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Abstract

Rationale: GM-CSF (granulocyte–macrophage
colony–stimulating factor) has emerged as a promising target
against the hyperactive host immune response associated with
coronavirus disease (COVID-19).

Objectives: We sought to investigate the efficacy and safety of
gimsilumab, an anti–GM-CSF monoclonal antibody, for the
treatment of hospitalized patients with elevated inflammatory
markers and hypoxemia secondary to COVID-19.

Methods: We conducted a 24-week randomized, double-blind,
placebo-controlled trial, BREATHE, at 21 locations in the United
States. Patients were randomized 1:1 to receive two doses of
intravenous gimsilumab or placebo 1 week apart. The primary
endpoint was all-cause mortality rate at Day 43. Key secondary
outcomes were ventilator-free survival rate, ventilator-free days,
and time to hospital discharge. Enrollment was halted early for
futility based on an interim analysis.

Measurements and Main Results: Of the planned 270 patients,
225 were randomized and dosed; 44.9% of patients were Hispanic
or Latino. The gimsilumab and placebo groups experienced an all-
cause mortality rate at Day 43 of 28.3% and 23.2%, respectively
(adjusted difference= 5% vs. placebo; 95% confidence interval
[26 to 17]; P=0.377). Overall mortality rates at 24 weeks were
similar across the treatment arms. The key secondary endpoints
demonstrated no significant differences between groups. Despite
the high background use of corticosteroids and anticoagulants,
adverse events were generally balanced between treatment groups.

Conclusions: Gimsilumab did not improve mortality or other
key clinical outcomes in patients with COVID-19 pneumonia and
evidence of systemic inflammation. The utility of anti–GM-CSF
therapy for COVID-19 remains unclear.

Clinical trial registered with www.clinicaltrials.gov (NCT 04351243).
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Coronavirus disease (COVID-19),
caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), remains a
global pandemic. At the start of the
pandemic, approximately 20% of patients
with COVID-19 developed severe disease
that required hospitalization and oxygen
support (1). Many severe cases appeared to
be driven by a host hyperactive immune
response consisting of myeloid cell-mediated
organ damage and excessive inflammation
(2–5).

GM-CSF (granulocyte–macrophage
colony–stimulating factor), a myeloid cell
growth factor and proinflammatory
cytokine, has been proposed as a key
mediator of COVID-19 hyperinflammation
(6–10). Immunomodulation with
monoclonal antibodies (mAbs) against

GM-CSF or its receptor (GM-CSFR) has
been under investigation as a strategy for
treating COVID-19 in several large
randomized controlled trials (6–8).
GM–CSF-targeting agents have been studied
previously in autoimmune conditions, with
statistically significant benefits demonstrated
in phase 2 trials for rheumatoid arthritis and
giant cell arteritis (11, 12). In small open-
label COVID-19 studies, treatment with
anti–GM-CSF or anti–GM-CSFRmAbs was
correlated with decreased mortality and
improvement in other clinical outcomes
versus contemporaneous external control
groups (13, 14). GM-CSF inhibition has
also shown benefits across multiple
preclinical models with hyperinflammatory
pathologies, including cytokine release
syndrome (15, 16), sepsis (17), and acute
lung injury (18, 19).

We conducted a pivotal, randomized,
double-blind, placebo-controlled clinical
trial, BREATHE, to assess gimsilumab, a fully
human anti–GM-CSFmAb, for patients with
hypoxemia and elevated inflammatory
markers due to COVID-19 pneumonia. The
primary study objective was to evaluate the
effect of gimsilumab onmortality. Key
secondary objectives were to assess
requirements for ventilation and
hospitalization. Some of the results of this
study have been previously reported in the
form of an abstract (20) and on
ClinicalTrials.gov (21).

