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Abstract

Introduction—The pathophysiology and therapeutic options in sepsis-induced lung injury
remain elusive. High Dose Interleukin-2 therapy (HDIL-2) is an important protocol for advanced
malignancies but is limited by systemic inflammation and pulmonary edema that is
indistinguishable from sepsis. In pre-clinical models, IL-2 stimulates angiopoietin-2 secretion,
which increases endothelial permeability and causes pulmonary edema. However, these
relationships have not been fully elucidated in humans. Further, the relevance of plasma
angiopoietin-2 to organ function is not clear.

We hypothesized that plasma angiopoietin-2 concentrations increase during HDIL-2, and are
relevant to clinical pathophysiology.

Methods—We enrolled 13 subjects with metastatic melanoma or renal cell carcinoma admitted
to receive HDIL-2, and collected blood and spirometry data daily. The plasma concentrations of
angiopoietin-2 and interleukin-6 were measured with ELISA.

Results—At baseline, the mean angiopoietin-2 concentration was 2.5 ng/mL (SD 1.0 ng/mL).
Angiopoietin-2 concentrations increased during treatment: the mean concentration on the
penultimate day was 16.0 ng/mL (SD 4.5 ng/mL) and increased further to 18.6 ng/mL (SD 4.9
ng/mL; p < 0.05 vs penultimate) during the last day of therapy. The Forced Expiratory Volume in
one second (FEV-1) decreased during treatment. Interestingly, plasma angiopoietin-2
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concentrations correlated negatively with FEV-1 (Spearman r=-0.78, p < 0.0001). Plasma
angiopoietin-2 concentrations also correlated with plasma interleukin-6 concentrations (r = 0.61, p
< 0.0001) and Sequential Organ Failure Assessment (SOFA) scores (r = 0.68, p < 0.0001).

Conclusions—Plasma angiopoietin-2 concentrations increase during HDIL-2 administration,
and correlate with pulmonary dysfunction. HDIL-2 may serve as a clinical model of sepsis and
acute lung injury. Further investigation is warranted.
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Acute Respiratory Distress Syndrome; Acute Lung Injury; Systemic Inflammatory Response
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Introduction

Severe sepsis is a systemic inflammatory response syndrome (SIRS)1 in the setting of
infection that results in acute organ failure (Levy 2003). Severe sepsis is a major healthcare
concern, killing one in four people who develop the syndrome and continuing to increase in
incidence (Dombrovskiy 2007; Dellinger 2013). Unfortunately, the mechanisms leading to
multi-organ failure are poorly understood, and therapeutic approaches remain limited.
Furthermore, heterogeneities in subjects as well as the timing of interventions introduce
challenges to clinical investigations of severe sepsis.

Capillary permeability is tightly regulated in health but fundamentally altered in sepsis. This
disruption in endothelial barrier integrity causes a vascular leak syndrome. In the lung this
manifests as acute lung injury (ALI)2 and is associated with 25-35% mortality (2000;
Zambon 2008). Preclinical models of ALI demonstrate that angiopoietin (AngP)-23 causes
paracellular endothelial gap formation in vitro and pulmonary leak in murine models
(Gallagher 2007). AngP-2 is stored in Weibel-Palade bodies and is released in response to
activation of the vascular endothelium in response to inflammation or stress (Fiedler 2004).
AngP-2 competitively inhibits binding of AngP-1 at the Tie-2 receptor. Overwhelmingly,
clinical models of systemic inflammation have focused on markers present in subjects with
clinically manifested ARDS rather than the profile of inflammatory markers leading up to
the development of lung injury. In clinical sepsis, plasma AngP-2 concentrations are related
to impaired oxygenation (Parikh 2006), the development of ALI (Agrawal 2013), and
mortality (David 2012). A thorough understanding of the progression of activated
pulmonary endothelium and the role of AngP-2 secretion in regulating permeability may
help us address the mechanisms of organ injuries in SIRS and sepsis.

