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Abstract

Background: Acute respiratory failure (ARF) is common in critically ill patients, and 50% of

patients in intensive care units require mechanical ventilation [3, 4]. The COVID-19 pan-

demic revealed that COVID-19 infection induced ARF caused by damage to the microvas-

cular pulmonary endothelium. In a randomized clinical trial, mechanically ventilated COVID-

19 patients with severe endotheliopathy, as defined by soluble thrombomodulin

(sTM) ≥ 4 ng/mL, were randomized to evaluate the effect of a 72-h infusion of low-dose

prostacyclin 1 ng/kg/min or placebo. Twenty-eight-day mortality was 21.9% versus 43.6%

in the prostacyclin and the placebo groups, respectively (RR 0.50; CI 0.24 to 0.96 p = .06).

The aim of the current trial is to investigate if this beneficial effect and safety of pros-

tacyclin also are present in any patient with suspected pulmonary infection requiring

mechanical ventilation and concomitant severe endotheliopathy.

Materials and Methods: This is a multi-center, randomized, blinded, clinical

investigator-initiated phase 3 trial in mechanically ventilated patients with suspected pul-

monary infection and severe endotheliopathy, as defined by sTM ≥4 ng/mL. Patients are

randomized 1:1 to a 72-h infusion of low-dose prostacyclin (iloprost) 1 ng/kg/min or pla-

cebo (an equal volume of saline). Four-hundred fifty patients will be included.
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The primary endpoint is 28-day all-cause mortality. Secondary endpoints include

90-day mortality, days alive without vasopressor, mechanical ventilation, and renal

replacement therapy in the ICU within 28 and 90 days, and the number of serious

adverse reactions or serious adverse events within the first 7 days.

Discussion: This trial will investigate the efficacy and safety of prostacyclin vs. placebo

for 72-hours in mechanically ventilated patients with any suspected pulmonary infec-

tion and severe endotheliopathy, as defined by sTM ≥4 ng/mL. Trial endpoints focus

on the potential effect of prostacyclin to reduce 28-day all-cause mortality.
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acute respiratory failure, clinical trial, infectious pulmonary endotheliopathy, mechanical
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1 | INTRODUCTION

