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Abstract: Acute lung injury in COVID-19 results in diffuse alveolar damage with disruption of
the alveolar-capillary barrier, coagulation activation, alveolar fibrin deposition and pulmonary
capillary thrombi. Nebulized recombinant tissue plasminogen activator (rt-PA) has the potential
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to facilitate localized thrombolysis in the alveolar compartment and improve oxygenation. In this
proof-of-concept safety study, adults with COVID-19-induced respiratory failure and a <300 mmHg
PaO2/FiO2 (P/F) ratio requiring invasive mechanical ventilation (IMV) or non-invasive respiratory
support (NIRS) received nebulized rt-PA in two cohorts (C1 and C2), alongside standard of care,
between 23 April–30 July 2020 and 21 January–19 February 2021, respectively. Matched historical
controls (MHC; n = 18) were used in C1 to explore efficacy. Safety co-primary endpoints were
treatment-related bleeds and <1.0–1.5 g/L fibrinogen reduction. A variable dosing strategy with
clinical efficacy endpoint and minimal safety concerns was determined in C1 for use in C2; patients
were stratified by ventilation type to receive 40–60 mg rt-PA daily for ≤14 days. Nine patients in
C1 (IMV, 6/9; NIRS, 3/9) and 26 in C2 (IMV, 12/26; NIRS, 14/26) received nebulized rt-PA for a
mean (SD) of 6.7 (4.6) and 9.1(4.6) days, respectively. Four bleeds (one severe, three mild) in three
patients were considered treatment related. There were no significant fibrinogen reductions. Greater
improvements in mean P/F ratio from baseline to study end were observed in C1 compared with
MHC (C1; 154 to 299 vs. MHC; 154 to 212). In C2, there was no difference in the baseline P/F ratio of
NIRS and IMV patients. However, a larger improvement in the P/F ratio occurred in NIRS patients
(NIRS; 126 to 240 vs. IMV; 120 to 188) and fewer treatment days were required (NIRS; 7.86 vs. IMV;
10.5). Nebulized rt-PA appears to be well-tolerated, with a trend towards improved oxygenation,
particularly in the NIRS group. Randomized clinical trials are required to demonstrate the clinical
effect significance and magnitude.

Keywords: acute respiratory illness; critical care; recombinant tissue plasminogen activator; nebulization;
fibrinolytics; COVID-19 pandemic; inhaled medication; targeted therapy

1. Introduction

SARS-CoV-2 (COVID-19)-induced respiratory failure is the leading cause of COVID-19
mortality [1,2]. The respiratory failure in severe COVID-19 starts as acute lung injury
(ALI) progressing to acute respiratory distress syndrome (ARDS), multiorgan failure and
death [3]. ALI and ARDS are characterized by extravascular fibrin deposition in the alveolar
compartment due to alveolar cell damage and disruption of the alveolar-capillary barrier [4].
This fibrin deposition is essential for maintaining the temporary integrity of the alveolar-
capillary barrier and its subsequent repair [5]. SARS-CoV-2 infection is also characterized
by cytokine storm or cytokine response syndrome (CRS), with pronounced elevations of
pro-inflammatory cytokines [6]. The relative contribution of the viral cytotoxicity and CRS
to the diffuse alveolar damage is not well understood. However, the reduction in mortality
with immunomodulation, including steroids and JAK-2 inhibitors, confirms the significant
contribution of inflammation to mortality [7,8].

The fibrin deposits in ALI in COVID-19 and other conditions with ARDS are associated
with cellular debris and infiltration of inflammatory cells [9]. This is facilitated by increased
tissue factor expression and coagulation activation, with suppression of fibrinolysis due to
a rise in plasminogen activator inhibitor-1 (PAI-1) activity [10,11]. This disruption to the
fibrinolytic system and the subsequent enhanced fibrin deposition in the lungs appears to
be a major pathophysiological driver of severe lung disease [5].

Fibrinolytic agents including tissue plasminogen activator (tPA), urokinase-type plas-
minogen activator (uPA), plasminogen and plasmin are being explored to counteract
PAI-1-induced dysregulation of the fibrinolytic system [5]. Nebulized recombinant tPA
(rt-PA) enhanced the bronchoalveolar fibrinolytic system in rat models of direct and indirect
ALI, as reflected by a significant reduction of PAI–1 activity levels in bronchoalveolar lavage
fluid, and a consequent increase in plasminogen activator activity (PAA) [12]. A meta-
analysis of 22 studies deemed fibrinolytic therapy an effective therapeutic approach for
ALI in pre-clinical models due to the observed improvements in lung injury, oxygenation,
local neutrophil infiltration, and mortality following treatment [13]. Three cases of off-label
use of tPA administered intravenously in patients with COVID-19-related acute respiratory
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distress syndrome (ARDS) resulted in a temporary improvement in respiratory status, with
one durable response [14]. Moreover, intravenous tPA with immediate therapeutic heparin
anticoagulation improved oxygenation in a Phase 2 clinical trial among patients with severe
COVID-19 respiratory failure [15].

