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BACKGROUND. Acute respiratory distress syndrome (ARDS) is a prevalent disease with significant mortality for which
no effective pharmacologic therapy exists. Low-dose inhaled carbon monoxide (iCO) confers cytoprotection in preclinical
models of sepsis and ARDS.

METHODS. We conducted a phase | dose escalation trial to assess feasibility and safety of low-dose iCO administration
in patients with sepsis-induced ARDS. Twelve participants were randomized to iCO or placebo air 2:1 in two cohorts. Four
subjects each were administered iCO (100 ppm in cohort 1 or 200 ppm in cohort 2) or placebo for 90 minutes for up to 5
consecutive days. Primary outcomes included the incidence of carboxyhemoglobin (COHb) level 210%, prespecified
administration-associated adverse events (AEs), and severe adverse events (SAEs). Secondary endpoints included the
accuracy of the Coburn-Forster-Kane (CFK) equation to predict COHb levels, biomarker levels, and clinical outcomes.

RESULTS. No participants exceeded a COHb level of 10%, and there were no administration-associated AEs or study-
related SAEs. CO-treated participants had a significant increase in COHb (3.48% + 0.7% [cohort 1]; 4.9% + 0.28%

[cohort 2]) compared with placebo-treated subjects (1.97% * 0.39%). The CFK equation was highly accurate at predicting
COHb levels, [...]
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BACKGROUND. Acute respiratory distress syndrome (ARDS) is a prevalent disease with significant
mortality for which no effective pharmacologic therapy exists. Low-dose inhaled carbon monoxide
(iCO) confers cytoprotection in preclinical models of sepsis and ARDS.

METHODS. We conducted a phase | dose escalation trial to assess feasibility and safety of low-dose
iCO administration in patients with sepsis-induced ARDS. Twelve participants were randomized to
iCO or placebo air 2:1in two cohorts. Four subjects each were administered iCO (100 ppm in cohort 1
or 200 ppm in cohort 2) or placebo for 90 minutes for up to 5 consecutive days. Primary outcomes
included the incidence of carboxyhemoglobin (COHb) level >10%, prespecified administration-
associated adverse events (AEs), and severe adverse events (SAEs). Secondary endpoints included
the accuracy of the Coburn-Forster-Kane (CFK) equation to predict COHb levels, biomarker levels,
and clinical outcomes.

RESULTS. No participants exceeded a COHb level of 10%, and there were no administration-
associated AEs or study-related SAEs. CO-treated participants had a significant increase in COHb
(3.48% * 0.7% [cohort 1]; 4.9% * 0.28% [cohort 2]) compared with placebo-treated subjects (1.97%
+ 0.39%). The CFK equation was highly accurate at predicting COHb levels, particularly in cohort

2 (R? = 0.9205; P < 0.0001). Circulating mitochondrial DNA levels were reduced in iCO-treated
participants compared with placebo-treated subjects.

CONCLUSION. Precise administration of low-dose iCO is feasible, well-tolerated, and appears to be
safe in patients with sepsis-induced ARDS. Excellent agreement between predicted and observed
COHb should ensure that COHb levels remain in the target range during future efficacy trials.

TRIAL REGISTRATION. ClinicalTrials.gov NCT02425579.

FUNDING. NIH grants POTHL108801, KL2TR002385, K0O8HL130557, and KO8GM102695.
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Introduction

Acute respiratory distress syndrome (ARDS) is a highly prevalent disease characterized by severe acute
lung injury (ALI) and hypoxemic respiratory failure, with overall mortality rates of 40% (1). Sepsis is
a major risk factor for ARDS and multiple organ dysfunction with unacceptably high morbidity and
mortality (2, 3). Despite advances in critical care management and lung-protective ventilation strategies
(4-6), treatment for sepsis-induced ARDS remains supportive, and there is an urgent need for new ther-
apies targeting novel pathways.

Low-dose inhaled carbon monoxide (iCO) is a promising new therapy for sepsis-induced ARDS supported
by compelling data from preclinical models (7-14). CO is a gas produced endogenously by the heme oxygenase
(HO) enzymes that exerts numerous biologic effects, including protection against cell death, suppression of
inflammation, attenuation of edema, and enhancement of phagocytosis (7-14), all of which are critical in the
resolution of sepsis-induced ARDS. We have also recently found several new mechanisms by which CO exerts
protection, including induction of autophagy (11, 15), inhibition of mitochondrial dysfunction and inflam-
masome activation (16), activation of mitochondrial biogenesis (9, 17), and acceleration of inflammation
resolution via biosynthesis of specialized pro-resolving mediators (SPMs) (9, 18, 19).

Low-dose iCO therapy has been shown to be safe and well tolerated in healthy volunteers (17, 20-26)
and patients with chronic lung disease (27, 28). We have recently developed and tested a novel ventila-
tor-compatible CO delivery system and a CO dosing strategy in a baboon model of S. pneumoniae pneu-
monia (9). We demonstrated that low-dose iCO (100-300 ppm) can be safely administered to mechanically
ventilated baboons with ALI, and that carboxyhemoglobin (COHb) levels can be accurately predicted using
the Coburn-Forster-Kane (CFK) equation (R? = 0.9864) (9). The CFK equation, a well-validated model of
CO uptake, accurately predicts the rise in COHb following CO exposure in humans with normal lung func-
tion (22, 29, 30), but had never been used in mechanically ventilated patients with impaired gas exchange.
We also found that CO attenuates pneumonia-induced ALI in baboons by activating lung mitochondrial
biogenesis (9), reducing proinflammatory urinary cysteinyl leukotrienes (31), and partially restoring levels
of circulating SPMs (19). Based on these studies, we aimed to assess the feasibility and safety of low-dose
iCO administration in patients with sepsis-induced ARDS. We also evaluated the accuracy of the CFK
equation in predicting COHb levels in patients with sepsis-induced ARDS.

Results

Between April 28, 2015 and November 14, 2016, 145 patients were assessed for study eligibility. Of those
screened, 133 patients were ineligible, and 12 eligible participants were enrolled and randomized between
July 10, 2015, and November 14, 2016 (Figure 1). In cohort 1, four subjects were randomized to and received
iCO (100 ppm), and two subjects were assigned to and received placebo air. In cohort 2, four subjects were
assigned to and received iCO (200 ppm), and two subjects were randomized to and received air. All partici-
pants received at least one dose of the study drug and were included in the primary endpoint analysis.

Baseline demographics are shown in Table 1. The mean age (+SD) of participants in cohort 1 was 57
+ 19 years, while the mean age of participants in cohort 2 was 49 * 9 years. Baseline clinical character-
istics based on treatment assignment (iCO 100, iCO 200, combined placebo groups) are shown in Table
2, and baseline characteristics for individual participants are shown in Table 3. Most patients had pneu-
monia as the primary source of infection, and the majority of subjects had confirmed infection based
on microbiologic data (Supplemental Table 1; supplemental material available online with this article;
https://doi.org/10.1172/jci.insight.124039DS1). Baseline lactate was significantly higher in patients
randomized to 100 ppm iCO compared with 200 ppm iCO- and placebo-treated patients (P = 0.0092);
however, this was likely a stochastic artifact of the small sample size. There were no other significant
differences in baseline characteristics among the treatment groups.