Methods

Design and Oversight
BREATHE was a multicenter, adaptive,
double-blind, randomized, placebo-
controlled, parallel-group study in patients
hospitalized with COVID-19 demonstrating
hypoxemia and evidence of systemic
inflammation. The efficacy and safety of
intravenous treatment with gimsilumab
versus placebo were evaluated over a
24-week period. Patients were enrolled at 21

hospitals in the United States. The study was
designed and overseen by Kinevant Sciences,
the study sponsor, in collaboration with an
academic Steering Committee. A sponsor-
funded contract research organization
supported trial conduct. An independent
DataMonitoring Committee (DMC)
periodically reviewed trial data and
conducted a prespecified interim analysis on
August 26, 2020, using data from 100
patients with 6 weeks of follow-up. This
interim analysis demonstrated futility on the
primary endpoint, prompting the DMC to
investigate potential efficacy signals while
considering trial modifications and
termination. Trial enrollment was ultimately
halted on October 12, 2020, before achieving
the planned sample size. All randomized
patients were then followed until the end of
the study.

The trial protocol, statistical analysis
plan (SAP), and a list of committee
members and site investigators are
provided in the online supplement. The
study was reviewed and agreed upon by
the U.S. Food and Drug Administration
and a central and/or local Institutional
Review Board for each clinical site.
The trial was conducted in accordance
with Good Clinical Practice and the
Declaration of Helsinki. The Steering
Committee and sponsor assembled the
manuscript. All authors assume full
responsibility for the accuracy and
completeness of the reported data.

Patients
BREATHE included adult patients
hospitalized for COVID-19 pneumonia who
had 1) laboratory-confirmed SARS-CoV-2
infection; 2) serum CRP (C-reactive protein)
>50 mg/L or ferritin>1,000 ng/ml based
on local laboratory measurements; 3)
radiographic evidence of bilateral infiltrates;
and 4) clinical evidence of substantial
hypoxemia (defined as requiring>4 L
supplemental O2 to attempt to maintain
>92% SpO2

, or measured or imputed [22, 23]
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PaO2/FIO2
<300 mmHg) or acute respiratory

distress syndrome (ARDS) per the Berlin
definition (see online supplement) (24).
Patients were excluded if they had evidence
of multiorgan failure or had received
mechanical ventilation for.72 hours. The
full list of entry criteria is described in the
Protocol. Administration of biologic
anticytokine/anticomplement agents,
recombinant GM-CSF, mesenchymal stem
cells, and Janus kinase inhibitors was
prohibited. Treatment with corticosteroids
and antiviral agents was allowed. Written or
electronic informed consent was obtained
from each patient or from a legally
authorized representative before study
participation.

Procedures
Patients were randomized 1:1 to receive
gimsilumab or placebo on Day 1 of the study.
Follow-up began at randomization.
Randomization was performed using a
validated interactive voice/web response
system and stratified based on two categories
of patient clinical status at baseline: 1) mild
ARDS or lesser extent of hypoxemia; and 2)
moderate or severe ARDS. Although the
intent of the Protocol was to use the strict
Berlin criteria, operationalization of this
stratification was difficult as there were
concerns around ventilator accessibility and
ventilator-associated detrimental outcomes
during the pandemic. These circumstances
led some investigators to apply a more liberal
adaptation of the Berlin criteria where
patients with moderate or severe hypoxemia
were classified into the moderate/severe
ARDS stratum regardless of ventilation
status (25, 26). Randomization software
could temporarily close a trial stratum to
ensure 40–60% of patients were enrolled in
each category; however, enrollment was
adequately balanced without the need for
pausing.

Gimsilumab 400 mg or placebo saline
was administered intravenously on Day 1,
and gimsilumab 200 mg or placebo saline
was administered intravenously on Day 8.
The Day 8 dose was omitted if the patient
was discharged or no longer required
supplemental oxygen. The dosing regimen
rationale is described in the Protocol, Section
2.2. All site staff, patients, and caregivers
were blinded to treatment assignment, except
an unblinded pharmacist who prepared the
study treatments.