The COVID-19 pandemic highlighted the detrimental consequences of

acute respiratory failure (ARF) on patient morbidity and mortality.1,2

ARF is common in critically ill patients, and more than 50% of all inten-

sive care unit (ICU) patients require mechanical ventilation.3,4 ARF

occurs in a heterogenous patient group, most often in the setting of

pneumonia, sepsis, severe trauma, and following major surgery.5–7

Despite improvements in intensive care capabilities, ARF mortality

remains high, and the only treatment option, to date, is antibiotics and

supportive care.8 A recent Cochrane analysis found no evidence for that

any drug was effective in reducing deaths in mechanically ventilated

patients with ARF, hence highlighting the high unmet medical need.9

The COVID-19 pandemic revealed that infection-induced ARF is

caused by damage to the microvascular pulmonary endothelium.10 The

endothelium is a single-cell layer that lines the innermost part of all ves-

sels throughout the body.11 The endothelium maintains the delicate

balance between the circulating blood and the underlying tissues, and

this interface maintains immunity and blood fluidity, and transfers

water and nutrients.11 The damage to the pulmonary endothelium com-

promises the oxygen delivery from the pulmonary alveoli to the circu-

lating blood.12 Inadequate oxygenation of the blood (hypoxemia) can

lead to organ failure, including the heart, kidneys, liver, and the brain,

collectively entitled multiorgan failure (MOF). Thrombomodulin is a key

member of the anticoagulant protein C system, and its cleavage from

the endothelial surface contributes to the prothrombotic phenotype

observed in mechanically ventilated COVID-19 patients with damage

to the endothelium, here entitled as endotheliopathy.13,14 More specifi-

cally, we have reported that the level of circulating soluble thrombomo-

dulin (sTM), which is a marker of endothelial damage, is strongly

associated with organ failure and mortality in patients with systemic

infections.15 Regarding COVID-19-infected patients, Goshua and col-

leagues reported that those with endotheliopathy, defined by a sTM

level above 4 ng/mL, reflecting severe endotheliopathy, had signifi-

cantly increased mortality (40% vs. 20%) compared to those patients

with sTM levels below 4 ng/mL.16 We have recently extended these

findings beyond COVID-19 infection by studying 349 mechanically

ventilated patients in a general intensive care setting.17

Prostacyclin is an endogenous prostanoid formed and released by

endothelial cells, with paracrine function including vasodilation and

platelet inhibition. Because of these properties, it was introduced as a

pharmacological therapy in 1979 for patients with primary pulmonary

hypertension and critical limb ischemia in high doses.

In the new millennium, it was reported that prostacyclin also con-

fers potent endothelial cytoprotection by: synthesizing endothelial gly-

cocalyx constituents (hyaluronic acid),18,19 acting on prostaglandin I

(IP1) receptors on endothelial progenitor cells, leading to re-

endothelium-formation in damaged vessels,20 upregulating VE-cadherin

responsible for tight-junction integrity, i.e., preventing capillary

leakage,21 inducing peroxisome PPAR attenuation of NF-kB and TNF

activation in ischemia–reperfusion injury, which minimizes the inflam-

matory hit on the endothelium,22 and protecting against ischemia–

reperfusion injury through the PGI2-PPARα-HEME Oxygenase-1 signal-

ing pathway that provides robust rejuvenation of the damaged endo-

thelium.23 In 2010, the outcome of critically ill patients needing renal

replacement therapy was studied at ICU 4131 at Rigshospitalet. We

found that those patients receiving prostacyclin as an anticoagulant

during renal replacement therapy displayed a substantially lower

30-day mortality than patients receiving heparin (21% vs. 39%), despite

being more critically ill.24 We speculated that this may be due to a spill-

over effect of prostacyclin to the systemic circulation.

In a study in healthy volunteers, we demonstrated that low-dose

prostacyclin (Iloprost) did not adversely affect blood pressure or plate-

let function but instead appeared to improve endothelial function, as

evaluated by sTM [EudraCT no: 2011-006200-12]. The effect of low-

dose prostacyclin infusion (1 ng/kg/min) was, therefore, investigated

in two randomized, double-blind pilot studies in major surgery

(n = 56)25 and in septic shock patients (n = 18).26 These trials docu-

mented no adverse effects on blood pressure or platelet function. On

the contrary, prostacyclin significantly improved endothelial function

and integrity, as measured by validated biomarkers, in all groups. In

septic shock patients, we also found that the sequential organ failure

assessment (SOFA) score was significantly reduced together with

reduced duration of mechanical ventilation. In addition, a lower

30-day and 90-day mortality (8% vs. 34%; 25% vs. 50%) was

demonstrated.26

2 of 7 SØE-JENSEN ET AL.



In the COMBAT COVID-19 trial, we introduced a precision medi-

cine approach by using the biomarker sTM at a level above 4 ng/mL

as an inclusion criterion to ensure that only mechanically ventilated

patients with severe endotheliopathy and high predicted mortality

were included.27 Eighty mechanically ventilated COVID-19 patients

were randomized to a 72-h prostacyclin (1 ng/kg/min) infusion

vs. placebo (NCT04420741). The primary endpoint was the median

number of days alive without mechanical ventilation at 28 days, which

was 16 days in the prostacyclin group vs. 5 days in the placebo group

(difference of the medians: 11 days [95% CI �5–21], p = .07). The

secondary endpoints included 28-day mortality, which was 21.9% ver-

sus 43.6% in the prostacyclin and the placebo groups, respectively

(RR 0.50 95% CI 0.24–0.96; p = .06). The incidence of serious adverse

events (SAEs) <7 days was 2.4% vs. 12.8% (RR 0.19 [95% CI 0.001–

1.11], p = .10) in the prostacyclin and the placebo groups,

respectively.