High dose interleukin (IL)-24 therapy (HDIL-2)°, used in treatment of advanced
malignancies, induces a vascular leak syndrome (Baluna 1997) that is clinically
indistinguishable from sepsis and thus a compelling model of endothelial barrier

1Systemic Inflammatory response syndrome (SIRS)
2pacute Lung Injury (ALI)
3Angiopoietin-z (AngP-2)

4nterleukin (IL)

5High dose Interleukin-2 (HDIL-2)
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dysfunction. Sera of HDIL-2 treated human subjects have high concentrations of AngP-2,
and these sera induce permeability in lung models (Gallagher 2007). The effects of AngP-2
within pulmonary tissue are implied by ex-vivo models, tissue cultures, and animal models
but have not yet been demonstrated in humans. We therefore chose to investigate whether
HDIL-2 therapy leads to an increase in circulating AngP-2 and whether plasma AngP-2
levels are clinically relevant in the evolution of systemic inflammation and lung dysfunction.

We hypothesized that plasma AngP-2 concentrations increase during HDIL-2 therapy, and
are relevant to clinical physiology. We designed a study to prospectively enroll human
subjects receiving HDIL-2 therapy for metastatic melanomas and renal cell carcinomas to
study the progression of SIRS and organ dysfunction in a human population.

Materials and Methods

Subjects

We studied 13 subjects admitted to our Medical Intensive Care Unit (ICU)® for HDIL-2
therapy for metastatic renal cell carcinomas or melanomas. These subjects were identified
by Oncology clinic staff members as candidates for treatment. HDIL-2 is not offered to
patients with significant comorbidities including cardiovascular, respiratory, renal or hepatic
dysfunction and thus no additional inclusion or exclusion criteria were utilized. Informed
consent was obtained upon admission to the intensive care unit, prior to the first dose of
HDIL-2. The study was approved by the University of lowa Institutional Review Board.
(University of lowa Institutional Review Board #201202738)

Clinical administration of HDIL-2

The clinical use of HDIL-2 is not an experimental intervention, but part of a standard
clinical protocol that is similar to that used at other institutions (Mekhail 2000; Yost 2010).
HDIL-2 is indicated as a standard treatment option for selected patients with metastatic
kidney cancer and metastatic melanoma. Patient selection includes excellent
cardiopulmonary and other end-organ function as well as extent of metastatic disease,
histologic subtype and details of prior therapies (Schwartzentruber 2001). A brief overview
of the IL-2 protocol is follows: HDIL-2 was prescribed at 600,000 units/kg intravenously
every 8 hours for up to 14 doses administered via Peripherally Inserted Central Catheter
placed upon admission. Patients were assessed for stability by the ICU team before each
dose. Decisions to stop or hold HDIL-2 were made by the by the oncologists who were
blinded to research measures, and generally reflect clinical assessments of overwhelming
organ failure. Common indications for stopping include 1) urine output < 80 cc in 8hrs; 2)
Serum creatinine > 4 mg/dL or abrupt rise from baseline; 3) rapidly progressive shock or
high vasopressor needs; 4) requirement for supplemental oxygen; and 5) more than one dose
held in a 24 hours. Fluids and norepinephrine were administered based on clinical evaluation
of volume status and presence of hypotension.

B\ntensive Care Unit (Icu)
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Research data collection

We collected clinical data from the medical record throughout treatment, including a) values
necessary to calculate daily Sequential Organ Failure Assessment (SOFA)’ scores (Vincent
1998; b) fluid balance; c) cumulative HDIL-2 doses; and d) data related to demographics
and comorbidities. Acute renal failure was defined a priori as a rise in serum creatinine >
0.3 mg/dL in 8 hours. Shock was determined to be present if vasopressors were utilized in
the preceding 8 hours. Prior to the first dose of HDIL-2 and then daily we collected blood
for research analysis, and measured pulmonary function using portable a portable spirometer
(EasyOne Spirometer, NDD Medical Technologies, Andover MA). The subjects performed
spirometry with a minimum of three attempts in the seated position in an ICU bed for all
time points. American Thoracic Society consensus criteria (Miller 2005) were used to
determine adequacy of results. Some subjects refused parts of the study while receiving
HDIL-2.