While hospitalized, patients were
assessed daily until discharge orWeek 6 and

then at Weeks 12 and 24. If discharged,
telephone follow-up calls were conducted at
Weeks 2, 3, 4, 5, 6, 12, and 24. In-hospital
assessments included the seven-point ordinal
scale (27), National EarlyWarning Score
(28), Sequential Organ Failure Assessment
score (29), supplemental oxygen
requirements, and ventilation support
requirements. Phlebotomy for centrally
assessed laboratory measurements was
performed on Days 1, 4, 8, and day of
discharge from the hospital. A
nasopharyngeal swab for central assessment
of SARS-CoV-2 viral load was taken on Days
1, 2, 9, and day of discharge. Telephone
follow-up visits recorded the seven-point
ordinal scale score, concomitant
medications, and adverse events (AEs).

Outcomes
The primary endpoint was the rate of all-
cause mortality at Day 43. Key secondary
endpoints were 1) the proportion of patients
who survived and were free of invasive
ventilation at Day 29; 2) the number of
invasive ventilator-free days through Day 29
(nonsurvivors were assigned zero ventilator-
free days); and 3) the time to hospital
discharge (nonsurvivors were considered
never discharged). The final selection of key
secondary endpoints occurred in a Protocol
Amendment on June 12, 2020, before the
interim analysis. Other secondary and
exploratory endpoints included changes
from baseline in National EarlyWarning
Score, Sequential Organ Failure Assessment
score, and inflammatory markers.

Safety endpoints included AEs, physical
examinations, vital signs, electrocardiograms,
and laboratory tests. AEs were coded using
theMedical Dictionary for Regulatory
Activities (MedDRA) v23.0.

Statistical Analysis
At a two-sided significance level of 0.05, we
calculated that a sample size of 135 patients
per arm would have approximately 80%
power to detect a significant absolute
difference in an all-cause mortality rate of
15% versus 30% for gimsilumab and placebo.
Both the safety population and the primary
population for efficacy analysis (modified
intent-to-treat population) consisted of all
patients who received at least one dose of
double-blind study medication.

The primary endpoint analysis was
based on the difference in mortality rate
between treatment groups at Day 43 and was
performed using theMantel-Haenszel

test stratified by baseline clinical status
(mild ARDS/lesser extent of hypoxemia or
moderate/severe ARDS). Time-to-event
methods were used to perform a
supplementary analysis of the primary
outcome. Multiple imputation, which used a
prediction model to generate plausible values
for missing data and then combined the
variance of each generated dataset to
calculate a test statistic, was used to
incorporate missing values into the statistical
inference for the binary mortality and
ventilator-free survival endpoints (see SAP
section 4.8.1.6). Analytical methods of other
endpoints, methods for subgroup and
sensitivity analyses, and the prespecified
endpoint testing hierarchy are described in
the SAP; 95% confidence intervals (CIs) and
two-sided P values are presented. The
interim analysis assessed superiority and
futility using the primary analysis
methodology, with a statistical a penalty of
0.001. Stopping guidelines were predefined
in SAP section 5.2.

All analyses were performed using SAS
software, version 9.4. The core features of the
SAP were finalized before the interim
analysis.

Results

Patient Characteristics
BREATHE randomized patients between
April 15, 2020, and October 12, 2020.
Enrollment was halted before achieving the
target sample size of 270 patients. The final
patient follow-up occurred on April 1, 2021.
Two hundred and thirty-four patients were
screened, and 227 patients were randomized;
225 patients received at least one dose of
study drug, comprising the safety and
modified intent-to-treat populations (Figure 1)
(113 patients received gimsilumab, and 112
received placebo). Almost all (96.2%) screened
patients were randomized and treated. In the
modified intent-to-treat population, 8 (3.6%)
patients withdrew (4 in the gimsilumab group;
4 in the placebo group) and 13 (5.8%) patients
died (7 in the gimsilumab group; 6 in the
placebo group) before receiving the second
drug dose onDay 8. Across the entire follow-
up period, 13 (5.7%) patients in themodified
intent-to-treat population withdrew, and 63
(28.0%) died. A total of 106 (93.8%)
gimsilumab-treated patients and 106 (94.6%)
placebo-treated patients completed the study
throughWeek 24.
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Demographics and baseline
characteristics were generally well-balanced
across treatment groups and reflected a
racially/ethnically diverse patient population
(Table 1). 44.9% of patients were Hispanic or
Latino, with more Hispanic/Latino patients
present in the gimsilumab group. 44.4% of
patients were categorized in the milder
clinical stratum, and 55.6% of patients were
categorized in the more severe stratum.
Inflammatory markers were elevated, with a
median CRP of 86.0 mg/L and a median
ferritin of 1,104.5 ng/ml. 30.7% of patients
were treated with low-flow supplemental
oxygen, 50.2% were treated with noninvasive
positive pressure ventilation or high-flow
oxygen support, and 19.1% required invasive
mechanical ventilation on the day of dosing.
One patient demonstrated the serologic
possibility of undiagnosed autoimmune
pulmonary alveolar proteinosis as evaluated
by anti–GM-CSF autoantibody
measurements at baseline.