All subjects tolerated the study drug treatment and study procedures well, and no participants required
stopping the study drug earlier than 90 minutes. In participants treated with 100 ppm iCO, the median
partial pressure of arterial oxygen (PaO,) was 98.5 mmHg (IQR 73.3, 111.8) and 90.5 mmHg (IQR 82.8,
114.8) before treatment and 90 minutes after treatment, respectively. In participants treated with 200 ppm
iCO, the median PaO, was 104 mmHg (IQR 92, 123) and 108 mmHg (IQR 79.5, 118.5) before treatment
and after treatment, respectively. In placebo-treated subjects, the median PaO, was 86 mmHg (IQR 83,
105) and 86 mmHg (IQR 76, 93) before treatment and after treatment, respectively. The partial pressure of
arterial carbon dioxide (PaCO,), arterial oxygen saturation (SaO,), and arterial pH were similar among the
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B Figure 1. CONSORT diagram.
Assessed for eligibility and met | | Excluded (n=133) _ CONSORT subject flow diagram
inclusion criteria (n=145) * Declined to_ partlf:lpgte (n=24) shows the number of subjects
* Met exclusion criteria (n=109) )
o Severe hypoxemia (n=19) scregned, enrf)lled, rar.1d0m|zed,
o Comfort measures or moribund (n=17) and included in the primary
o Recent cardiac disease or stroke (n=17) analysis. One hundred forty-five
| o Anemia (n=8) patients were screened, and
o Enrolled in interventional study (n=9) 12 participants were enrolled.
o On inhaled pulmonary vasodilators (n=7) In cohort 1, 4 subjects were
_ o Severe liver disease (n=6) randomized to 100 ppm iCO and
Enrolled (n=12) o Diffuse alveolar hemorrhage (n=4) 2 subjects were randomized to
o Chronic respiratory failure (n=3) placebo air. In cohort 2, 4 subjects
o No arterial line (n=4) were randomized to 200 ppm iCO
\ o Pregnant or breastfeeding (n=1) and 2 subjects were randomized
o Other (n=14) to placebo air. The primary safety
l l endpoint analysis included all

Allocated to Cohort 1 (n=6)

subjects treated with at least one

Allocated to Cohort 2 (n=6) dose of iCO or placebo.

|

|

[ com=4)

| | Placebo (n=2)| |

CO (n=4) | | Placebo (n=2) |

} }

| |

| Analyzed(n=4) | IAnaIyzed (n=2)| |Analyzed (n=4)| IAnaIyzed (n=2)|
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treatment groups and did not significantly change following treatment. Arterial blood gas parameters for
individual participants before and after treatment are shown in Figure 2 and Supplemental Table 2. Arterial
blood gas parameters for individual participants before and after treatment on each day of treatment are
shown in Supplemental Figures 1 and 2.

Subjects received the study drug for a minimum of 2 days and a maximum of 4 days in both cohorts
(median treatment 2.5 days [IQR 2, 4] in cohort 1; 3.5 days [IQR 2, 4] in cohort 2). Doses were planned
to be given at 24-hour intervals and were typically given within 1 hour clock time of the preceding dosage.
No subjects in either cohort met prespecified safety criteria for permanent discontinuation of the study
drug. Reasons for the study drug holds are shown in Supplemental Table 3. The most common reason that
subjects did not receive treatment was discontinuation of mechanical ventilation, which was a prespecified
study treatment endpoint. Additional reasons included low hemoglobin (Hgb), loss of required arterial line
(to monitor arterial COHD levels), and severe hypoxemia, all of which were prespecified in the protocol of
this phase I safety trial. One CO-treated participant (subject 10 in cohort 2) had a baseline COHDb of 3.27%
on study day 5. The elevated baseline COHD level on day 5 was thought to most likely reflect increased
endogenous CO production secondary to upregulated HO-1 expression (32), rather than delayed CO clear-
ance, as the estimated CO half-life (33) in this patient was approximately 93 minutes.

Baseline COHD levels were not different across treatment groups. The mean (=SD) COHD at 90 minutes
in CO-treated subjects was 3.48% *+ 0.7% in cohort 1 and 4.9% * 0.28% in cohort 2 on day 1 (Figure 3 and
Supplemental Tables 4 and 5). COHD levels were significantly different between groups over time on days
1-3 by 2-way ANOVA. Adjusted P values from Tukey’s post hoc tests are shown in Supplemental Table 6.

The maximum COHb level in cohort 1 was 4.4% and 6.87% in cohort 2. The maximum change in COHb
from baseline to 90 minutes (A 90 min COHb) was 2.5% in cohort 1 and 4% in cohort 2. COHD levels for
individual participants on each day are shown in Supplemental Figures 3 and 4. Repeated-measures ANO-
VA found a significant treatment effect in A 90 min COHb in both cohort 1 (P = 0.0098) and cohort 2 (P =
0.0018). However, there was no significant difference in A 90 min COHb by day and no interaction effect
between day and treatment in either cohort.

No subjects exceeded a COHD level of 7%, which is well below our prespecified safety threshold of
10%, and no administration-associated AEs were observed. A total of 17 nonserious AEs and SAEs from
9 subjects were reported. The majority of nonserious AEs (67% [6 of 9]) were rated as moderate (National
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Table 1. Baseline demographics of participants by cohort

Cohort1(n=6) Cohort 2 (n=6) P value

Female sex, no. (%) 3 (50%) 3 (50%) 1.0000
Age (yr) 57+19 4319 01039
Race, no. (%)

White 4 (66.7%) 6 (100%)

Black 2(33.3%) 0
Ethnicity, no. (%)

Not Hispanic or Latino 6 (100%) 5(83.3%)

Hispanic or Latino 0 1(16.7%)

Plus-minus values are mean + SD.

Cancer Institute Common Terminology Criteria for Adverse Events [CTCAE] grade 2) or lower. Three
SAEs occurred in the CO treatment arm, and 5 SAEs occurred in the placebo arm, none of which were
judged to be study related. One participant died in cohort 1 on study day 8 after the legally authorized
representative (LAR) made the decision to transition to comfort measures. The death was reported in
an expedited fashion to the Data Coordinating Center (DCC; members from BWH and Massachusetts
General Hospital [MGH]) and the Data and Safety Monitoring Board (DSMB), which reviewed the case
in detail and concurred with the medical monitor assessment that it was unrelated to study participation.
All SAEs were independently reviewed by the Scientific Review Committee (SRC) and DSMB, which
agreed with the investigators’ assessments that none were related to study drug administration. Details
of the SAEs are shown in Table 4. Clinical outcomes, vital status, and study day of discharge for each
subject are presented in Table 5.