Recently, we reported the results of COMBAT-SHINE, a random-

ized clinical trial in patients with septic shock and severe endothelio-

pathy, identified by sTM >10 ng/mL, who received either prostacyclin

1 ng/kg/ min or placebo.28 The trial was stopped for futility after the

inclusion of 278 patients, concluding that the administration of pros-

tacyclin would be unlikely to improve outcomes in sepsis patients.

1.1 | Trial hypothesis

Prostacyclin may be beneficial as an endothelial rescue treatment, as

it is anticipated to deactivate the endothelium and restore vascular

integrity in mechanically ventilated patients with infectious pulmonary

endotheliopathy, ultimately improving survival.

2 | MATERIALS AND METHODS

2.1 | Trial design

This is a multicenter, randomized (1:1, prostacyclin: placebo),

placebo-controlled, blinded, investigator-initiated trial in mechanically

ventilated patients with suspected pulmonary infection and endothe-

liopathy, as defined by circulating TM ≥4 ng/mL at the time of inclu-

sion, investigating the efficacy and safety of continuous intravenous

administrating of prostacyclin (1 ng/kg/min) versus placebo for 72 h,

in a total of 450 patients. For definitions concerning the project, see

Appendix S1, and for the full study protocol, see Appendix S2.

An independent Data Safety Monitoring Board (DSMB) will

assess safety every for 100 patients included. The DSMB will review

28-day mortality and other safety endpoints.

2.2 | Trial registration

EudraCT no 2022-004079-17 and VMK-2301624. The study is moni-

tored by the Capital Region GCP Unit, Bispebjerg Hospital, Copenhagen,

Denmark.

2.3 | Setting

The trial will be conducted at the ICU's at Copenhagen University

Hospital—Herlev and Gentofte, Copenhagen University Hospital—Bis-

pebjerg—and Frederiksberg, Copenhagen University Hospital—North

Zealand, and at Zealand University Hospital—Køge.

2.4 | Study population

2.4.1 | Inclusion criteria

Patients will be included in the COMBAT-ARF trial if they fulfil the

following criteria:

1. Adult intensive care patients (age ≥ 18 years)

AND

2. Suspected pulmonary infection

AND

3. Need for mechanical ventilation (< 24 h from time of screening)

AND

4. sTM ≥4 ng/mL

2.4.2 | Exclusion criteria

Patients are not eligible for inclusion in this trial if they fulfil one or

more of the following criteria:

1. Withdrawal from active therapy.

2. Pregnancy (non-pregnancy confirmed by the patient having a neg-

ative urine- or plasma hCG or being postmenopausal, defined as

females at 60 years old or beyond or at the investigators

discretion).

3. Septic shock according to the Sepsis 3 criteria AND sTM

>10 ng/mL.

4. Known hypersensitivity to iloprost or to any of the other contents.

5. Previously included in this trial or other prostacyclin trials within

30 days.

6. Life-threatening bleeding, defined by the treating physician.

7. Known severe heart failure (NYHA class IV).

8. Suspected acute coronary syndrome.

Patients enrolled in other interventional trials will not be excluded

unless the protocols of the two trials collide. A co-enrolment agree-

ment will be established between the sponsors.

2.5 | Screening

It will be the responsibility of the treating physician to identify eligible

adult mechanically ventilated patients with severe endotheliopathy due

to a suspected respiratory infection and pass on information to the trial.

All patients that fulfil the inclusion criteria (as described in section 8.1,
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bullet 1–3) are subjected to screening, which will be recorded in the

screening log. Patients fulfilling any of the exclusion criteria will not par-

ticipate. The reasons for not entering the trial will be registered. The

distribution of screened patients will be displayed in a Consolidated

Standards of Reporting Trials (CONSORT) diagram.29

2.6 | Randomisation

The sponsor is responsible for setting up the randomisation system. The

randomisation sequence will be done in permuted blocks of variable sizes

stratified for trial site using centralized, concealed allocation. The randomi-

sation sequence will be generated 1:1 (active/placebo) using the online

randomisation software ‘Sealed Envelope’ (https://www.sealedenvelope.

com/). Once generated, the randomisation sequence will be formatted

and uploaded into REDCap to facilitate centralized, web-based allocation

according to local written instruction. The randomisation sequence will be

printed and signed by two independent individuals and stored in a sealed

envelope in sponsors TMF. The patient randomisation at each site will be

done in the electronic system REDCap, where each patient will be given

a unique randomisation number/Trial ID number. The randomization

sequence will be concealed from all clinicians, patients, investigators and

statisticians and will first be opened after completion of all trial related

procedures, and statistically analyses are finalized.