Although clinical management
recommendations were rapidly changing
throughout the study, concomitant
medication use was generally similar between
treatment groups (Table 2). Approximately
10% fewer patients in the gimsilumab group
received systemic corticosteroids relative to
the placebo group during the study.

Dexamethasone use was similar across
groups. Eleven (9.7%) patients in the
gimsilumab group and 10 (8.9%) patients in
the placebo group received a prohibited
medication due to rapid decline. Fifty
(44.2%) patients in the gimsilumab group
and 53 (47.3%) patients in the placebo group
did not receive the Day 8 drug dose, most
commonly because of hospital discharge.

Efficacy
The results of the primary and key secondary
efficacy analyses are shown in Table 3. There
was no significant difference between the
gimsilumab and placebo groups in the rate of
all-cause mortality at Day 43 (adjusted
difference=0.05 vs. placebo, 95% CI [20.06
to 0.17], P=0.377). The gimsilumab and
placebo groups experienced a 28.3% and
23.2% mortality rate by Day 43, respectively.
Three (2.7%) patients in the gimsilumab
group and two (1.8%) in the placebo group
hadmissing Day 43 mortality data. The
time-to-death analysis, which included all
data through the end of the study, did not
demonstrate a significant difference between
groups, and overall mortality rates were
nearly equal (hazard ratio, 1.1; 95% CI
[0.7–1.8], log-rank P=0.777) (Figure 2).

There were no differences between the
gimsilumab and placebo groups in any of the

key secondary endpoints. The gimsilumab
group experienced a Day 29 ventilator-free
survival rate of 70.8%, while the placebo
group experienced a rate of 69.6% (adjusted
difference=0.02; 95% CI [20.09 to 0.14];
P=0.691]. The mean number of ventilator-
free days by Day 29 was 19.6 (SD, 12.7) and
20.1 (SD, 12.6) in the gimsilumab and
placebo groups, respectively. Both groups
had a median of 29.0 ventilator-free days by
Day 29 (P=0.479), indicating that the
majority of patients were not treated with
invasive ventilation during this study period.
The gimsilumab group required a median of
13.0 days to hospital discharge, while the
placebo group required 15.0 days (hazard
ratio, 0.9; 95% CI [0.7–1.3]; log-rank
P=0.727). Sensitivity analyses for the
primary and key secondary endpoints did
not achieve statistical significance.

Analyses of other endpoints, including
laboratory markers and cytokine levels, are
shown in Table E1 in the online supplement.
There were generally no differences across
treatment groups in most of these endpoints.
Both groups demonstrated rapid reductions
in inflammatory marker levels within the
first week after baseline. The gimsilumab
group showed an increase in GM-CSF levels
over the study period, likely due to GM-CSF
binding by circulating gimsilumab. Although

Randomized
(n = 227)

Allocated to gimsilumab
(n = 114)

Withdrew from study (n = 8)
   3 Lost to follow-up
   2 Withdrawal by subject
   1 Adverse event
   1 Protocol violation
   1 Withdrawal before first dose

Withdrew from study (n = 7)
   3 Lost to follow-up
   3 Withdrawal by subject
   1 Withdrawal before first dose

Allocated to placebo
(n = 113)

Screened for eligibility
(n = 234)