Baseline and 20-minute-measured COHb levels were input into the CFK equation to predict what
COHDb levels would be after 60, 75, and 90 minutes of iCO treatment. We found an excellent correlation
between measured and predicted COHb levels in participants treated with 100 ppm iCO (Spearman’s » =
0.8614; P < 0.0001) (Figure 4A) and an even stronger correlation in subjects treated with 200 ppm iCO
(Spearman’s r = 0.916; P < 0.0001) (Figure 4B). Modeling the cohort 1 data with linear regression revealed
a slope of 0.7778 (95% CI [0.6082, 0.9475]), a y-intercept of 0.6558 (95% CI [0.05005, 1.262]), and good-
ness-of-fit R? = 0.7186 (P < 0.0001). Modeling the cohort 2 data with linear regression revealed a slope of
1.112 (95% CI [1.003, 1.22]), a y-intercept of —0.6632 (95% CI [-1.174, —0.1522]), and goodness-of-fit R?
=10.9204 (P < 0.0001). Bland-Altman plots also demonstrated excellent agreement between measured and
CFK equation-predicted COHb levels (Figure 4, C and D) with a mean difference between measured and
predicted COHb levels of 0.1279 + 0.3023 in cohort 1 and 0.1467 £ 0.2738 in cohort 2.

Table 2. Baseline clinical characteristics of treatment groups

Interval between ARDS
onset and enrollment (h)
APACHE Il score

SOFA score

Lactate

Tidal volume (ml/kg/PBW)
Plateau pressure (cm H,0)
PEEP (cm H,0)

Pa0,/Fi0, (mmHg)

Ol

LIS

iCO 100 ppm (n = 4) iC0 200 ppm (n = 4) Placebo (n = 4) P value
221+24.5 551+ 44.4 55.8 +21.3 0.3475
28.8+9.9 23.5+12.2 30+10.8 0.7465
Mn3+22 10.3+3.5 13.3+4.3 0.5893
715 +9.47 1.03+0.24 113 £0.25 0.0092
6.53+0.34 7.57 £1.36 5.6 +0.78 0.0545
18.5+4.2 25.8+4.6 28.5+7.8 0.0719
83+24 125+34 15+4.8 0.0705
143 +75 166 + 59 10 + 38 0.3070
Mn5+7 1M.2+53 21.9+10.8 0.2601
2.56 +0.31 2.81+0.47 3.31+043 0.0729

APACHE, acute physiology and chronic health evaluation; LIS, lung injury score; Ol, oxygenation index; PBW, predicted body weight; PEEP, positive end-
expiratory pressure; SOFA, sequential organ failure assessment. Plus-minus values are mean + SD.
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Table 3. Baseline characteristics of individual participants

Subject Treatment Site of infection APACHEII SOFA Lactate Tidalvolume Plateau pressure = PEEP Pa0,/Fi0, Ol LIS
(ml/kg/PBW) (cm H,0) (cm H,0) (mmHg)

Cohort 1

Subject 1 co Lung/pleura 37 14 21.3 6.67 24 10 104 13.5 3
Subject 2 Air Lung/pleura 42 19 1.2 4.77 34 12 74 29.7 375
Subject 3 co Lung/pleura 37 12 2.0 6.94 14 10 63 20.6 2.5
Subject 4 co Lung/pleura 24 10 3.6 6.26 19 8 235 5i5 2.25
Subject 5 co Lung/pleura 17 9 17 6.25 17 5 170 6.5 2.5

and Gl/biliary
tract

Subject 6 Air Gl/biliary tract 33 14 11 515 27 20 81 31.9 3.5
Cohort 2

Subject 7 Air Lung/pleura 29 10 0.8 6.02 18 10 142 9.2 2.75
Subject 8 co Lung/pleura 21 9 1.2 6.51 20 12 100 16 2.5
Subject 9 co Lung/pleura 37 14 1.2 8.20 31 16 146 14.4 815
Subject 10 co Lung/pleura 28 12 1.0 6.39 27 8 240 4.2 2.5
Subject 11 Air Lung/pleura 16 10 14 6.48 35 18 143 16.8  3.25
Subject 12 co Skin/soft tissue 8 6 0.7 9.19 25 14 180 10 2.75

APACHE, acute physiology and chronic health evaluation; LIS, lung injury score; Ol, oxygenation index; PBW, predicted body weight; PEEP, positive end-
expiratory pressure; SOFA, sequential organ failure assessment.

insight.jci.org

Analysis of additional secondary outcomes showed that the PaO,/FiO, (ratio of the PaO, to the fraction
of inspired oxygen [FiO,]) increased and oxygenation index (OI) decreased over time in all groups, but the
difference among groups was not significant (Figure 5, A and B). The mean lung injury score (LIS) declined
between baseline and day 7 in iCO-treated and placebo subjects (Figure 5C). Using a mixed-model analysis,
there was a highly significant difference in LIS over time (P < 0.0001) and a trend toward a difference between
the treatment groups (P = 0.1731), but no significant difference when the treatment groups were analyzed
over time. Lactate levels declined over time in all groups, but the difference among groups over time was not
significant (Figure 5D). Mean sequential organ failure assessment (SOFA) scores also decreased between
baseline and day 7 in all treatment groups, with the greatest decline in iCO-treated subjects in cohort 1 (11.25
to 2) compared with iCO-treated patients in cohort 2 (10.25 to 5.25) and placebo-treated (13.25 to 7.25) sub-
jects (Figure 5E). Using an ordinal logistic analysis as described previously (34-36), we found a significant
difference in SOFA scores over time (P = 0.0145) and a trend toward a difference between the treatment
groups (P = 0.1173), but no significant difference when the treatment groups were analyzed over time.

For exploratory secondary biomarker endpoints, we analyzed the plasma concentrations of mito-
chondrial DNA (mtDNA), receptor-interacting serine/threonine-protein kinase 3 (RIPK3), and IL-18 in
iCO-treated and placebo subjects at baseline prior to treatment on study day 1 and after treatment on days
1-5. These biomarkers were chosen given their association with mortality or disease severity in critical ill-
ness (37-39). The median baseline mtDNA plasma level among participants was 5,655 + 10,994 copies/l,
which is similar to levels previously observed in critically ill patients with sepsis (4,675 * 24,069 copies/ul)
and sepsis/ARDS (11,662 + 25,251 copies/ul) (38). Plasma levels of mtDNA were not significantly different
among the treatment groups at baseline (Supplemental Figure 5A and Supplemental Table 7). However, on
day 2, after two doses of the study drug, iCO-treated patients had significantly reduced mtDNA levels versus
their pretreatment baseline levels, when compared with the difference in placebo recipients. Placebo-treated
patients had a mean 400% increase in plasma mtDNA from baseline to day 2, compared with iCO-treated
subjects in cohort 1, who had a mean increase of 11% in mtDNA from baseline to day 2 (P = 0.039 vs. pla-
cebo), and iCO-treated subjects in cohort 2, who had an 88% decrease in mtDNA (P = 0.003 vs. placebo)
from baseline to day 2 (Figure 6A and Supplemental Figure 6). A sensitivity analysis using nonparametric
Kruskal-Wallis tests showed consistent results, suggesting these differences were not driven by outliers. Sim-
ilar trends were observed in iCO-treated patients on subsequent days of treatment (Supplemental Figure 7).
Of note, subject 10, who was excluded from this analysis, had a 56.4% decrease in mtDNA after one dose of
200 ppm iCO, which was similar to the decrease observed in the other 200 ppm iCO-treated subjects.