Fibrinolytic agents are usually administered intravenously, resulting in a systemic
increase in fibrinolysis [12,16]. Fibrinolytic therapy, therefore, poses a risk of potentially
fatal bleeds. In fact, up to 7% of patients exposed to fibrinolytic agents require blood
transfusions, and up to 1% die as a consequence of bleeds [17]. Considering that coagu-
lopathy in ALI involves both alveolar and vascular compartments, local administration via
nebulization is an attractive option with potentially higher efficacy and reduced bleeding
risk [12,16]. In direct and indirect ALI models, nebulization of rt-PA or anti-PAI-1 demon-
strated lung-protective effects via promotion of fibrinolysis [12]. Moreover, inhalation
of plasminogen improved lung lesion condition and oxygen saturation in patients with
clinically moderate to severe COVID-19 [18].

Essentially, COVID-19 is a multi-system disorder with alveolar and pulmonary vas-
cular inflammatory thrombosis that might benefit from combination therapies addressing
both inflammation and intravascular thrombosis or alveolar fibrin deposits to improve
outcomes [19]. We hypothesized that nebulized rt-PA through local thrombolysis, along-
side standard of care, would improve oxygenation without the excess bleeding risk seen
with systemic thrombolysis. This proof-of-concept pilot study aimed to test the safety of
nebulized rt-PA and investigate its clinical efficacy in patients hospitalized with COVID-19
respiratory failure that required respiratory support.

2. Materials and Methods
2.1. Study Design and Participants

This study (clinicaltrials.gov identifier: NCT04356833) was approved by the National
Research Ethics Committee (REC) and Medicines and Healthcare Products Regulatory
Agency. Health Research Authority (HRL) approval was granted on 17 April 2020 (REC
reference: 20/SC/0187). Procedures followed were in accordance with the ethical standards
of the International Council for Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use Good Clinical Practice (ICH GCP) guidelines and with
the Declaration of Helsinki of 2013.

Written informed consent was obtained from patients. When a patient could not give
written informed consent due to intubation and sedation, the study was discussed with
the patient’s next of kin, and consent was obtained from an independent professional
representative, typically another intensive care consultant not involved in the direct care
of the patient or involved in the study. Patients consented at the first opportunity after
regaining consciousness and consent could be withdrawn at any time. Supplementary
Methods contains the informed consent procedure.

Recruitment for Cohort one (C1) occurred from 23 April to 30 July 2020, during the
first COVID-19 surge. Sequential recruitment to the standard of care (SOC) arm originally
planned for was not feasible as there were very few COVID-19 admissions to the center
after the first COVID-19 surge had subsided by August 2020. Due to low recruitment
numbers, the protocol was amended following discussions within the Trial Management
Group (TMG) and Independent Data Monitoring Committee (IDMC). This allowed for the
recruitment of matched historical controls (MHC) retrospectively for comparison with C1
on 15 October 2020. Recruitment for Cohort two (C2) occurred between 21 January and
19 February 2021 and all patients were assigned to receive rt-PA with SOC to accrue safety
data. It is to be noted that SOC itself continued to rapidly evolve through the pandemic with
the incorporation of new therapies becoming part of SOC, and our comparison between
groups reflects SOC of the time in all study groups (C1, MHC and C2).

Further recruitment details are provided in the Supplementary Methods. After enrol-
ment or the first dose of nebulized rt-PA, patients were followed until the end of the study

clinicaltrials.gov
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(EOS). EOS was day 28 or earlier in the event of death or discharge. Day one for MHC was
when patients met the inclusion criteria.

Inclusion criteria in the treatment arm for both cohorts included COVID-19 diag-
nosis (confirmed by polymerase chain reaction [PCR] or radiologically [C1, n = 0; C2,
n/N = 3/26]); ≥16 years of age; and acute COVID-19 respiratory failure determined by a
PaO2/FiO2 [P/F] ratio of <300 mmHg [20]) that required respiratory support (including
invasive mechanical ventilation). A P/F ratio of <300 mmHg was selected to ensure that
all severities of respiratory failure from ALI (≤300 mmHg) to ARDs (≤200 mmHg) were
included [21]. There was also a recognition that avoiding mechanical ventilation where
possible would result in the best possible outcomes. For consistency and anticipating a
relatively small recruitment number (given the high number of COVID-related studies
at the time) and perceived much poorer outcomes from invasive mechanical ventilation
(IMV), the respiratory support was stratified into two broad categories: IMV via an endo-
tracheal tube and non-invasive respiratory support (NIRS) for all other forms of respiratory
support. NIRS included non-invasive ventilation (NIV), continuous positive airway pres-
sure (CPAP), high flow nasal oxygen (HFNO) or conventional oxygen therapy (venturi
and non-breathing masks). This categorization was to capture a broad range of patients
representative of COVID-19 at the time of the study. The type of respiratory support
was determined by the clinical team, but the patients had to have a P/F ratio of <300 at
study entry.

In IMV patients, the P/F ratio was calculated with the arterial partial pressure of
oxygen (PaO2, P) and fraction of inspired oxygen therapy (FiO2, F) (Table S1) [22]. In
NIRS patients, arterial blood gas analysis was often not performed, and PaO2 was imputed
by non-linear calculation from oxygen saturation on pulse oximetry (SpO2), with FiO2
calculated from tables based on oxygen flow and device used (Table S2).