2.7 | Trial intervention

A 1:1 randomized stratification for active study drug or placebo infu-

sion for 72 h is used. A total of 450 patients will be treated in accor-

dance with state-of-the-art therapy. Interventions are considered

emergency procedures, and study drug infusion should be commenced

as soon as possible after screening and randomization. Patients with

active treatment (N = 225 patients) will receive a low-dose prostacyclin

infusion 1.0 ng/kg/min, whilst the placebo group (N = 225 patients)

receives a saline infusion, both for 72 h. Patients in the trial will other-

wise be treated according to the standard of care, with no other differ-

ence between the two groups besides of the active or placebo

intervention. This dosing regimen was chosen since intravenous doses

of prostacyclin 0.5–2.0 ng/kg/min have been reported to be successful

at achieving endothelial modulating/preserving effect with no signifi-

cant hemodynamic or platelet aggregation complications.25–27

2.8 | Outcome measures

2.8.1 | Primary outcome measure

28-day all-cause mortality.

2.8.2 | Secondary outcome measures

• 90-day all-cause mortality.

• Days alive without vasopressor in the ICU within 28 and 90 days.

• Days alive without mechanical ventilation in the ICU within 28 and

90 days.

• Days alive without renal replacement in the ICU within 28 and

90 days.

• Number of patients with one or more serious adverse reactions

(SAR) within the first day 7.

• Number of patients with one or more serious adverse event (SAE)

within the first day 7.

2.9 | Blinding

To circumvent selection bias, researchers and health care personnel

will be blinded to the treatment assignment. Furthermore, to avoid

investigator, health care personnel, and patient performance and

detection bias, patients will be randomized to receive either

prostacyclin (Ilomedin®, Bayer AG, Leverkusen, Germany) or a placebo

indistinguishable in color, consistency, and volume. Blinded study and

non-study personnel will record clinical data and analyze blood sam-

ples. All randomized patients that have received prostacyclin will con-

tinue to be included in the assessments of its safety and efficacy.

Also, all analyses of the endpoints are performed by blinded person-

nel. We expect no loss to follow-up due to the unique Danish identifi-

cation number.

2.10 | Data registration and monitoring

Data will be entered into a central web-based electronic case report

form (eCRF) using the data management system REDCap® software

(REDCap 8.10.18—© 2019 Vanderbilt University). The eCRF is

password-protected, audit-trailed, encrypted that allows for detailed

centralized and de-centralized surveillance of data completeness over-

all and at each site. Each participating trial site will only have access to

their own data.

2.11 | Serious adverse reactions and serious
adverse events

Safety assessment will be done by comparing safety events for

prostacyclin versus placebo. All SAEs will be captured as part of the

daily routine in the patient electronic health record (i.e., ICU notes,

laboratory reports) and this will allow for later inspection if needed.

The investigator will record the occurrence of all SARs and those

SAEs of special interest until day 7 for all included patients in the

electronic CRF. After day 7, no further safety concerns are

expected due to the short half-life of the trial drug. Safety assess-

ment will be done comparing safety events for prostacyclin versus

placebo.

Patients will not be withdrawn from the trial if a SAR occurs. For

a detailed description of known SARs (as well as adverse reaction)

for Ilomedin, see section 4.8 in the Danish SmPC. The volume of
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72 mL NaCl per 24 h does not gives any safety concerns in this

population.