https://doi.org/10.1172/jci.insight.124039 5
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Figure 2. Arterial blood gas parameters before
and after treatment with iCO versus placebo
air. Arterial blood was drawn from participants
before treatment (Pre) and 90 minutes follow-
ing treatment (Post) with placebo air (day 1, n
=4;day2,n=4;day3,n=2;day4,n=1),iC0
100 ppm (day 1, n = 4; day 2, n = 4; day 3, n = 2;
day 5, n =2), oriCO 200 ppm (day 1, n = 2; day
2,n=4;day3,n=2;day4,n=4;day5,n=1).
Pre- and post-treatment values of Pa0, (A),
Sa0, (B), PaCO, (C), and pH (D) for each par-
ticipant on each day of treatment. Error bars
represent the median and interquartile range.
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Figure 3. Mean carboxyhemoglobin levels in participants treated with iCO versus placebo air on days 1-5. Arterial blood was drawn from participants for

measurement of baseline carboxyh

emoglobin (COHb) level prior to treatment. If baseline COHb was <3%, subjects were treated with medical-grade air or

iCO for 90 minutes. Arterial blood was drawn for COHb monitoring at 20, 60, 75, and 90 minutes. Additional blood was drawn for measurement of COHb
levels at 180 minutes (30 minutes after completion of treatment). (A-E) COHb levels for iCO-treated and placebo-treated participants on each day of treat-
ment. COHb levels were measured in triplicate for each subject at each time point and mean value obtained. (A) Day 1, n = 4iC0 100 ppm, n = 2iCO 200

ppm, n = 4 placebo. (B) Day 2,n =4
4,n=4iC0 200 ppm, n =1 placebo.
levels were significantly different b

iC0 100 ppm, n = 4iC0 200 ppm, n = 4 placebo. (C) Day 3, n = 2iC0 100 ppm, n = 2iC0O 200 ppm, n = 2 placebo. (D) Day
(E) Day 5, n=2iC0 100 ppm, n = 1iC0O 200 ppm. Data are mean and SD for each group on each day of treatment. COHb
etween treatment groups and over time on days 1-3 by 2-way ANOVA followed by Tukey's post hoc test (Supplemental

Table 6). Arrows indicate duration of treatment.
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No significant differences were observed in baseline (Supplemental Figure 5, B and C) or
post-treatment (Figure 6, B and C, and Supplemental Figures 8 and 9) RIPK3 or IL-18 levels between
iCO-treated and placebo-treated patients. A panel of cytokine and chemokine exploratory biomark-
ers including IL-6, IL-8, IL-10, IL-1Ra, and IL-1p (Supplemental Table 8) were analyzed by multiplex
assay using Luminex, none of which were significantly different among treatment groups at baseline
or days 1-5 (data not shown).

Discussion

This is the first study to our knowledge to examine inhalation of low-dose iCO as a potential new therapy
in critically ill patients. We show that precise administration of low-dose iCO using a ventilator-compatible
CO delivery system is feasible in mechanically ventilated patients with sepsis-induced ARDS. Low-dose
iCO was well tolerated in 8 patients with moderate to severe ARDS, with no evidence of administration-
associated AEs and no COHD levels that exceeded 10%. None of the reported SAEs were judged to be
related to iCO or study procedures. The CFK equation was highly accurate at predicting COHb levels,
even in the setting of moderate to severe ARDS, based on the COHD level measured after 20 minutes of
200 ppm CO administration. This represents what we believe to be a novel application of the CFK equa-
tion, and demonstrates that iCO therapy can be effectively delivered with real-time monitoring of mea-
sured and predicted COHb levels to ensure consistent systemic uptake in ARDS patients with impaired
gas exchange. While additional studies are necessary to confirm the safety of iCO in a larger cohort of
patients, the strong correlation (r = 0.916) and accuracy (R? = 0.9204) to predict COHDb levels using the
CFK equation should ensure that COHb levels remain in a safe target range during future trials.
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Table 4. Serious adverse events by participant

Subject Treatment Adverse event Description
Subject 2 Air Compartment syndrome, knee Patient developed right leg compartment syndrome requiring a fasciotomy prior to
disarticulation on day 4 enrollment; required right knee disarticulation on study day 4
Subject 2 Air Tracheostomy on day 10 Patient required tracheostomy for persistent respiratory failure on study day 10;
was decannulated on study day 40
Subject 3 co Laryngeal edema and Patient had history of laryngeal cancer requiring radiation and a difficult intubation
tracheostomy on day 7 due to airway edema; developed upper airway edema following extubation requiring a
tracheostomy on study day 7; transitioned to unassisted breathing on study day 9
Subject 5 co Respiratory failure on day 7, death Patient was extubated on study day 5, but developed recurrent respiratory failure
on day 8 on study day 7, which was thought by the clinical team to be due to aspiration and/

or pulmonary edema; LAR decided not to reintubate given poor prognosis due to
comorbidities, overall debilitation, and malnutrition; patient was transitioned to
intensive comfort measures and died on study day 8
Subject 6 Air Respiratory failure, tracheostomy Due to persistent hypoxemia and ongoing need for mechanical ventilation, patient
onday 1 underwent a tracheostomy on study day 11
Subject 6 Air Hypotension on day 4 Hypotension requiring addition of 2 vasopressors on study day 4
Subject 6 Air Thromboembolic event on day 24  Patient was found to have right atrial thrombus on echocardiogram on study day 24,
which required anticoagulation; lower extremity vein duplex ultrasound showed a non-
occlusive thrombus in the left common femoral vein on study day 25
Subject 9 co Respiratory failure, tracheostomy Patient required tracheostomy placement on study day 8 for persistent ventilator
onday 8 dependence secondary to ARDS, to facilitate further ventilator weaning; transitioned to
unassisted breathing on study day 15 and was decannulated on study day 26

LAR, legally authorized representative.

In this study, we show that low-dose iCO therapy can be safely and effectively administered in mechan-
ically ventilated ARDS patients in an intensive care unit (ICU) setting using a ventilator-compatible CO
delivery system. Low-dose iCO significantly increased COHb levels in a dose-dependent fashion, with mean
COHD levels of 3.48% and 4.9%, and maximal increases to 4.4% and 6.87%, in 100 ppm and 200 ppm
iCO-treated ARDS subjects, respectively. In our prior work in a baboon pneumonia-induced ALI model,
we achieved a target COHD level of 6%—-8% after 200 ppm iCO treatment for 60 minutes (9). Although
COHD levels were higher in nonhuman primates with ALI compared with ARDS patients in this phase I
trial, these results were predictable, based on key variables in the CFK equation that influence CO uptake.