The main exclusion criteria for both cohorts were pregnancy, known allergies to
rt-PA or excipients of rt-PA, patients not being actively treated or not considered suit-
able by the investigator, and fibrinogen levels of ≤2.0 g/L or <1.5 g/L in C1 and C2 at
screening, respectively.

There was no restriction on the use of any intervention except participation in another
clinical trial of a novel Investigational Medicinal Product. Participation in a recovery study
was not an exclusion criterion; nor was concomitant use of anticoagulation or antiplatelet
therapy, as the diffusion into alveolar space was considered to be minimal to non-existent.
The Supplementary Methods provides additional exclusion criteria for C1.

2.2. Study Drug and Dosing

Alteplase, rt-PA (Actilyse®, Boehringer Ingelheim, Ingelheim am Rhein, Germany)
was reconstituted with 5 mL sterile water (2 mg/mL) and administered using an Aerogen®

nebulizer. Supplementary Methods provides details of rt-PA administration.
The initial dosing regimen in C1 was 10 mg every 6 h for 72 h. Recruitment was

staggered to ensure patient safety and details are provided in the Supplementary Methods.
Dosing was amended after observing significant desaturation in patient three, 36 h after
the last dose of the initial three-day block of rt-PA was administered. Desaturation was
considered significant if the P/F ratio dropped to <300 mmHg. The patient received a
second three-day block of rt-PA (Figure 1). This led to a protocol amendment with dosing
to take place for a minimum of five days, and a maximum of 14 days. The rationale was
underpinned by the fact that several factors impact the sensitivity of the alveolar fibrin
deposits to tPA effect, including volume of the clot, duration of the clot, amount of plas-
minogen available for conversion to plasmin and inhibitors of tPA inhibitors. This resulted
in a move from a fixed treatment regimen to an endpoint-driven treatment regimen; treat-
ment was discontinued if blood fibrinogen levels fell to <1.5 g/L (potential toxicity due to
systemic absorption) or patients no longer required oxygen (resolution of the interalveolar
clot burden). Treatment could be restarted within five days from the last dose of treatment
if there was a recurrence of COVID-19-induced respiratory symptoms or a worsening of
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P/F ratio considered related to treatment discontinuation. The frequency of dosing was
determined by previous protocols used in plastic bronchitis [23]. Previous pre-clinical stud-
ies demonstrated around 50% deposition of the drug with an Aerogen® nebulizer [24,25].
Studies in mice suggest that the clearance rate of intratracheal administered rt-PA is around
4 to 6 h [26].
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Figure 1. Cohort 1 sample mean PaO2/FiO2 (P/F) ratio over time of relapsed patient on NIRS
(HFNO) requiring two blocks of treatment. Red line indicates severe acute COVID-19 respiratory
failure determined by a PaO2/FiO2 [P/F] ratio of <300 mmHg [20]). HFNO, high-flow nasal oxygen;
NIRS, non-invasive respiratory support; P/F, PaO2/FiO2.

3. Details of the C2 Treatment Regimen

C2 on IMV received 20 mg rt-PA every eight hours (60 mg daily) for a maximum of
14 treatment days. For patients on NIRS, a loading dose of 20 mg every eight hours was
administered for the first two days (60 mg daily) followed by 20 mg every 12 h (twice daily;
40 mg total) for a total of 14 days. Patients on IMV were given a higher dose to account for
wastage in the circuit. If patients deteriorated and required IMV, they could receive a higher
treatment dose. Treatment was discontinued if blood fibrinogen levels fell to <1.0 g/L or if
the patient maintained normal SpO2 on room air for 48 h.

3.1. Study Endpoints

Primary endpoints to assess safety were (1) the incidence and severity of major bleed-
ing events directly attributable to the study drug; (2) decrease in fibrinogen levels to
<1.0 gm/L (in C1, the threshold was 1.5 gm/L) during treatment period and 48 h after the
last dose of treatment; and (3) number and nature of serious adverse events causally related
to the treatment. For endpoint (2), a lower threshold was chosen in C2 as there was no
evidence of systemic absorption. Patients were reviewed daily for bleeding events, use
of anticoagulation, intensity, and antiplatelet drugs. Safety blood tests included a daily
coagulation screen with fibrinogen. Treatment was stopped for any major bleed and if
the fibrinogen level dropped to <1–1.5 gm/L. All bleeding events were categorized as
adverse events (AE) of special interest and evaluated for severity (mild, moderate and
severe) and causality; the International Society of Haemostasis and Thrombosis (ISTH)
Scientific and Standardisation Committee definition of major bleeding events in patients
on anti-hemostatic medications was used to grade severity (Table S3) [27]. A bleeding
event was evaluated for relatedness if it occurred within 30 h of the last rt-PA dose. This
timeframe was determined based on the estimated 4-to-6-h clearance rate of rt-PA via
intratracheal administration, based on pre-clinical data [26]. A conservative 6-h clearance
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rate estimate was assumed in this study and, therefore, bleeding events were evaluated for
relatedness if they occurred within 5 clearance rates (30 h) of rt-PA administration.