Plasma analysis

We measured the concentrations of AngP-2 and IL-6 in plasma samples from baseline,
penultimate, and last days of HDIL-2 using commercially available sandwich ELISA kits
(both R&D Systems, Minneapolis, Minnesota, United States). Because the duration of
HDIL-2 is determined by patient tolerance, the penultimate and last days of therapy cannot
be identified a priori, and do not occur in a set day of therapy (e.g. day 3) for all subjects.

Statistical Analysis

Results

Data were analyzed with GraphPad Prism software version 5.0 (San Diego, California,
United States). Plasma concentrations were compared throughout treatment using one-way
ANOVA for repeated measures or Friedman’s test according to sample distribution.
Significant differences (2-sided a<0.05) were evaluated with Tukey’s multiple-comparison
test, test for linear trend, of Dunn’s Multiple Comparison Test, as appropriate. Spearman
correlation was used for comparison of continuous variables with non-Gaussian distribution.

We enrolled 13 subjects admitted to our ICU for HDIL-2. Subject ages ranged from 33-65
years old, and 4 (31%) subjects were male. 6 subjects had metastatic melanoma, while the
remainder had renal cell carcinoma. While the latter subpopulation had nephrectomies prior
to enrollment, baseline serum creatinine ranged from 0.6 to 1.3 in all subjects.

The median number of HDIL-2 doses was 12 (range 8-14). HDIL-2 initiated systemic
inflammation as evidenced by an acute rise in plasma IL-6 concentration. Specifically, the
mean concentration of IL-6 in plasma at baseline was 50.7 pg/mL (SD 75.7 pg/mL). This
value increased to 267.5 pg/mL (SD 260 pg/mL) on the penultimate day, and 192.5 pg/mL
(SD 150 pg/mL) on the last day of therapy (Friedman’s test p = 0.002; Dunn’s multiple
comparison p < 0.05 for both penultimate and last days versus baseline, data not shown).

7Sequential Organ Failure Assessment (SOFA)
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Subjects exhibited signs of organ failure during HDIL-2, as summarized in Table 1. During
therapy, 10 (77%) subjects developed acute renal failure. Subjects uniformly had a positive
fluid balance during therapy, with a median cumulative fluid balance of 9.5 liters (range
5.6-12.6 liters). Despite fluids, 7 (54%) subjects developed shock treated with vasopressors.
As a whole, multi-organ failure was common as defined by a median SOFA score of 7
(range 2-9).

The SOFA scoring system utilizes P,0,/F;O, ratios to measure pulmonary organ failure. As
previously stated, supplemental oxygen is a stop criterion for HDIL-2, thus P,0,/F;0, may
not be a sensitive assessment for evolving lung injury during this treatment. At baseline, the
mean values for Forced Expiratory VVolume in 1 second (FEV-l)8 and Forced Vital Capacity
(FVC)9 were 77% and 90% of predicted values respectively (see Figure 1), and the
FEV-1/FVC ratio was 0.66. Both FEV-1 and FVC decreased during the first three days of
HDIL-2 (ANOVA p < 0.0001, with post testing p< 0.0001 for downward linear trend), when
all subjects continued therapy and performed spirometry. The FEV-1/FVC ratio did not
change during HDIL-2.

We measured the plasma concentration of AngP-2 during HDIL-2. At baseline, the mean
AngP-2 concentration was 2.5 ng/mL (SD 1.0 ng/mL), a value somewhat higher than the
range 0.32-1.08 ng/mL reported for healthy controls (Kumpers 2009; David 2010). AngP-2
concentrations increased during treatment and the mean concentration on the penultimate
day was 16 ng/mL (SD 4.5 ng/mL, see Figure 2). For most subjects, AngP-2 concentrations
continued to rise up to the last day of HDIL-2, ranging 3.8-28.7 ng/mL (interquartile range
14.0-21.1 ng/mL). The mean AngP-2 concentration was 17.4 ng/mL on the last day of
HDIL-2 (SD 6.2 ng/mL; Repeated Measures ANOVA p < 0.0001, Tukey’s Multiple
Comparison Test p < 0.05 vs baseline). These values are in the range described in clinical
investigations of sepsis-induced ALI.(Ong 2010)

