p<0.05, Table 1). The central venous pressure (CVP),
pulmonary artery occlusion pressure (PAOP) and hematocrit (Hct) remained stable on baseline
levels and displayed no statistical difference (n.s., data not shown), indicating adequate fluid
resuscitation throughout the 48h experimental period. The mean pulmonary artery pressure
(MPAP) significantly increased in IL-2 treated sheep in the first 18h of the experiment
compared to BL (p<0.05, Table 1).

Bloodless lung wet/dry weight ratio

The bloodless wet/dry weight ratio of the lung was 4.8+0.4 in sham, 5.0+0.1 in control, and
5.2+0.4 in WW-85 treated animals, respectively. There was no statistical difference between
groups.

Discussion

IL-2 is known to play a central role in cell-mediated immune responses directed against cancer
cells [1,2,4], and has demonstrated anticancer activity in preclinical and clinical trials. During
IL-2 treatment, pulmonary complications are frequently observed, many patients also suffer
hypotension, and IL-2 administration is often discontinued because of these side effects [6].

This investigation was designed to test whether the novel peroxynitrite decomposition catalyst
WW-85 is useful to attenuate such IL-2-dose-limiting adverse effects on the pulmonary
vasculature, since it is known that ONOO™ is capable of inducing endothelial dysfunction and
vascular hyporeactivity, as well as inactivation of alpha-1 adrenoreceptors and norepinephrine
[14]. The present study showed that treatment with WW-85 significantly improved pulmonary
transvascular fluid flux, decreased lipid peroxidation, limited iNOS as well as PAR intensity,
prevented tachycardia, and attenuated the increase in core body temperature during IL-2
treatment. These findings provide evidence that ONOO™ plays a crucial role in the pathology
of IL-2 induced toxicity.
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Our study suggests that downstream actions of iINOS-dependent ONOO™ might explain some
of the effects previously attributed to NO. Peroxynitrite is a potent nitrating species and initiator
of lipid peroxidation and apoptosis. Traditionally, immunodetection of nitrotyrosine has been
used as evidence of peroxynitrite formation in biological tissue [15]. More recently, it has been
shown that protein nitration may, under some conditions, arise independently of peroxynitrite
via the action of MPO and nitrite [16—18]. While the precise pathways contributing to nitration
in SIRS has not yet been determined with certainty, a role of iNOS in nitrotyrosine formation
has been confirmed [19]. However, we could show a tendency of reduced 3-NT levels in the
present study, the lack of significance might be related to interference with different pathways
and the fact, that plasma NOXx levels were reduced at certain time points, depending on IL-2
injections, and the 3-NT measurement was performed at the end of the experiment as a total
measurement of all time points. Studies using a selective iNOS dimerization inhibitor showed
decreased nitrotyrosine levels and apoptosis [20]. Since this intervention also decreased iNOS
expression, it is possible that decreased nitration resulted secondarily from decreased
production of NO, a substrate for peroxynitrite formation. Other studies using iNOS knockout
mice showed decreased apoptosis and lack of nitrotyrosine formation when iNOS—/— donor
and recipients were used compared to presence of nitrotyrosine when iNOS+/+ allografts were
used [21]. These findings are complemented by studies of Pieper et al. [22] showing limitation
of NO by two mechanisms a) by inhibiting iNOS activity but not expression, and b) decreasing
iNOS expression by immunosuppressant therapy in rat cardiac transplants, both decreased
protein nitration. These findings support arole of iNOS in nitrotyrosine formation. On the other
hand, one cannot exclude the possible nitration of proteins via iNOS-dependent but
peroxynitrite-independent pathways. Indeed, myeloperoxidase in the presence of nitrite and
H»0, can cause nitration of proteins [16], what may be excluded in this study, since MPO was
significantly reduced by WW-85. Based upon our current knowledge, it cannot be excluded
that WW-85 may also contribute to peroxynitrite-independent pathways of protein nitration.
Our results, however, are in line with previous findings using iron-based metalloporphyrinic
agents as peroxynitrite decomposition catalysts which resulted in decreased myocardial
myeloperoxidase activity in septic rats [23] and decreased myeloperoxidase activity in lung
reperfusion injury [24]. Nevertheless, our findings using the peroxynitrite decomposition
catalyst WW-85 are significant in providing evidence that myeloperoxidase-derived nitration
is probably not a major source of nitrotyrosine formation in this model of IL-2 induced
pulmonary toxicity.

PARP is a nuclear enzyme that is activated by single strand DNA breakage. This enzyme is
increased in tissue injury and catalyzes the transfer of ADP-ribose subunits to proteins
associated with DNA damage. Peroxynitrite is a potent activator of DNA strand breaks and
PARP activation [25,26]. Detection of poly (ADP-ribose) is used to indicate PARP activation.
PARP activation has been shown after reperfusion injury in rat cardiac transplants [27,28]
following alloimmune activation and rejection in rat cardiac allografts [29], as well as in
systemic inflammatory response to burn and smoke inhalation injury [13]. The observation
that 5- aminoisoquinoline, an inhibitor of PARP, attenuated rejection scores and improved graft
survival in a rodent model of cardiac allograft rejection suggests the importance of PARP
activation [29]. In our study, we found that WW85 given alone, normalized PAR staining in
IL-2 treated animals. What is shown in figure 2D is not the PARP enzyme, but the product,
displaying the degree of PARP activation. Low levels of PARP could be expected in controls,
however, if cells with high PARP activation die, they get off the map of observation, and healthy
cells remain. This data suggests that poly (ADP-ribose) acted, in part, by decreasing PARP
activation in WW-85 treated animals, inhibiting the feedback loop to iNOS and NO formation.
Pacher et al. [30] have shown that pharmacological inhibition of PARP with INO-1001
improved cardiac contractility. Furthermore, INO-1001 also significantly improved
acetylcholine-induced, nitric-oxide mediated, vascular relaxation of isolated aortic rings. These
data are similar to the effect of a phenanthridinone-based PARP inhibitor PJ34, which also
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improves endothelium-dependent relaxations in the thoracic aorta of aging animals [31-34].
The current findings are in line with previous studies demonstrating that PARP inhibition
improves cardio-pulmonary function in various models.

A limitation of our study is that we cannot guarantee that our findings can be transferred to
human beings, and that the animals were initially healthy and not compromised by cancer.

Taken together, the results of the present study suggest that the novel peroxynitrite catalyst
WW-85 is a useful agent to attenuate IL-2-associated deterioration in pulmonary microvascular
permeability. WW-85 is a newer generation of the recently used FP15 compound [35]. Itis an
antioxidant that should be able to protect against the side effects of IL-2, while it catalyzes the
breakdown of ONOQO™, and reduces MPO and MDA activity. Further investigations are
necessary to transfer these results on human beings.
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FIG 1.

Changes in: 1A lung lymph flow (QL, mL), 1B permeability index (PI=QL.(L/P-ratio)), 1C
plasma nitrate/nitrite (NOx, uM), and 1D lymph NOXx levels over 48 h experimental period.
Data are expressed as mean + S.E.M. of 6 animals per group. Significance p <0.05; # vs.
baseline (0 h); T vs. Sham; * IL-2 vs. IL-2 + WW85.
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FIG 2.

Changes in: 2A lung malondialdehyde levels (MDA, nmol/mg), 2B lung myeloperoxidase
levels (MPO, U/mg), 2C average intensity of iNOS Immunohistochemical staining, and 2D
PAR Immunohistochemical staining 48 h post injury. Data are expressed as mean * S.E.M. of
6 animals per group. Significance p <0.05; t vs. Sham; * IL-2 vs. IL-2 + WW85.
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