The secondary endpoint of efficacy was determined as the change in P/F ratio from
baseline (BL), which was assessed daily during treatment, at treatment cessation, and at
three- and five-days post-treatment cessation. Other secondary endpoints included changes
in clinical status assessed by a 7-point World Health Organization (WHO) ordinal scale
until EOS (Table S4), the outcome (discharge, in-patient or death) at EOS, changes in lung
compliance (defined as tidal volume/peak inspiratory pressure from BL and absolute
values), Sequential Organ Failure Assessment (SOFA) during treatment and through five
days after the end of treatment, number of oxygen-, ventilator- and intensive care-free days
at EOS, and the number of new oxygen or ventilation requirements before EOS.

3.2. Biomarkers of Fibrinolysis

Blood samples were taken for exploratory assessment of potential biomarkers to inves-
tigate systemic absorption of tPA. These included, but were not restricted to, plasminogen,
alpha-2 antiplasmin (α2AP), tissue plasminogen activator (t-PA), PAI-1 and a range of
inflammatory cytokines and coagulation proteins. All other monitoring was done as per
routine SOC.

3.3. Statistical Analysis

Since the study was conducted early in the pandemic, the planned recruitment num-
bers were based on feasibility and planned recruitment rate rather than statistical consider-
ations. An Independent Data Monitoring Committee was established to provide oversight
of the conduct of the study. This was particularly in relation to the causality of bleeding
events, dose escalation strategies and to provide recommendations on the continuation of
the study.

Descriptive statistics were used for all AEs, including bleeding events of special
interest. In C1, the efficacy analysis compared P/F ratios between the rt-PA group and
MHC at the EOS, adjusting for the BL P/F ratio, using a linear regression model. A
sensitivity analysis was performed, fitting a similar model that controlled for the length of
follow-up, as well as the BL P/F ratio. In a further sensitivity analysis, a mixed effects linear
regression model was used to compare groups over time and account for the clustering
of ratios within patients using a random effect. The model incorporated all P/F ratio
measurements over time, with treatment allocation, time, and BL P/F ratio as fixed effects,
together with a random slope for time and a random effect at the patient level.

Analyses of C1 and C2 were undertaken separately. C2 analysis was limited to descrip-
tive statistics. Continuous variables were summarized using a number of observations,
mean, standard deviation (SD), median, interquartile range (IQR) and minimum and max-
imum values. Categorical data were summarized using a number of observations and
percentages. Further exploratory and post hoc analyses were conducted, and details of all
statistical analyses are provided in Supplementary Methods.

4. Results
4.1. Cohort 1

In total, 27 patients enrolled in Cohort 1 (Figure S2a); nine patients received nebulized
rt-PA with SOC and 18 patients were recruited as MHC receiving SOC only. In the rt-PA
group, six (66.6%) patients received IMV, and three (33.3%) patients received NIRS, none of
whom progressed to IMV. Patient characteristics of C1 are shown in Table 1.
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Table 1. Details of patient characteristics at baseline in Cohort 1 and Cohort 2.

Patient Characteristics

Cohort 1 Cohort 2

rt-PA Group
(n = 9)

MHC Group
(n = 18)

rt-PA Groups
(n = 26)

Sex, n (%) Male 4 (44.4) 9 (50.0) 19 (73.1)

Age, years Mean 65 67 64

Race, n (%)

Asian 3 (33.3) 4 (22.2) 9 (34.6)

Black 0 0 1 (3.8)

White Caucasian 6 (66.7) 10 (55.6) 8 (30.8)

Other 0 0 5 (19.2)

Not available/not reported 0 4 (22.2) 3 (11.5)

Ventilation type, n (%)
IMV 6 (66.7) 12 (66.7) 12 (46.2)

NIRS * 3 (33.3) 6 (33.3) 14 (53.9)

Duration of illness
before enrolment

Mean 14.5 8.8 13.1

Median (min./max.) 8.0
(3/63)

7.0
(0/21)

12.5
(4/27)

Comorbidities of
interest, n (%)

Chronic lung disorder 3 (33.3) 0 2 (7.7)

Chronic heart or
circulatory disease 4 (44.4) 9 (50.0) 13 (50)

Gastrointestinal 2 (22.2) 5 (27.8) 3 (11.5)

Neurological 1 (11.1) 3 (16.7) 2 (7.7)

Endocrine 3 (33.3) 4 (22.2) 7 (26.9)

Chronic haematological 0 1 (5.6) 3 (11.5)

AIDS/HIV 0 0 0

Diabetes 3 (33.3) 2 (11.1) 10 (38.5)

Cancer in the last 12 months 3 (33.3) 1 (5.6) 0

Rheumatological 2 (22.2) 1 (5.6) 9 (34.6)

Chronic kidney disease 1 (11.1) 2 (11.1) 0

Obesity 0 0 † 3 (11.5)

Dementia 0 2 (11.1) 0

Immunosuppression 2 (22.2) 2 (11.1) 0
* NIRS included non-invasive ventilation (NIV), continuous positive airway pressure (CPAP), high flow nasal
oxygen (HFNO) or conventional oxygen therapy (venturi and non-breathing masks); † Includes 7 unknown.
AIDS, acquired immune deficiency syndrome; ECMO, extracorporeal membrane oxygenation; HIV, human
immunodeficiency virus; IMV, invasive mechanical ventilation; MHC, matched historical control; NIRS, non-
invasive respiratory support; RRT, renal replacement therapy; WHO, World Health Organization.