We investigated relationships between plasma AngP-2 concentrations and subject
physiology. Notably, plasma AngP-2 concentrations correlated with plasma IL-6
concentrations (r = 0.61, p < 0.0001; see Figure 3). During the last two days of therapy, the
mean concentration of AngP-2 was not significantly higher in subjects that developed shock
(18.6 ng/mL, SD 5.0 ng/mL) than in those subjects without shock (15.5 ng/mL SD 4.1
ng/mL, single outlier excluded, p = 0.10). However, we found that plasma AngP-2
correlated with multiple organ failure as measured with SOFA scores (r = 0.68, p < 0.0001;
see Figure 4).

Given the effects of AngP-2 upon lung endothelial tissue models, we evaluated relationships
between plasma AngP-2 and evolving pulmonary pathophysiology as measured by
spirometry. Notably, FEV-1 expressed as percent predicted normal, correlated inversely and
strongly with plasma AngP-2 concentrations (Spearman r=-0.78, p < 0.0001; see Figure 5).
We note that five subjects refused spirometry on the last day of HDIL?2, and thus their data
were not available for this analysis. The mean plasma concentration of AngP-2 on the last

8Forced Expiratory Volume in 1 second (FEV-1)
9Forced Vital Capacity (FVC)
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day of HDIL-2 was higher in subjects that refused spirometry (22.0 ng/mL, SD 5.9 ng/mL)
than in subjects that completed spirometry (14.6, SD 4.8; p = 0.03, data not shown),
suggesting that missing spirometry data are from the sickest subjects.

Discussion

In this cohort of human subjects we demonstrate that plasma AngP-2 concentrations
increase throughout HDIL-2 therapy. More so, levels of AngP-2 correlate with systemic
illness including inflammation, shock, and multi-organ failure. Our most interesting finding
is that rising plasma AngP-2 concentrations correlate with the evolution of pulmonary
pathophysiology.

Previous in-vitro studies identified a relationship between HDIL-2 and AngP-2. Plasma
from subjects receiving HDIL-2 induces increased permeability in endothelial cultures,
while this effect is blocked by inhibition of AngP-2 (Gallagher 2007; Huh 2012). Our data
demonstrate that circulating AngP-2 is relevant to evolving pathophysiology. Specifically,
our data are the first to demonstrate a direct correlation between plasma AngP-2 and
progressive pulmonary dysfunction during HDIL-2.

Our findings have implications well beyond that of cancer therapy. Many aspects of HDIL-2
are indistinguishable from sepsis. The incidence of shock and acute renal failure in our
subjects resemble reports of severe sepsis and early lung injury (Dombrovskiy 2007; de
Montmollin 2013). Our study provides further biochemical evidence of similar systemic
inflammation during both HDIL-2 and sepsis. Specifically, both plasma IL-6 (Takala 2002;
Paine 2012) and AngP-2 (Parikh 2006; Meyer 2011) concentrations during HDIL-2 are
comparable to clinical studies of sepsis and acute lung injury. Previous studies have
demonstrated that AngP-2 levels were elevated in children with septic shock (Giuliano
2007), as well as surgical patients with ARDS (Gallagher 2008). The same study
additionally demonstrated a correlation between mortality and the plasma AngP-2
concentration on the day clinical criteria for ARDS were met. More recently, studies showed
that early increases in plasma AngP-2 in septic subjects predicted a) the subsequent
development of ALI subjects without lung injury present on admission; (Agrawal 2013) and
b) mortality. (David 2012) These studies enrolled subjects in the emergency room, arguably
as early as possible during clinical sepsis. Thus we know little regarding the events that led
up to arise in AngP-2 during clinical systemic inflammation. Our study provides the first
clinical data to demonstrate the initiation of systemic inflammation that leads to
simultaneous expression of AngP-2 and progressive organ injury.