2.11.1 | SAEs of special interest

The following events are events of special interest, as they either are

relevant due to the pharmacokinetic of Ilomedin or of special concern

in these patients, as identified in the SmPC for Iloprost:

• Ischemic events (Cerebral (verified by CT), ST Elevation Myocardial

Infarction (STEMI) and Non-STEMI, intestinal or limb ische-

mia) [32].

• Bleeding events requiring more than 4 RBCs within 24 h or ongo-

ing bleeding.

• Bleeding events (intracerebral hemorrhage (verified by CT) and

lower gastrointestinal bleeding (defined as bloody diarrhea and rec-

tal bleeding)).

• Severe cardiac failure (defined as severe cardiogenic shock and

ejection fraction <20% cardiac ultrasound).

• Pulmonary embolism (symptomatic and verified by CT).

• Deep vein thrombosis (symptomatic and verified by ultrasound).

Only events that fulfilled the serious criteria will be recorded.

These SAEs are not subject to expedited reporting by the site to the

sponsor but must be recorded in the electronic CRF immediately after

day 7, so that the sponsor at any time has the possibility to monitor

the occurrence of these SAEs and make a benefit/risks assessment of

the trial.

2.12 | Approval

The trial is approved by the Danish Medicines Agency (EudraCT

no. 2022-004079-17), the Committees on Health Research Ethics in

the Capital Region of Denmark (VMK-2301624), and the Danish Data

Protection Agency. All patients will be enrolled after consent from a

scientific guardian who is independent of the trial.

To make clinical trials with the goal of improving the treatment of

critical ill patients, the treatment has to be initiated as early as possi-

ble where patients are temporarily incompetent. Therefore, informed

consent is obtained after the inclusion of the patient.

The investigator or his/her qualified designee must as soon as

possible after the inclusion of the patient obtain written consent from

the patient itself or proxy consent from both a scientific guardian and

next-of-kin. Patients, who, during the course of this trial, become able

to give consent, will be asked to participate and give their consent,

even though a proxy consent is obtained.

2.13 | Statistics

Descriptive statistics will be calculated for all endpoints. All summary

statistics of continuous variables will include n, mean, standard

deviation, median, min/max, and inter quartile ranges. All summary

statistics of frequency tables will include counts and percentages. p-

values <.05 for the primary endpoint are considered significant.

Twenty-eight-day all-cause mortality will be compared in the ITT

population using Fisher's exact test, and effect size expressed as risk

ratios with confidence intervals. All-cause mortality will be further illus-

trated using Kaplan–Meier curves. Ninety-day mortality will be compared

in the ITT population using Fisher's exact test, and effect size expressed

as risk ratios with confidence intervals and further illustrated using

Kaplan–Meier curves. Other secondary endpoints will be compared using

the Wilcoxon test, and differences expressed as changes in medians with

non-parametric-based bootstrapped 95% confidence interval.

2.13.1 | Sample size estimation

Patients will be recruited in a 1:1 ratio (Prostacyclin:Placebo). The

number of patients participating is based on a sample size calculation

using the 28-day mortality data in mechanically ventilated COVID-19

patients with sTM >4 ng/mL from a randomized, double-blind,

placebo-controlled clinical trial (NTC 04420741) showing a 50%

reduction in the prostacyclin arm.27 Assuming, conservatively, a 30%

relative risk reduction in mortality in the prostacyclin arm (from 39%

to 26%%) and providing the trial with 80% power to detect this differ-

ence at a significance level of 0.05, this will require 203 patients per

arm and 406 patients in total. To allow for a 10% drop out,

450 patients will be included. The statistical analysis plan will be pub-

lished before the last patient is included in the trial, and the analysis

of the blinded data from the randomized trial will be performed by

Prof. Theis Lange, Section of Biostatistics, Department of Public

Health, University of Copenhagen.