Excluded (n = 7)
 7 Did not meet
    eligibility criteria

Analyzed for safety (n = 113)
 1 Withdrawal before first dose

Analyzed for efficacy (n = 113)
 1 Withdrawal before first dose

Analyzed for safety (n = 112)
 1 Withdrawal before first dose

Analyzed for efficacy (n = 112)
 1 Withdrawal before first dose

Figure 1. Patient flow through BREATHE.
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Table 1. Demographics and Baseline Characteristics of the Modified Intent-to-Treat Population

Gimsilumab (N=113) Placebo (N= 112)

Age (yr), mean (SD) 59.9 (14.7) 60.4 (14.3)
,65, n (%) 70 (61.9) 65 (58.0)
>65, n (%) 43 (38.1) 47 (42.0)

Sex, n (%)
Male 73 (64.6) 81 (72.3)
Female 40 (35.4) 31 (27.7)

Hispanic or Latino, n (%) 59 (52.2) 42 (37.5)
Race, n (%)
American Indian or Alaska Native 0 (0) 2 (1.8)
Asian 5 (4.4) 6 (5.4)
Black or African American 16 (14.2) 29 (25.9)
White 61 (54.0) 52 (46.4)
Multiple 1 (0.9) 0
Other 15 (13.3) 15 (13.4)
Unknown 15 (13.3) 8 (7.1)

Body mass index (kg/m2), mean (SD) 33.1 (7.8) 31.9 (8.4)
Days from symptom onset to randomization, median (min, max) 10.0 (0, 38) 10.0 (1, 32)
Medical history, n (%)
Chronic obstructive pulmonary disease 6 (5.3) 11 (9.8)
Coronary artery disease 11 (9.7) 7 (6.3)
Diabetes mellitus 27 (23.9) 20 (17.9)
Hypertension 51 (45.1) 53 (47.3)
Hyperlipidemia 34 (30.1) 33 (29.5)
Obesity 30 (26.5) 30 (26.8)

Clinical status stratum, n (%)
Mild ARDS or lesser extent of hypoxemia* 50 (44.2) 50 (44.6)
Moderate or severe ARDS* 63 (55.8) 62 (55.4)

Requiring invasive ventilation, n (%)† 21 (18.6) 20 (17.9)
Requiring intensive care unit, n (%) 66 (58.4) 63 (56.3)
Worst seven-point ordinal scale score on the day of dosing, n (%)
4. Hospitalized, requiring supplemental oxygen 37 (32.7) 32 (28.6)
5. Hospitalized, on noninvasive ventilation or high-flow oxygen devices 54 (47.8) 59 (52.7)
6. Hospitalized, on invasive mechanical ventilation or ECMO 22 (19.5) 21 (18.8)

NEWS, mean (SD) 6.1 (2.3) 5.8 (3.0)
SOFA Score, mean (SD) 2.1 (2.9) 2.2 (3.2)
Anti–GM-CSF autoantibody measurements (μg/ml), n (%)‡

,5 μg/ml 83 (73.5) 86 (76.8)
>5 μg/ml 1 (0.9) 0 (0)
Unknown 29 (25.7) 26 (23.2)

Laboratory measurements, median (IQR)§

C-reactive protein (mg/L) 90.0 (100.0) 85.0 (91.0)
Ferritin (ng/ml) 1,165.0 (946.0) 968.0 (1,154.0)
D-Dimer (mg FEU/L) 1.21 (1.48) 1.04 (1.27)
Lactate dehydrogenase (U/L) 392.0 (207.0) 411.0 (205.0)
Procalcitonin (ng/ml) 0.18 (0.49) 0.19 (0.64)
Troponin I (μg/L) 0.0075 (0.0110) 0.0055 (0.0155)
Alanine aminotransferase (U/L) 43.5 (40.0) 32.5 (50.5)
Alkaline phosphatase (U/L) 81.0 (37.0) 70.0 (42.0)
Aspartate aminotransferase (U/L) 42.0 (34.0) 40.0 (35.0)
Creatine kinase (U/L) 87.0 (188.0) 101.0 (218.0)
Estimated glomerular filtration rate (ml/min/SA) 94.0 (46.0) 83.5 (49.5)
N-terminal ProB-type natriuretic peptide (pmol/L) 23.0 (74.0) 18.4 (71.4)
Lymphocyte count (3109/L) 0.7 (0.5) 0.7 (0.5)
Leukocyte count (3109/L) 10.1 (5.3) 9.9 (5.5)
Neutrophil count (3109/L) 8.7 (6.1) 8.8 (5.3)
Platelet count (3109/L) 292.5 (147.0) 272.0 (170.0)
SARS-CoV-2 viral load (log copies/ml) 5.0 (2.0) 5.0 (3.0)