Myriad preclinical models of sepsis demonstrate efficacy of innovative therapies that
subsequently fail to improve patient outcomes, suggesting that such models do not fully
recapitulate the clinical syndrome (Dyson 2009). In fact, a recent study demonstrated that
acute inflammatory stresses from different etiologies result in highly similar responses in
humans, while corresponding mouse model responses correlate poorly with the human
conditions. This urges a higher priority for studies of complex human conditions rather than
murine models (Seok 2013). However, clinical investigations of sepsis are also challenged
as heterogeneity of both subject populations and timings of interventions make it difficult to
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find a signal and to identify appropriate and comparable time points for evaluation. Further,
unlike preclinical models, clinical investigations of sepsis are unable to capture a time-zero
of systemic inflammation, and thus may not be able to fully elucidate pathways that occur
before organ injury occurs. Accordingly, both preclinical models and clinical investigations
of sepsis face significant challenges to further our understanding of the pathogenesis of
acute organ failure during sepsis.

Our results suggest that HDIL-2 may provide an important system in which to investigate
the early pathogenesis of organ failure. HDIL-2 subjects constitute a clinical population that
a) limits co-morbidities that confound clinical investigations of sepsis; b) progresses from
time-zero to fulminant SIRS; and c) demonstrates significant organ injury with direct
relevance to clinical sepsis. Thus HDIL-2 provides a unique model to detect the evolving
relationships between effector molecules of systemic inflammation, such as AngP-2, and
their roles in the pathogenesis of organ failure during clinical SIRS.

Previously, authors have proposed AngP-2 as a therapeutic target to prevent organ failure
(Kumpers 2012). Clinical investigations of HDIL-2 offer the potential to identify
biochemical processes before secretion of AngP-2 is increased, and thus identify additional
targets to decrease AngP-2. IL-2 directly stimulates endothelial cell secretion of AngP-2
without the circulating immune cells responsible for anti-tumor effects (Krieg 2010; Huh
2012). Because the therapeutic and injury pathways are likely distinct, studies aimed at
decreasing AngP-2 may benefit treatment for renal cell carcinoma and melanoma. Such
studies, performed during clinical SIRS from HDIL-2, may also serve to improve the
outcomes of clinical sepsis.

Our study does have limitations. First we enrolled only a small number of subjects, as a
limited number of patients are eligible for HDIL-2 given its indications and potential for
toxicity (Lee 1989). Next, cancer patients may display different responses to inflammation.
This seems unlikely given the aforementioned similarities between our measures of AngP-2
and previous studies. Another limitation is that we elected to only measure AngP-2 at three
time points. These were carefully selected in an attempt to provide the most informative
evaluation of the progression of lung injury. In so doing, we demonstrated that AngP-2
continued to rise in the last two days of HDIL-2. This finding is also supported clinically, as
most of our subjects had escalating multi-organ failure on their last day of HDIL-2
administration, consistent with systemic vascular leak syndrome.

We note that none of our subjects required supplemental oxygen, thus would not meet
clinical definitions of mild Acute Respiratory Distress Syndrome (ARDS)lO. However, non-
cardiogenic pulmonary edema during HDIL2 is well documented and noted to be sudden
and at times lethal, leading to a change in practice patterns have to prevent fulminant ARDS
(Lee 1989). Further, animal models demonstrate significant progression of lung injury even
prior to gas exchange abnormalities (Gargani 2007). Thus it seems likely that our subjects
experienced the precursors of the clinical phenotype of ARDS.

10acute Respiratory Distress Syndrome (ARDS)
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An important limitation is that we did not directly measure lung injury, rather we assume
that decreasing FEV-1 represents non-cardiogenic pulmonary edema. Chest radiographs are
not routinely ordered during HDIL-2. When chest radiographs are ordered pulmonary edema
is commonly found late in HDIL-2 (Vogelzang 1992), yet this imaging modality may not be
sufficiently sensitive to detect the early phases of lung injury (Lichtenstein 2004). Because
IL-2 causes inflammation, acute bronchoconstriction is a possibility. However, FEV-1 and
FVC decreased in parallel with an unchanged FEV-1/FVC ratio, consistent with an evolving
restrictive process. This supports our belief that that decreasing FEV-1 in HDIL-2 patients is
secondary to pulmonary edema. Certainly, the utility of FEV-1 as a surrogate marker of lung
injury in this population as well as further studies looking into the physiology underlying the
decrease in FEV-1 seen in HDIL-2 could be explored.