Table 5. Secondary respiratory and systemic outcomes by subject

Subject Treatment LIS(day7) SOFA(day7) Durationof Ventilator-free Durationof Vasopressor- ICU-freedays Vital status
mechanical days (days 1-28) vasopressors free days (days 1-28) and day of
ventilation (days) (days 1-28) discharge

(days)

Cohort 1

Subject 1 co 1.33 3 8 21 5 23 18 Alive, day 10

Subject 2 Air 2.5 12 14 17 16 14 0 Alive, day 71

Subject 3 co 2.33 3 9 20 6 23 13 Alive, day 14

Subject 4 co 1.0 0 4 26 4 25 23 Alive, day 10

Subject 5 co 1.33 2 8 0 5 0 0 Dead, day 8

Subject 6 Air 3.33 17 32 0 16 12 0 Alive, day 33

Cohort 2

Subject 7 Air 133 0 6 24 6 24 23 Alive, day 1

Subject 8 co 2.0 7 14 18 2 26 17 Alive, day 14

Subject 9 co 2.25 10 31 1 4 25 9 Alive, day 24

Subject 10 co 133 4 9 20 7 22 17 Alive, day 14

Subject 11 Air 1.33 0 9 22 0 28 19 Alive, day 9

Subject 12 co 133 0 6 23 1 28 23 Alive, day 9

LIS, lung injury score; SOFA, sequential organ failure assessment.
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Figure 4. Coburn-Forster-Kane equation accurately predicts COHb levels in ARDS patients. The Coburn-Forster-Kane (CFK) equation was used to predict
COHb levels at 60, 75, and 90 minutes using the measured COHb level at baseline and 20 minutes in subjects treated with 100 ppm (day 1,n =4;day 2,n =
4;day3,n=2;day5,n=2)(AandC)or200 ppm (day1,n=2;day 2, n=4;day3,n=2;day 4, n=4;day5,n=1) (Band D) iCO. Accuracy of the CFK equation
in predicting COHb levels was analyzed by Spearman’s correlation and Bland-Altman plots using measured vs. predicted COHb levels and modeled using
linear regression. (A) Correlation between predicted and measured COHb levels using the 20-minute COHb level and CFK equation in 100 ppm iCO-treated
subjects in cohort 1 (Spearman’s r = 0.8614, P < 0.0007; goodness-of-fit R? = 0.7186, P < 0.0001). (B) Correlation between predicted and measured COHb
levels using the 20-minute COHb level and CFK equation in 200 ppm iCO-treated subjects in cohort 2 (Spearman’s r = 0.916, P < 0.0001; goodness-of-fit
R?=0.9204, P < 0.0001). (C and D) Bland-Altman plots demonstrate excellent agreement between measured and predicted COHb levels in 100 ppm iCO-
treated subjects in cohort 1(C) and 200 ppm iCO-treated subjects in cohort 2 (D).
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In addition to lower weight, which affects blood volume, the baboons in our prior study had significant
differences in alveolar ventilation, FiO,, and DL,
compared with ARDS subjects in this trial.

In this study, we also found that there was a trend toward improved respiratory and systemic secondary
endpoints in iCO-treated patients, particularly the LIS and SOFA scores on day 7. SOFA scores declined
to the greatest extent in iCO-treated subjects in cohort 1 compared with iCO-treated subjects in cohort 2 or
placebo-treated subjects, although this was not powered for statistical significance. We did find a statistically
significant difference in plasma mtDNA levels between iCO-treated and placebo-treated subjects. CO-treated
patients had a significant reduction in mtDNA levels on day 2 compared with pretreatment baseline levels
versus the respective mtDINA changes in placebo-treated subjects. This reached statistical significance on
day 2 in both cohorts and on day 4 in cohort 2, with similar trends on other days, although the majority of
subjects did not receive treatment beyond study day 3 or 4. Furthermore, 2 subjects were excluded from the
mtDNA analysis, which limits the robustness of our finding. IL-18 and RIPK3 levels did not differ among the
treatment groups, and an exploratory Luminex biomarker panel of 41 cytokines and chemokines showed no
significant differences between iCO- and placebo-treated subjects.

<o Which together accounted for the increased CO uptake

Evidence suggests that mitochondrial dysfunction, including release of mtDNA, plays a key role
in the pathogenesis of sepsis and multiple organ dysfunction (38, 40—43). Moreover, early activation of
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Figure 5. Secondary respiratory and systemic outcomes. Mean and SD for (A) Pa0,/Fi0,, (B) oxygenation index (0l), (C) lung injury score (LIS), (D) lactate,
and (E) sequential organ failure assessment (SOFA) score for subjects treated with placebo air (7 = 4), iCO 100 ppm (n = 4), or iCO 200 ppm (n = 4) at base-
line, study days 1, 2, 3,4, 5,and 7.
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mitochondrial biogenesis has been associated with improved survival in critically ill patients with sepsis
(44). Sepsis-induced mitochondrial dysfunction can lead to release of mtDNA into the circulation
during critical illness (38), where it acts as a damage-associated molecular pattern (DAMP) to activate
innate immune responses and cell death pathways (38, 41, 43, 45). We and others have demonstrated
that circulating mtDNA levels are significantly increased in patients with sepsis and ARDS, and cor-
relate with mortality in critically ill patients (38, 40, 42). Importantly, we also have shown that CO
can inhibit mitochondrial ROS generation, inhibit translocation of mtDNA into the cytosol, and pre-
serve mitochondrial function in macrophages (16). CO has also been shown to activate mitochondrial
biogenesis in skeletal muscle in humans (25). Although limited by the small patient numbers in this
phase I trial, our mtDNA results are provocative and suggest that iCO therapy may reduce circulating
mtDNA levels, perhaps by protecting mitochondria, which could in turn lead to beneficial clinical
outcomes. Future efficacy studies are needed to validate these results in a larger patient population and
determine whether these biological marker findings correlate with clinical outcomes in patients with
sepsis-induced ARDS.