Definition of abbreviations: ARDS=acute respiratory distress syndrome; ECMO=extracorporeal membrane oxygenation; FEU= fibrinogen
equivalent unit; GM-CSF=granulocyte–macrophage colony–stimulating factor; IQR= interquartile range; NEWS=National Early Warning Score;
SA=surface area 1.73 m2; SARS-CoV-2=severe acute respiratory syndrome coronavirus 2; SOFA=Sequential Organ Failure Assessment.
*Represents stratum selected by site investigator at randomization. See METHODS for limitations around stratification definitions.
†Data represents status at the time of dosing.
‡An anti–GM-CSF autoantibody measurement >5 mg/ml is consistent with an early phenotype of pulmonary alveolar proteinosis.
§Measurements were derived from a central laboratory and may have differed from the local laboratory results used at study screening.
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most cytokine analyses showed no
differences between groups, levels of MCP-1,
which is a cytokine thought to be
downstream of GM-CSF signaling,
demonstrated numerically greater reductions
from baseline in the gimsilumab versus the
placebo group.

Most prespecified subgroup analyses
showed no differences between treatment
groups in the primary and key secondary
endpoints (Figures E1–E3). However, in
the subgroup of patients invasively
ventilated at the time of dosing (n = 41),
patients treated with gimsilumab
demonstrated an increase in ventilator-
free survival rate at Day 29 relative to
those treated with placebo (nominal P
value = 0.017), with other endpoints
showing numerical benefits that did not
reach significance (Table E2). Post hoc
analyses demonstrated no clear
differences between the gimsilumab and
placebo arms in the primary and key
secondary endpoints when subgroups
were analyzed by steroid usage,
dexamethasone usage, age>70 years old,
CRP quartiles, and ferritins quartiles.

Safety
Safety results, shown in Table 4 and Tables
E3 and E4, include all data through the
24-week observational period. Rates of AEs,
grade 3–5 AEs, and serious AEs (SAEs), as
well as those events deemed to be related to
study drug by the site investigator, were
balanced between treatment groups. There
were two infusion-related reactions in the
gimsilumab group. Most AEs of interest that
could have been related to gimsilumab’s
mechanism of action, including
hematopoietic disturbances and liver toxicity,
were generally comparable across groups. No
cases of pulmonary alveolar proteinosis were
reported. The gimsilumab group appeared to
have a small elevation in SAEs classified
under the infectionsMedDRA system organ
class, although the placebo group had slightly
higher rates of SAEs in the renal and cardiac
system organ classes.

Discussion

Here, we report a randomized, double-blind,
placebo-controlled trial of the GM-CSF

inhibitor gimsilumab for the treatment of
patients with COVID-19 pneumonia. The
study population was comprised of ethnically
diverse, older, and/or obese patients with
multiple comorbidities and elevated
inflammatory marker values (risk factors that
have all been associated with poor
outcomes). Almost all patients received
systemic steroids and anticoagulants during
the study, and we allowed entry of patients
who had been receiving mechanical
ventilation for<72 hours. In this population,
gimsilumab did not meet the primary
objective of reducing mortality. The key
secondary objectives of reducing ventilation
and hospitalization requirements were also
not met.