Seven bleeding events occurred in four of the nine patients during rt-PA treatment
(Tables 2 and S6). These events were reported as AE of special interest and categorized as
five mild and two moderate; all resolved completely. All bleeds and AEs were deemed
unrelated to rt-PA. The MHC group were not reviewed for bleeding events. In addition,
there were no measured decreases in plasma fibrinogen levels (<1.5 g/L) during the
treatment period and 48 h after the last dose of rt-PA, nor was there any suggestion of
increases in tPA-PAI-1 and plasmin-α2-antiplasmin complexes.
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Table 2. Safety data on bleeding events in Cohort 1 and Cohort 2.

Cohort Type of Bleed Events (Patients) AE Categorisation
(Events)

Relatedness to
rt-PA (Events) * Outcome (Events)

1

All 7 (4) – – –

Central venous
catheters insertion site 2 (2) Mild (2) NR (2) Resolved (2)

Gastro-intestinal bleed 1 (1) Moderate (1) NR Resolved

Blood-stained
tracheobronchial secretion 1 (1) Mild (1) NR Resolved

Tracheostomy site bleed 2 (2) Mild (1);
Moderate (1) NR (2) Resolved (2)

Other 1 (1) Mild (1) NR Resolved

2

All 25 (13) – – –

Cerebral bleed † 1 (1) Severe NR Not assessable

Chest-drain relate † 1 (1) Severe R Not assessable

GI bleed 2 (2) Moderate (2) NR (2) Resolved (2)

Blood-stained
tracheobronchial secretion 14 (8) Mild (13);

Moderate (1) R (1) Resolved (13);
Not assessable (1)

Tracheostomy site bleed 1 (1) Moderate NR Resolved

Epistaxis 3 (1) Mild (3) NR (3) Resolved (3)

Other 3 (3) Mild (2);
Moderate (1)

R (2)
NR (1)

Resolved (2);
Not assessable (1)

* A bleed was evaluated for relatedness if it occurred within 30 h of the last rt-PA dose. Bleeds categorized above
minor were managed with stopping of anticoagulation followed by cessation of antiplatelet therapy. Supportive
treatment was provided as necessary where there was significant blood loss. Patients were scheduled to receive fib-
rinogen concentrate if the fibrinogen level dropped to <1.0 g/L. † This patient developed a tension pneumothorax
that required chest drains. Initially, treatment was continued, but three days after the insertion of chest drains, due
to ongoing bleeding, both anticoagulation and rt-PA were stopped. The patient was receiving therapeutic antico-
agulation for bilateral deep vein thrombosis along with aspirin and the fibrinogen decreased to 1 gm/L concurrent
with the administration of tocilizumab. This was considered a moderate, possibly related event. The patient
subsequently went on to develop a brain bleed five days after stopping therapy, which was considered unrelated
to rt-PA. AE, adverse event; GI, gastrointestinal; ISTH, International Society of Haemostasis and Thrombosis; NR,
not related; NSB, non-significant bleeds; R, related; rt-PA, recombinant tissue plasminogen activator.

The P/F ratio improved during the 28-day study period in the rt-PA and MHC groups
(Table 3). One patient that improved to a P/F ratio > 400 on oxygen supplementation by
nasal cannula deteriorated 24 to 36 h after the 12th and final dose of rt-PA (Figure 1). This
patient was not a candidate for IMV because of previous bronchiectasis; instead, they were
treated twice with rt-PA. This observation prompted a change in the dosing schedule for
the remaining three patients in C1.

A sensitivity analysis using a linear mixed effects model showed a higher mean P/F
ratio in the rt-PA group compared to the MHC group, with an estimated mean difference
of 50.6 (95% confidence interval [CI], 6.7–94.4).

Among the rt-PA group, at the EOS, three (33.3%) patients were discharged before
Day 28, five (55.6%) remained as in-patients and one patient (11.1%) had died. In the MHC
group, six (33.3%) patients had been discharged before Day 28, two (11.1%) were in-patients
and ten (55.6%) had died. Patients in the rt-PA group (n = 9) received treatment for a mean
(SD) duration of 6.7 (4.6) days (Tables 4 and S5).
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Table 3. Summary statistics for the P/F ratio for Cohort 1, stratified by treatment group and the
lowest daily P/F ratio for Cohort 2, stratified by ventilation received alongside rt-PA.