Our phase I trial had inherent limitations due to the small number of participants. This limits our
conclusions about secondary outcomes, as no subjects completed 5 days of study drug treatment. As the
primary endpoint of this phase I study was safety, we believed it was necessary to establish stringent criteria
for daily treatment in this vulnerable population of critically ill patients. Study drug holds on the basis of
anemia, severe hypoxemia, and lack of an arterial line for monitoring were based on predefined safety cri-
teria in this first-in-human CO ARDS study. Furthermore, the most common reason for holding treatment
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Figure 6. Circulating mtDNA levels are decreased
in iCO-treated subjects compared with placebo-
treated subjects. Plasma levels of (A) mtDNA, (B)
RIPK3, and (C) IL-18 were measured in subjects
before treatment on day 1and after treatment on
day 2 in subjects (n = 10) completing 2 days of treat-
ment. Mean changes in mtDNA, RIPK3, and IL-18 in
iCO-treated subjects (100 ppm and 200 ppm) were
compared with changes in placebo-treated subjects
in a pairwise manner using t tests. Box plots show
25th, median, and 75th percentiles.

was discontinuation of mechanical ventilation, which was a prespecified study drug completion endpoint
of the trial. In addition, the primary safety endpoint analysis was prespecified to include all subjects who
completed at least one dose of the study drug. Moreover, the feasibility of iCO administration in this study

was based on the successful completion of at least one dose of the study drug in mechanically ventilated

patients with sepsis-induced ARDS.
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Although trends in secondary respiratory and systemic outcomes were observed, we did not have ade-
quate power to observe significant differences in major clinical outcomes. While we found a statistically
significant difference in mtDNA levels in iCO- versus placebo-treated patients, we did not find differences
in any other biomarkers, which may be due to the small sample size or sampling at an incorrect time
point. It is also possible that differences in baseline severity of illness confounded secondary clinical and
biomarker outcomes, although we attempted to account for this by analyzing within-patient differences.
Another limitation, as with many critical care trials, is distinguishing clinical outcomes associated with
participants’ underlying critical illness versus those from the study intervention.

Our first-in-human ARDS iCO study has several notable strengths. The rigorous safety testing of
iCO using the CO delivery system and validation of the CFK equation in mechanically ventilated ARDS
patients significantly advances iCO as a therapeutic. This study not only established key technical and
physiologic platforms to safely and accurately administer iCO in critically ill patients, but also advances
translation of iCO therapy in other diseases where iCO holds substantial promise (46, 47). While we
found that low doses of 100 and 200 ppm CO were safe in a small group of mechanically ventilated
ARDS patients, we also found that patients with ARDS of varying severity have different degrees of CO
uptake with fixed iCO dosing based on the variables in the CFK equation. As the CFK equation is highly
accurate at predicting COHb levels, our findings suggest that the CFK equation can be used to individually
titrate iCO dosing to achieve a target COHDb level in ARDS patients with varying degrees of impaired gas
exchange. Future studies are necessary to evaluate the optimal duration of iCO treatment, confirm safety
in a larger patient population, and evaluate the utility of a CFK equation—based iCO dosing algorithm to
safely and accurately administer low-dose iCO to patients with ARDS.

Methods

Study design. We conducted a multicenter, randomized, placebo-controlled, dose-escalation phase I clinical
trial of low-dose iCO in patients with sepsis-induced ARDS. The study was designed to enroll 12 patients
sequentially in 2 fixed-dose iCO cohorts: 6 patients in cohort 1 (4 CO 100 ppm; 2 placebo) followed by a
safety data review and then 6 additional patients in cohort 2 (4 CO 200 ppm; 2 placebo). The dose selection
and study design of 6 patients randomized in a 2:1 ratio in each cohort were based on FDA guidance to
mitigate risk in first-in-human trials (48, 49).

The trial was designed for subjects to receive the study drug for 90 minutes once daily for at least 1 day,
but up to 5 consecutive days. We selected once-daily iCO treatment based on prior work demonstrating both
safety and activation of mitochondrial biogenesis in healthy volunteers after once-daily iCO treatment (200
ppm for 60 minutes) on 5 consecutive days (17, 25). Preclinical studies have shown that CO treatment for
short periods of time induces transcriptional programs of mitochondrial biogenesis (9, 17, 50, 51) and induces
autophagy (11, 15, 52), suggesting that once-daily dosing of CO could be effective, in contrast to continuous
administration, as with NO. Once-daily iCO dosing also optimizes subject safety by ensuring that CO accu-
mulation over sequential days will not occur as treatments are separated by 4-6 half-lives for CO elimination.

Ninety minutes of treatment was chosen based on our prior studies in nonhuman primates (9) showing
that iCO treatment at 200 ppm for 90 minutes is safe and does not lead to COHDb levels exceeding 10%.
We also used the CFK equation to predict COHD levels for a range of treatment times and values for
diffusing capacity of the lung for CO (DL_,), alveolar ventilation (V,), weight, Hgb, and FiO, in patients
with ARDS. This modeling showed that COHD levels are unlikely to exceed 10% in ARDS subjects after
90 minutes of treatment with 200 ppm. Longer durations of treatment could increase COHb levels beyond
10%, which could lead to adverse effects in this critically ill patient population with impaired gas exchange.

Patients were enrolled in cohorts 1 and 2 in the ICUs at BWH, MGH, and Duke University Hos-
pital, between July 10, 2015, and November 14, 2016. Patients were also screened in the ICU at New
York—Presbyterian Hospital/Weill Cornell Medical Center, but no participants were enrolled. A CFK
algorithm—determined iCO dose cohort (cohort 3) was initially planned, but funding for the trial ended
before participants could be enrolled in cohort 3. The study protocol can be found in the supplemental
material available online with this article.

Participants. Adult patients >18 years old were eligible for inclusion if they met criteria for sepsis and
ARDS according to consensus criteria (Supplemental Table 9) (53, 54). Sepsis was initially defined as sys-
temic inflammatory response syndrome (SIRS) plus suspected or documented infection (55, 56); however,
the definition was later modified to reflect new consensus guidelines, namely suspected or documented
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infection and a SOFA score =2 (54). ARDS was defined as the acute onset of (i) bilateral infiltrates con-
sistent with pulmonary edema on frontal chest radiograph; (ii) a PaO,/FiO, ratio <300, with at least 5 cm
H,O positive end-expiratory airway pressure (PEEP); (iii) a need for positive pressure ventilation by an
endotracheal or tracheal tube; and (iv) no clinical evidence of left atrial hypertension that could account
for bilateral pulmonary infiltrates (53). All enrolled participants had suspected or documented infection,
were treated with antibiotics, met SIRS criteria, and had baseline SOFA scores >2, thereby meeting both
the sepsis-1 and sepsis-3 definitions of sepsis (54-56).

Patients with severe hypoxemia, recent cardiac disease, or stroke were excluded due to the risk
of inadequate oxygen delivery. Patients on inhaled pulmonary vasodilators were excluded, as these
could interfere with CO delivery. Patients were also excluded if they had New York Heart Association
(NYHA) class IV cardiopulmonary disease or were moribund, or there was no commitment to full
supportive measures. Active cigarette smokers were initially excluded from participation, but this criterion
was eliminated, as smoking history from surrogate decision-makers was thought to be unreliable, and
pre-admission COHDb levels would have normalized, as the average COHb half-life is 240 minutes on
21% oxygen (33) and shorter on supplemental oxygen. Moreover, the study drug would be held if daily
COHb was =3%. Patients with Hgb <8 g/dl or Hgb <9 and actively bleeding were also initially exclud-
ed, but this criterion was later modified (to Hgb <7.5 or <8 g/dl, respectively) to reflect the current
restrictive transfusion strategy in critically ill patients (57).