Our inflammatory marker thresholds,
CRP>50 mg/L or ferritin>1,000 ng/ml, are
higher than the entry criteria of all other
GM-CSF inhibitor trials, exceeding
thresholds that have been proposed as
predictive markers for hyperimmune
activation and poor outcomes (30). This trial
design was based on the idea that there exists
hypoinflammatory and hyperinflammatory
ARDS subphenotypes, which induce

Table 2. Medication Use Before and During the Study

Gimsilumab (N=113) Placebo (N= 112)

Before study*
Systemic corticosteroids, n (%) 22 (19.5) 29 (25.9)
Dexamethasone or dexamethasone sodium phosphate 16 (14.2) 10 (8.9)
Methylprednisolone or methylprednisolone sodium succinate 8 (7.1) 19 (17.0)
Prednisone 3 (2.7) 7 (6.3)

Remdesivir, n (%) 34 (30.1) 28 (25.0)
Azithromycin, n (%) 41 (36.3) 35 (31.3)
Hydroxychloroquine, n (%) 5 (4.4) 6 (5.4)
Immunosuppressants, n (%) 5 (4.4) 6 (5.4)
Convalescent plasma, n (%) 3 (2.7) 1 (0.9)

During study
Received Day 8 gimsilumab or placebo dose, n (%) 63 (55.8) 59 (52.7)
At least one concomitant medication 113 (100.0) 112 (100.0)
Systemic corticosteroids, n (%) 93 (82.3) 104 (92.9)
Dexamethasone or dexamethasone sodium phosphate 60 (53.1) 58 (51.8)
Methylprednisolone or methylprednisolone sodium succinate 39 (34.5) 43 (38.4)
Prednisone 18 (15.9) 24 (21.4)

Antithrombotic agents, n (%) 110 (97.3) 111 (99.1)
Remdesivir, n (%) 55 (48.7) 59 (52.7)
Azithromycin, n (%) 30 (26.5) 43 (38.4)
Immunosuppressants, n (%) 17 (15.0) 19 (17.0)
Immunoglobulin, n (%) 13 (11.5) 15 (13.4)
Hydroxychloroquine, n (%) 4 (3.5) 5 (4.5)
Convalescent plasma, n (%) 0 (0) 1 (0.9)
Prohibited medications, n (%) 11 (9.7) 10 (8.9)
Anakinra 3 (2.7) 5 (4.5)
Eculizumab 1 (0.9) 0 (0)
Filgrastim 0 (0) 1 (0.9)
Mesenchymal stem cells 1 (0.9) 0 (0)
Tocilizumab 8 (7.1) 9 (8.0)

*Started and stopped before the first dose of the study drug.
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differential responses to immunomodulatory
treatment (31–33). Derived fromGM-CSF’s
postulated mechanism as a proinflammatory
mediator in COVID-19, BREATHE sought
to test the hypothesis that administering
anti–GM-CSF therapy to only patients with
systemic inflammation would yield positive
outcomes.

The study results do not support the use
of anti–GM-CSF treatment in patients with
hypoxemia and elevated CRP or ferritin
secondary to COVID-19. Given that positive
results were reported from other GM-CSF
inhibitor trials in COVID-19, this insight
helps hone the patient population potentially
eligible for this treatment class (34–37).
COVID-19 trials of agents targeting different
cytokines (IL-6, IL1b) have obtained
negative results with similar inflammatory
biomarker thresholds as BREATHE (38, 39),
although interestingly, corticosteroids may
be more efficacious in patients experiencing
significant inflammation (40). Importantly,
levels of GM-CSF, as well as several
proinflammatory cytokines such as IL-1b
and tumor necrosis factor, did not appear to
be elevated in most patients in our cohort.
This result may indicate that fulminant
cytokine release is not a prominent feature
of many patients with COVID-19, providing
a biological explanation for the negative
results of our trial and previous trials of
anticytokine agents. It is also possible that
elevated CRP and ferritin did not select for
the patient population that would respond
best to anticytokine therapy and that more
precise biomarkers of inflammation are
needed to stratify patients before
immunomodulation.