Cohort 1 * (N = 27) Cohort 2 † (N = 26)

Parameters rt-PA Group
(n = 9)

MHC Group
(n = 18)

IMV Group
(n = 12)

NIRS Group
(n = 14)

Baseline

n 9 18 12 14

Mean (SD) 154 (53) 149 (72) 120 (28) 126 (42)

Median
(min./max.) 137 (84/263) 131 (63/268) 121 (71/170) 117 (75/203)

Day 3

n 9 13 12 12

Mean (SD) 187 (77) 128 (35) 123 (43) 148 (90)

Median
(min./max.) 164 (118/351) 123 (67/202) 112 (43/194) 113 (65/319)

Day 7

n 8 9 10 9

Mean (SD) 239 (90) 151 (90) 137 (78) 183 (83)

Median
(min./max.) 228 (109/390) 118 (52/305) 150 (30/266) 183 (59/281)

Day 14 ‡

n 2 4 8 ‡ 5 ‡

Mean (SD) 227 (83) 209 (49) 155 (104) 248 (89)

Median
(min./max.) 197 (165/350) 221 (142/262) 149 (43/362) 253 (124/362)

Last On-Treatment Day §

n 9 N/A 12 14

Mean (SD) 218 (73) N/A 169 (108) 240 (104)

Median
(min./max.) 211 (1114/338) N/A 149 (53/362) 281 (60/391)

End of Study ¶

n 9 18 12 14

Mean (SD) 299 (102) 212 (118) 188 (128) 239 (111)

Median
(min./max.) 319 (136/433) 189 (9/433) 173 (43/391) 288 (40/362)

* All available P/F ratio values were extracted per day and summarized every 4 h (±2 h). Time 0 is the baseline
and a single time point on the previous day was chosen to illustrate the changes over time. † Up to six P/F ratio
values were extracted per day, including the worst P/F ratio over the preceding day; however, the analysis for
Cohort 2 includes only the lowest value for the day. ‡ Only thirteen patients (IMV, n = 8; NIRS, n = 5) had an
observed measure on Day 14 due to patient discharge or death. § The last value available on treatment regardless
of the duration of treatment (death or discharge may have occurred within the 14 days). ¶ Last value available
regardless of when this measure occurred (discharge or death may have occurred within 28 days). IMV, invasive
mechanical ventilation; MHC, matched historical control; N/A, not applicable; NIV, non-invasive respiratory
support; P/F, PaO2/FiO2; SD, standard deviation; rt-PA, recombinant tissue plasminogen activator.

4.2. Cohort 2

Twenty-six patients were enrolled on the second cohort, and all received rt-PA (Figure S2b).
At the time of screening, 12 (46.2%) were on IMV and 14 (53.9%) were on NIRS. Of the
latter, four required IMV for variable periods. Additional patient characteristics for C2 are
shown in Table 1.

Among the 26 patients, there were 25 bleeding events (Tables 2 and S6); seventeen
were in the IMV group, and eight were in the NIRS group. These events were reported as
AE of special interest and categorized as 18 mild, five moderate, and two severe. Of these,
four bleeding events in three patients were considered possibly related to rt-PA treatment,
with one being categorized as a severe AE and the other three as mild (Table 2). No patients
experienced fibrinogen levels <1.0 g/L at any time during the study. One patient had a
fibrinogen value of 1.0 g/L two and three days after the initiation of rt-PA treatment, which
prompted withholding a dose of rt-PA.
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Table 4. Secondary endpoints for Cohort 1 and Cohort 2.

Secondary Endpoint

Cohort 1 Cohort 2

rt-PA Group
(n = 9)

MHC Group
(n = 18)

IMV Group
(n = 12)

NIRS Group
(n = 14)

End of study outcomes (≤28 days), n (%)

Discharge 3 (33.3) 6 (33.3) 3 (25.0) 9 (64.3)

Inpatient 5 (55.6) 2 (11.1) 4 (33.3) 2 (14.3)

Death 1 (11.1) 10 (55.6) 5 (41.7) 3 (21.4)

End of study clinical outcomes (≤28 days)–exploratory post-hoc analyses

Number of oxygen-free
days (with

imputation *)

Mean (SD) 6.1 (9.6) N/A 4.42 (8.1) 13.43 (11.1)

Median
(min./max.) 0 (0/24) N/A 0 (0/20) 17.5 (0/26)

Number of
ventilator-free days (with

imputation *)

Mean (SD) 11.8 (13) N/A 5.75 (9·9) 21.4 (9.7)

Median
(min./max.) 10 (0/28) N/A 0 (0/25) 26.5 (0/28)

New oxygen use
(relapse) Patient, n (%) 0 N/A 1 (8.3%) 0

Progression to IMV NA NA NA 4 (24.6)

Duration of treatment

n 9 18 12 14

Mean (SD) 6.7 (4.6) N/A 10.5 (4.2) 7.9 (4.6)

Median (min./max.) 5 (3/14) N/A 12.8 (2.0/13.7) 8.2 (1.7/13.5)

Important concomitant treatments, n (%) †

Steroids 7 (77.8) 3 (15.8) 12 (100) 14 (100)

Tocilizumab 0 0 (0) 11 (91.7) 12 (85.7)

Remdesivir 4 (44.4) 0 (0) 8 (66.7) 11 (78.6)

1 type of antibiotic 2 (22.2) 7 (36.8) 2 (16.7) 6 (42.9)

2 types of antibiotics 0 2 (10.5) 2 (16.7) 0

≥3 more types of antibiotics 5 (55.6) 2 (10.5) 8 (66.7) 6 (42.9)

Anakinra 1 (22.2) 2 (10.5) 0 0

Anti-platelet 3 (33.3) 5 (26.3) 3 (25) 5 (35.7)