Additional eligibility criteria were modified based on the DSMB recommendations, including: (i) elim-
ination of SIRS inclusion criteria to align with sepsis-3 definitions (54); (ii) increased allowance of time
frame for ARDS onset from 96 to 120 hours; (iii) elimination of chronic respiratory failure as exclusion,
and modification of exclusion #17 from NYHA class IV cardiac disease to NYHA class IV cardiopulmo-
nary disease, which ensured that patients with chronic respiratory failure and poor functional class were
excluded from enrollment; (iv) elimination of the severe chronic liver disease exclusion, as chronic liver
disease patients with high morbidity and mortality were already excluded by criterion 8 (moribund patient
not expected to survive 24 hours). Supplemental Table 9 shows the full inclusion and exclusion criteria.

Randomization and masking. Participants were randomized to receive iCO or placebo air at a ratio of 2:1
using a permuted block method (block size of 3) (58). We used SAS version 9.4 to generate the sequence to
assign participants to treatment arms, which was prepared in advance by the study statistician and provided
to the DCC physicians. Following receipt of written informed consent from eligible patients or their LAR
or surrogate, site investigators contacted an unmasked DCC physician member to request a randomiza-
tion number and study assignment from the preprepared randomization schedule. The study coordinators
and clinical staff at each site were masked to treatment assignments. The respiratory therapist (RT) and
physician investigator administering the study drug were unmasked to treatment groups given the safety
monitoring required in this phase I trial. In cohort 2, based on a DSMB recommendation to ensure blinding
of block assignment, investigators were masked to study drug assignments for subjects enrolled at oth-
er sites, but remained unmasked to site-specific participant allocation. To maintain masking at each site,
subjects randomized to placebo were administered medical-grade air in the same fashion as iCO-randomized
subjects and from identical-appearing gas cylinders. The unmasked RT and physician investigator concealed
the gas cylinders, CO delivery system, and CO-related measurements to ensure that the study coordinator
and clinical staff remained blinded to the study drug assignment. The unmasked site investigators entered
CO-related measurements into electronic case report forms within the password-protected database, but the
masked research coordinators did not have access to these data.

Procedures. CO or placebo air was administered via inhalation to subjects via COventDS (12th Man
Technologies), a delivery system approved as part of our investigational new drug (IND, no. 122800) to
administer CO through a mechanical ventilator (9). The source gas tanks contained either 5,000 ppm
(0.5%) CO in medical-grade air or placebo (medical- grade air) (Praxair Healthcare Services). The source
gas was injected into the ventilator circuit in proportion to the gas flow to provide a constant delivered dose,
which was monitored in real time by a calibrated sidestream electrochemical analyzer (9).

Subjects had blood drawn daily prior to study drug administration for measurement of COHb and
lactate levels. If COHb was =3% or lactate =4 mmol/l, the study drug was held, and the subject was
reevaluated for treatment the next day. An ECG was performed daily prior to study drug administration to
assess cardiac exclusion criteria, including ST elevation, myocardial infarction (MI), or unstable angina/
non-ST elevation MI concerning for acute coronary syndrome. The study drug was also held if a subject
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developed (i) severe hypoxemia defined as an oxygen saturation level measured by pulse oximetry (SpO,)
<95% or PaO, <80 mmHg on FiO, 20.8; (ii) Hgb < 7.5 g/dl or Hgb < 8 g/dl and active bleeding; (iii)
diffuse alveolar hemorrhage from vasculitis; (iv) use of high-frequency ventilation; or (v) use of inhaled
pulmonary vasodilator therapy (e.g., NO or prostaglandins).

Following randomization, subjects were administered the study drug for 90 minutes once daily for up
to 5 consecutive days or until mechanical ventilation was discontinued, whichever occurred first. All partic-
ipants who received at least one dose of the study drug were included in the analysis.

The study drug concentration was monitored continuously with the COventDS built-in analyzer to
ensure that the dose was delivered accurately. As a safety feature, the COventDS has an internal and micro-
processor-independent gas analyzer of inspired gases with alarms that sound on high or low CO or O,
concentrations. Participants were continuously monitored noninvasively (SpCO) using a Masimo Radical 7
(Rad-7) pulse oximeter (Masimo). Ambient air CO concentrations were measured continuously with a Pac
7000 CO detector (Drager) to ensure that ambient levels were maintained within the recommended limits for
occupational exposure (9). Arterial blood was drawn prior to dosing and at 20, 60, 75, 90, and 180 minutes
for safety monitoring of COHDb levels using an IL682 CO-oximeter (9) (Instrumentation Laboratories), and
for arterial blood gas analysis. The baseline and 20-minute COHD levels were used in a MATLAB-generated
(MathWorks) CFK calculator program to estimate DL, and compute the predicted COHb level at 90 min-
utes. A physician investigator and RT remained at the bedside for the duration of the treatment and were
immediately available for an additional 90 minutes afterward.

To assure safety, the following study drug holds were implemented. During study drug administration,
iCO would be stopped prior to 90 minutes if the measured COHb was >7%. If the COHb was predicted
to be >7% by the CFK equation prior to 90 minutes, the study drug would be stopped at that time, and
an arterial COHb would be measured. Prespecified administration-associated AEs were defined based on
discussions with the DSMB and are shown in Supplemental Table 10. The study drug was permanently
discontinued if a subject had a (i) prespecified administration-associated AE; (ii) SAE related to the study
drug; (ii1) 3 or more missed doses due to COHb levels =3%; or (iv) if the investigator, attending physician,
subject, or their surrogate decided to stop.

We also assessed the LIS and SOFA score. The LIS has been shown to correlate with lung physiology,
mortality, and ventilator-free days (VFDs) (59-61), and SOFA score has been shown to be a reliable prog-
nostic indicator of outcomes in critically ill patients (34). The LIS is a composite 4-point scoring system
including PaO,/FiO,, PEEP, quasi-static respiratory compliance (when available), and the extent of infil-
trates on chest X-ray (62). If a patient was no longer ventilated, PEEP was assigned as <5 cm H,O and
Pa0,/FiO, as 2300 mmHg, and the compliance was not calculated; therefore the number of points was
divided by 3 instead of 4 (63). When a chest X-ray was not available on a given day, the prior day’s chest
X-ray score was used in the LIS calculation. For the SOFA score calculation, if a value was missing, we
carried forward the value from the prior measurement. For LIS and SOFA score calculations, when PaO,/
FiO, was not available, the PaO, was estimated from the SpO, using nonlinear imputation, and the SpO,/
FiO, equivalent was used as described previously (64, 65). For the cardiovascular dysfunction component
of the SOFA score, patients on phenylephrine and vasopressin were scored using estimated norepinephrine
equivalences based on prior studies (66, 67). Subjects who no longer required mechanical ventilation were
scored 0 for the respiratory component of the SOFA score, as the PaO,/FiO, ratio was either unavailable
or could not be reliably compared with the PaO,/FiO, ratio in mechanically ventilated subjects. SpO,/FiO,
was not used to impute the PaO,/FiO, ratio in subjects no longer requiring mechanical ventilation, as this
methodology has only been validated in mechanically ventilated ARDS patients (64, 65).