2.14 | Populations and sub-groups

The definitions of trial populations are as follows:

Intention-to-treat This will comprise all randomized patients

(except those randomized in error)

This population will be evaluated for all

endpoints

Per-protocol This is a subset of the intention-to-treat

population encompassing correctly included

patients who have received prostacyclin or

placebo according to the protocol (i.e., 72-h

infusion of prostacyclin or placebo after

inclusion or until dead or discharged to ward,

whichever comes first). This population will be

evaluated for the primary endpoint only

No sub-group analyses are planned. The number of patients in

and the available data for the populations will be described in the

required reports to the Danish Medicines Agency and Ethics Commit-

tee, and in peer-reviewed scientific papers.
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2.15 | Trial organization and management

The COMBAT-ARF trial is performed at the ICU's at the Copenhagen

University Hospitals—Herlev Hospital, Bispebjerg and Frederiksberg

Hospital and North Zealand Hospital and at Zealand University

Hospital—Køge together with the CAG Center for Endotheliomics and

the Department of Clinical Immunology, Copenhagen University

Hospital—Rigshospitalet. The Management Committee encompass

the Principal Investigator, Dr. P Søe-Jensen, Copenhagen University

Hospital–Herlev and Gentofte, and the other local Investigators and

Prof. Johansson, Chair at CAG Center for Endotheliomics. This group

is responsible for the overall management and coordination of the

trial. Site investigators will manage and coordinate the trial at

the sites. The principal investigator is responsible for data collection

and maintenance of trial documents. Co-enrolment of participants in

other interventional trials have to be approved by the COMBAT-ARF

management committee but is generally appreciated.

2.16 | Data sharing

The trial results will be published in a peer-reviewed open source

international clinical journal. De-identified data will be made publicly

available 12 months after the 1-year follow-up of the last randomized

patient, according to the ICMJE recommendations.

3 | DISCUSSION

3.1 | Intervention

The COVID-19 pandemic highlighted the detrimental consequences

of acute respiratory failure (ARF) on patient morbidity and mortal-

ity.1,2 It was further revealed that this was caused by injuries to the

microvascular pulmonary endothelium, resulting in a pro-thrombotic

phenotype secondary to the shedding of thrombomodulin from the

endothelial surface, ultimately leading to the shut-down of the protein

C system.10,13,15,16

The COMBAT COVID-19 trial showed that treating mechanically

ventilated COVID-19 patients and concomitant endotheliopathy with

low-dose prostacyclin reduced 28-day mortality from 43.6% to

21.9%, respectively (RR% CI 0.24–0.96, [p = .06]).

The results described above are the rationale for the current trial

to investigate if prostacyclin infusion is also beneficial for mechani-

cally ventilated patients with suspected pulmonary infection of any

origin and severe endotheliopathy.

3.2 | Outcome

The primary endpoint in the present trial will be 28-day all-cause mor-

tality. This builds on the results of the COMBAT COVID-19 trial,

where an intervention with prostacyclin 1 ng/kg/in for 72 h appeared

beneficial for survival in mechanically ventilated COVID-19 patients

with severe endotheliopathy, as evaluated by sTM ≥4 ng/mL,

although this was not the primary outcome.

3.3 | Strengths

The trial is conducted with a stringent methodology, which complies

with international guidelines for clinical trials and good clinical prac-

tice. The trial design includes concealed group allocation, blinding to

the patient, clinical staff, the investigators, the outcome assessors,

and the trial statistician. The trial is GCP-monitored. Sample size esti-

mations and trial design are based on the currently best evidence.

3.4 | Limitations

The development of acute respiratory failure is a multicellular event

where cells in the circulating blood, the endothelium, and the cells of

the lungs are involved. The current trial is limited in its scope to investi-

gate the potential role of the endothelial cell in the process when acute

respiratory failure is established and, hence, the current trial can only

assess the potential effect of prostacyclin for this purpose. The current

trial is also confined to a limited number of Danish intensive care units.

4 | PERSPECTIVE

Being a phase 3 trial and using mortality as the primary endpoint

ensures both that the correct number of patients are included and

that the results become rapidly available to the scientific and regula-

tory communities, with the perspective to ensure the clinical implica-

tion of the trial.

5 | TRIAL STATUS

The trial is currently recruiting at 4 active trial sites. Patient inclusion

was initiated on 15 April 2024, and the trial is expected to end in 2026.
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