Anticoagulation–highest intensity 9 (100) 17 (89.5) 12 (100) 14 (100)

Therapeutic 6/9 4 (21.1) 7/12 10/14

Intermediate 1/9 2 (10.5) 5/12 2/14

Prophylactic 2/9 11 (57.9) 0 2/14
* Post-hoc calculation where days post-patient discharge are assumed to be days without oxygen or ventilation;
† Exploratory post-hoc analyses. HFNO, high flow nasal oxygen; IMV, invasive mechanical ventilation; MHC,
matched historical control; NIV, non-invasive respiratory support; rt-PA, recombinant tissue plasminogen activator;
SOFA, Sequential Organ Failure Assessment; SD, standard deviation; WHO, World Health Organization.

In the IMV group, the mean (SD) P/F ratio was 120 (28) the day before the first dose of
rt-PA, and a small increase was seen for most patients by their last day of treatment, with a
mean increase from BL (SD) of 48 (126) (Table 2 and Figure S4). In patients on NIRS, the
mean (SD) P/F ratio was 126 (42) the day before the first dose of rt-PA, and an increase was
seen for most patients by their last day of treatment, with a mean change (SD) of 114 (92).
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The EOS outcomes (28d) for patients on IMV and NIRS, respectively, were as follows:
33.3% and 14.3% remained as inpatients, 25% and 64.3% had been discharged and 41.7%
and 21.4% died. The total mean (SD) treatment duration for C1 (n = 26) was 9.1 (4.6) days.
Patients on IMV (n = 12) and NIRS (n = 14) received rt-PA for a mean (SD) of 10.5 (4.2) and
7.9 (4.6) days, respectively (Tables 4 and S5).

4.2.1. 7-Point World Health Organization (WHO) Scale

To explore the treatment effect, a post hoc exploration of the data was conducted to
describe the time to recovery from COVID-19 for each patient in the study using the WHO’s
minimal common outcome measure set for COVID-19. Recovery was defined as achieving
an absolute WHO ordinal score of 1 or 2, or discharge [28]. Data for patients who did
not recover or died were censored on Day 28. The exploration of the data aligns with the
published literature [29]. The cumulative incidences of recovery during the 28-day study
period are shown in Figure 2. In C1, patients on rt-PA had a more rapid recovery compared
with MHC patients. In C2, NIRS patients recovered more rapidly than IMV patients. This
is likely due to patients on NIRS having lower initial WHO scores, so less recovery was
required to achieve a score of 1 or 2 compared with patients on IMV who had higher initial
WHO scores (Table S4; Figure 2).

4.2.2. Assessment of Fibrinolysis Biomarkers

The activity of plasminogen, α2AP, PAI-1 antigen (Ag), t-PA Ag and t-PA/PAI complex
during rt-PA treatment is presented in the Supplemental Results (Figure S5). There were
no significant changes or obvious patterns induced by rt-PA treatment.
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Figure 2. Time to recovery among Cohorts 1 and 2 (a); IMV/NIRS subgroups in Cohort 2 (b). The
graph shows time to recovery, the cumulative incidence of recovery among Cohort 1 and Cohort 2
(a) and IMV and NIRS subgroups in Cohort 2 (b) (post hoc exploratory results). Time to recovery
was defined as the time to achieve a 7-point WHO ordinal score of 1 or 2, or discharge. A breakdown
of the WHO ordinal score is provided in Table S4. Data for patients who did not recover and
data for patients who died were censored on Day 28. IMV, invasive mechanical ventilation; NIRS,
non-invasive respiratory support; rt-PA, recombinant tissue plasminogen activator; MHC, matched
historical control.

5. Discussion

This proof-of-concept study is the first clinical trial investigating the use of nebulized
rt-PA in patients with COVID-19-induced respiratory failure. Previous reports were lim-
ited to intravenous administration of tPA in patients with COVID-19-related respiratory
failure [14,15]. Nebulized rt-PA was not associated with any severe excess bleeding and
showed an improvement in the P/F ratio among patients with a range of respiratory dys-
function severity. Importantly, the study established a dosing regimen of nebulized rt-PA
that was feasible with a tolerable safety profile.

For EOS clinical outcomes, in C1, only one patient (11.0%) receiving rt-PA died during
the 28-day study period compared with ten (55.6%) in the MHC group. In C2, five (41.7%)
and three (21.4%) patients on IMV and NIRS, respectively, died during the study period.
While these findings and an improvement in the P/F ratio were found in the C1 cohort
compared with MHC, given the small sample size, they should be viewed as hypothesis-
generating and proof-of-concept to support the rationale for a larger, randomized trial.