We also measured biological markers in the plasma, collected before treatment and 90 minutes after
treatment, on days 1-5. If no treatment was given, biomarkers were measured daily. In a subgroup of
patients enrolled at BWH, discarded plasma samples were also obtained from the clinical laboratories on
study day 7. mtDNA was measured by quantitative PCR of human NADH dehydrogenase 1 (MTND1)
(38). IL-18 levels were measured using a human IL-18 ELISA kit (37) (R&D Systems), and RIPK3 levels
were measured using a human RIPK3 ELISA kit (68) (CUSABIO Technology). Levels of cell-free mtDNA
were measured in plasma as previously described (38). Briefly, 50 ul plasma was mixed with 170 ul PBS,
followed by brief vortexing. The diluted plasma was centrifuged at 700 g at 4°C for 5 minutes, and the
supernatant (200 ul) was saved by avoiding touching any pellets and the bottom of the tubes with pipette
tips. The obtained supernatant was further centrifuged at 18,000 g at 4°C for 15 minutes, and the resulting
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supernatant (180 ul) was carefully saved. DNA was isolated from the supernatant using the DNeasy Blood
and Tissue Kit (QIAGEN) according to the manufacturer’s protocol. DNA levels were measured in diluted
samples using SYBR Green dye-based quantitative PCR using a PRISM 7300 sequence detection system
(Applied Biosystems). Primer sequences (38) were as follows: human MTNDI1 gene: forward 5-ATAC-
CCATGGCCAACCTCCT-3, reverse 5-GGGCCTTTGCGTAGTTGTAT-3. Plasmid DNA with comple-
mentary DNA sequences for human MTND1 was obtained from OriGene SC101172).

A panel of additional cytokines/chemokines was measured by multiplex assay (HCYTMAG-60K-PX41,
MilliporeSigma) using Luminex.

After each cohort had completed enrollment, there was a study pause for a review of the data by the
DSMB. The DSMB consisted of 3 critical care physicians with expertise in ARDS and critical care trials.
In addition, a medical monitor and an SRC, consisting of the study investigators at each site, evaluated
the safety data at the end of each cohort and made recommendations to the DSMB about proceeding
with enrollment.

Outcomes. Because this is the first trial to our knowledge to administer iCO to mechanically ventilated
patients with ARDS, the primary endpoint of this phase I trial was feasibility and safety of iCO admin-
istration in this critically ill patient population. The primary safety outcome was defined as the incidence
of prespecified administration-associated AEs and SAEs, with a safety analysis focused on the incidence
of COHbD level 210% in study participants. All AEs and SAEs were recorded during the period from
enrollment to ICU discharge. We classified all AEs and SAEs by system organ class, and AE severity was
graded according to the CTCAE version 4 grading scale. A subset of AEs were considered “administra-
tion-related AEs” (Supplemental Table 10) and were by definition considered suspected adverse reactions.
All AEs were reported to the DCC, DSMB, FDA, and site IRBs according to local and protocol-specified
timelines, including prior to commencing enrollment in cohort 2.

The secondary endpoint was the accuracy of iCO dosing as determined by the CFK equation (22, 69)
(Supplemental Figure 10) to predict COHDb levels. We evaluated the accuracy of the CFK equation in pre-
dicting COHD levels at 60, 75, and 90 minutes in iCO-treated participants in cohorts 1 and 2. The variables
in the CFK equation were calculated as described previously (22). CO production (V) was assumed to be
0.007 ml/min, and the affinity constant M was assumed to be 218 (22). To calculate alveolar ventilation, a
NICO monitor (Philips Respironics) was used to measure exhaled CO, and calculate dead space using the
Enghoff modification of the Bohr equation. Alveolar ventilation was calculated as the difference between
minute ventilation and dead space ventilation. To estimate DL, we input the baseline COHb level (time =
0) and the COHD level measured after 20 minutes of iCO treatment into the CFK equation and solved for
DL, using a computer program generated in MATLAB. We then input the estimated DL, and the COHb
level measured after 20 minutes into the CFK equation and calculated the COHD level predicted after CO
exposure for time = 60, 75, and 90 minutes.

Additional secondary endpoints included PaO,/FiO,, OI, and lactate on days 1-5; LIS and SOFA
score on days 1-5 and day 7; vasopressor-free days, VFDs, and ICU-free days to day 28; hospital mortality;
and biomarker levels.

Statistics. Baseline demographic and clinical characteristics were compared by Mann-Whitney U, Kru-
skal-Wallis 1-way ANOVA, or Fisher’s exact tests. COHb levels were analyzed among treatment groups by
2-way ANOVA followed by Tukey’s post hoc test. Repeated-measures ANOVA was used to analyze (i) A
90 minute COHD over 5 days, (i) group difference between placebo and CO treatment, and (iii) interaction
between day and group effect. The accuracy of the CFK equation in predicting COHDb levels was analyzed
by Spearman’s correlation and Bland-Altman plots using measured versus predicted COHD levels and mod-
eled using linear regression. LIS, PaO,/FiO,, lactate, and OI were compared among the treatment groups
and over time using a mixed model to account for fixed and random effects, while SOFA scores were com-
pared via ordinal logistic analysis (JMP version 12.0, SAS Institute).

Due to the small sample size, our study was powered to detect only common safety and toxicity out-
comes, with a low probability of detecting rare safety events. We did not establish formal criteria for evalua-
tion of excess AE frequency; however, our internal SRC and external DSMB were empowered to terminate
the study based on the nature and seriousness of any AE.

All biomarkers were analyzed on a log,, scale to correct for right skewness and then transformed back
for interpretability. Given the variation across patients in baseline biomarker levels, within-patient changes
were calculated by determining the difference between pretreatment levels on day 1 and posttreatment
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(90 minutes) levels on subsequent days. Ten patients received treatment on both days 1 and 2 and were
included in the primary biomarker analysis. Subjects 9 and 10 did not receive treatment on study day 1
and therefore were excluded from the primary biomarker analysis. Mean changes in biomarkers among
subjects receiving 100 ppm and 200 ppm iCO were compared with changes in subjects receiving placebo
air in a pairwise manner using 2-sided ¢ tests, with nonparametric tests performed for sensitivity analyses.
Data were analyzed using Prism 7.0 (GraphPad), R (R Foundation for Statistical Computing), or SAS 9.4.
All Pvalues were 2 tailed, and statistical significance was accepted at P < 0.05. The remaining analyses are
descriptive. This study is registered with ClinicalTrials.gov (NCT02425579).

Study approval. Study approval was obtained from the Partners Human Research Committee, Weill
Cornell Medical College IRB, and Duke University Health System IRB for Clinical Investigations. Prior
to inclusion in the study, written informed consent was obtained from eligible participants by a physician
investigator after discussion with the patient or LAR or surrogate.
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