Conclusions

Plasma angiopoietin-2 concentrations increase during HDIL-2 administration and correlate
with clinical evolution of organ failure. HDIL-2 may serve as a clinical model of early
sepsis and evolving acute lung injury. Further investigations of the events and mechanisms
leading to AngP-2 secretion may be beneficial to HDIL-2 therapy as well as patients with
sepsis.
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Figure 1. Pulmonary function falls during HDIL-2

We measured the Forced Expiratory Volume in one second (FEV-1, upper panel) and
Forced Vital Capacity (FVC, middle panel) at baseline (day 0) and then daily during
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HDIL-2. The horizontal bars indicate mean values for each day. Both measures exhibited
daily declines in pulmonary function (ANOVA for repeated measures p < 0.0001, post-test
for linear trend p < 0.0001). The ratio FEV-1/FVC (lower panel) did not change during

HDIL-2.
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Figure 2. Plasma angiopoietin-2 increases throughout HDIL-2
Plasma AngP-2 was measured with ELISA. At baseline, the mean AngP-2 concentration

was 2.5 ng/mL (SD 1.0 ng/mL). The mean value (horizontal bar) during the penultimate day
of therapy was 16 ng/mL (repeated measures ANOVA p< 0.0001; *Tukey’s Multiple
Comparison Test p < 0.05 vs baseline). AngP-2 increased further in 10 of 13 subjects, with a
last day mean value of 17.4
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Figure 3. Plasma angiopoietin-2 concentrations correlate with systemic inflammation

30

Plasma IL-6 and AngP-2 were measured with ELISA at baseline, penultimate and last days

of HDIL-2 treatment. Plasma AngP-2 concentrations correlated with plasma IL-6
concentrations (r = 0.61, p < 0.0001).
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Figure 4. Plasma angiopoietin-2 concentrations correlate with multiple organ failure
Angiopoietin-2 was measured with ELISA at baseline and during the last two days of

HDIL-2 treatment. Organ failures were determined by the Sequential Organ Failure
Assessment (SOFA) scores. The plasma concentrations of angiopoietin-2 correlated with
SOFA scores (Spearman r=0.68, p<0.0001)

Shock. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gores et al.

FEV-1
% predicted
=
[

100+

Page 15

10 20 30

Plasma Angiopoietin-2
ng/ mL

Figure 5. Agiopoietin-2 correlates negatively with pulmonary function during HDIL-2
Subjects receiving HDIL-2 performed spirometry and had AngP-2 measured at baseline and

the last two days of therapy. The Forced Expiratory Volume in one second (FEV1)
correlated strongly and inversely with AngP-2 concentrations (Spearman r= —0.78,

p<0.0001).
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Table 1

Organ Function During High Dose IL-2

Day of Therapy
Baseline  Penultimate  Last Day

Pulse 80 99

102***
Beats/minute (60-94) (83-132)  (g2-130)
Mean Arterial Pressure 81 65 69" **
mm Hg (70-92) (50-77) (53-84)
Norepinephrine Dose - 0.03 0.03"
meg/kg/min (0-0.17) (0-0.13)
Creatinine 0.96 1.46 1.75°%*
mg/dL (0.6-1.4) (0.9-2.1) (1-2.6)
Platelets 259 118 100"
Plt x 103/mm3 (119-482) (56-281) (42-239)
Bilirubin 05 1.08 13**
mg/dL (0.1-1.5) (0.3-4.5) (0.3-5.1)
SOFA Score 0.7 5 6
(0-2) (2-7) (1-9)

All values are mean (range)

*
p <0.05;

*%

p =0.003;

*%

*
p < 0.0001 for Repeated measures ANOVA
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