Alteplase requires plasminogen for its mechanism of action, and therefore, significant
bleeding is unlikely due to the low availability of plasminogen. Indeed, the administration
of nebulized rt-PA did not appear to induce an increase in systemic markers of fibrinolysis.
No patients experienced pulmonary hemorrhage or had clinically significant decreases in
systemic fibrinogen. Only a small number of bleeding events and no SAEs of special interest
were attributable to rt-PA. In all patients with significant bleeding considered related to
rt-PA, concurrent therapeutic anticoagulation with low-molecular-weight heparin (LMWH)
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was in use, which might have contributed to the bleeding risk. Therapeutic anticoagulation
increases the risk of bleeding generally, and this has also been demonstrated in the context
of COVID-19 [19,30–32]. Furthermore, the safety of nebulized rt-PA has been demonstrated
in patients with plastic bronchitis, with a range of doses and durations that did not result in
bleeding complications [33]. The use of clinical response for early termination of treatment
and an upper limit for treatment duration improves the safety profile. Moreover, our
post hoc, exploratory analyses of key fibrinolysis pathway inhibitors revealed that rt-PA
treatment did not result in increased systemic fibrinolysis, suggesting minimal absorption,
potentially contributing to the favourable safety profile.

Given that this study was conducted in unprecedented times during the COVID-19
pandemic, there are several limitations to this study that may have been prevented if the
study was conducted in less unpredictable circumstances.

• The nature of the study population meant that a change in a patient’s condition could
result in an alteration in ventilation type post-enrolment. Although all patients had
a P/F ratio of <300 at enrolment, the P/F ratio for NIRS and IMV was calculated by
different methods: for those on NIRS, the P/F ratio was determined by converting
SpO2 and oxygen flow rate and using imputed values [22,34], whereas the P/F ratio
was readily available for those on IMV. Further, the NIRS group was heterogeneous to
the device used to improve oxygen concentration;

• The use of MHC for comparison in C1 is a limitation as patients who consented to
participate in trials may differ, potentially leading to selection bias; this has been
reviewed extensively [35]. The retrospective, non-randomized nature of the control
group makes the efficacy comparison between the control and treatment groups
exploratory. Additionally, we acknowledge that the use of historical controls in the
absence of randomization may introduce confounding bias. However, one of the
main study aims was to generate adequate data for a sample size calculation for a
future study;

• This study was not blinded due to the practicalities around blinding this type of
intervention, especially in the midst of a pandemic. Due to the lack of blinding, there
may be potential biases introduced; however, the aim of this study was to investigate
safety and not to demonstrate superiority or gold standard comparisons;

• There were differences in the patients enrolled in the C1 and C2 cohorts, with a higher
number of bacterial co-infections in C2 patients, most of whom received steroids and
interleukin-6 inhibitors. At the time of the study, both cohorts received the SOC, which
was rapidly evolving, as demonstrated by the differences in concomitant treatments
(Table 4). It is possible that concomitant treatments received by patients may have
impacted the study outcomes. These potential cofounding factors should be explored
in future randomized studies;

• The duration of illness before enrolment was shorter in C2; this could have impacted
the duration of respiratory support. Reactive protocol amendments were required to
incorporate learnings associated with the novel administration route;

• Direct administration of drugs into the airways is challenging, particularly in breath-
less patients despite the perceived advantages. Dosing of inhaled drugs needs to
account for the loss in the ventilation circuit, ambient aerosolization and varying
disease severity, and conventional drugs tend to have wide therapeutic windows.
Protein-based therapeutics typically have narrow therapeutic windows and tend to be
expensive. Whilst the delivery of rt-PA with an Aerogen nebulizer has been investi-
gated extensively [23], the following challenges were experienced in NIRS patients,
which may impact the feasibility and effectiveness of nebulized rt-PA treatment in real
world settings: (1) Difficulty in continuing to support oxygen whilst using the Aerogen
nebulizer for drug administration; (2) the loss of the drug through long circuits used
for CPAP and HNFO; (3) trapping of the drug in the filters used for CPAP; (4) taste
of the drug when a mouthpiece was used for direct inhalation. Administration with
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mechanical ventilation was easier due to side ports, but the wastage appeared to
be high;

• The assessment of bleeding was complicated by concurrent anticoagulant therapy;
whilst this was not a confounder for assessing efficacy, it is an important contributor
to the determination of the safety of rt-PA. Indeed, the challenges of the assessment of
efficacy and bleeding secondary to anticoagulation in COVID-19 have been extensively
reviewed [19,30];

• Lastly, as COVID-19 variants evolve and new therapeutic strategies are developed,
the role of salvage therapies like nebulized rt-PA needs careful thought.

Despite these limitations, this study serves as a proof-of-concept that nebulized rt-PA
delivery to the airways has a favorable safety profile, even in patients receiving therapeutic
anticoagulation with LMWH. The magnitude of clinical impact in relation to the duration
of oxygen support, duration of ventilation and need for invasive ventilation needs further
assessment. Moreover, the use of nebulized rt-PA for COVID-19-induced respiratory failure,
and where this therapy fits into the current COVID-19 disease and treatment landscape
will need further exploration.

6. Conclusions

In this proof-of-concept study, nebulized rt-PA demonstrated favorable safety with no
excess bleeding in patients hospitalized with COVID-19-induced respiratory failure. This
requires further investigation in randomized studies to understand both the magnitude
and significance of benefit. In addition, there is also a need to better understand the
bronchopulmonary hemostatic disturbances and if alveolar fibrin is an appropriate target.
These results should be utilized as a first step towards more extended research in the field
and will provide valuable scientific knowledge and direction to optimize the design of
future studies.
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