The study’s negative results could have
also been due to its broad entry criteria, given
that we included patients with earlier stages
of lung injury as well as all stages of ARDS.
This design reflected our hypothesis that
anti–GM-CSF therapy would benefit both
milder populations andmore severe
populations by preventing or blocking
deleterious inflammation. Based on our
subgroup analyses, it seems that gimsilumab
did not benefit most patients. However,
patients who were invasively ventilated at
dosing demonstrated a suggestion of
improvement from gimsilumab in ventilator-
free survival. Interestingly, it has been
previously speculated that anti–GM-CSF
therapy would be most likely to benefit more
progressed patients, potentially because
pulmonary GM-CSF antiviral action has
been exhausted and pathogenic GM–CSF-T
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mediated myeloid cell recruitment has been
activated (6, 8). GM-CSFmay also be part of
a ventilator-induced inflammatory cascade
that can perpetuate lung injury. Similar to
our results, dexamethasone showed greater
efficacy in ventilated patients (41). Our
subgroup analyses are subject to type I error,

but future trials of anti–GM-CSF therapies in
COVID-19 and related disease areas (e.g.,
sepsis and all-cause ARDS) might consider
the inclusion of critically ill ventilated
patients, particularly as this population
carries a high mortality risk with few
treatment options.

Our data provide important context to
results from large randomized controlled
trials of other anti–GM-CSF and anti–GM-
CSFRmAbs for COVID-19 (34–37). The
OSCAR (Otilimab in Severe COVID-19
Related Disease) trial (not yet peer-reviewed)
of anti–GM-CSF otilimab (N=806) did not
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Figure 2. Kaplan-Meier plot of all-cause mortality.

Table 4. Summary of Adverse Events Observed in the Safety Population

Gimsilumab (N=113) Placebo (N= 112)

Total AEs, n 393 501
Total SAEs, n 113 117
Total deaths, n 32 31
Patients with at least one of the following, n (%)
AE 84 (74.3) 77 (68.8)
AE deemed related to study drug 14 (12.4) 13 (11.6)
Grade 3–5 AE 48 (42.5) 47 (42.0)
Grade 3–5 AE deemed related to study drug 6 (5.3) 4 (3.6)
SAE 47 (41.6) 45 (40.2)
SAE deemed related to study drug 4 (3.5) 6 (5.4)
AE leading to study drug discontinuation 3 (2.7) 1 (0.9)
AE classified under Infections and Infestations SOC 34 (30.1) 29 (25.9)
SAE classified under Infections and Infestations SOC* 22 (19.5) 15 (13.4)

Septic shock 7 (6.2) 6 (5.4)
Sepsis 5 (4.4) 0 (0.0)
Pneumonia 3 (2.7) 3 (2.7)
Pneumonia pseudomonal 2 (1.8) 1 (0.9)

SAE classified under Renal and Urinary Disorders SOC* 6 (5.3) 11 (9.8)
Acute kidney injury 3 (2.7) 9 (8.0)
Renal failure 2 (1.8) 0 (0.0)

SAE classified under Cardiac Disorders SOC* 5 (4.4) 8 (7.1)
Atrial fibrillation 3 (2.7) 3 (2.7)
Pulseless electrical activity 1 (0.9) 2 (1.8)

Hematopoietic cytopenia 12 (10.6) 12 (10.7)
Abnormal liver enzyme test 8 (7.1) 10 (8.9)
Pulmonary alveolar proteinosis 0 (0.0) 0 (0.0)
Infusion-related reaction 2 (1.8) 0 (0.0)

Definition of abbreviations: AE=adverse event; MeDRA=Medical Dictionary for Regulatory Activities; SAE= serious adverse event;
SOC=system organ class as defined by MedDRA.
Table includes all available data through the 24-wk observational period.
*Includes only SAEs by MedDRA Preferred Term that appeared in .1 patient in either treatment arm.
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achieve statistical significance on the primary
endpoint of Day 28 ventilator-free survival
but demonstrated evidence of benefit in the
prespecified subgroup of patients>70 years
old, which is a population considered to be at
high risk for severe COVID-19 (34). OSCAR
had similarly broad lung injury-based entry
criteria as BREATHE, including patients on
high-flow oxygen (>15 L/min) as well as
mechanical ventilation, and also required
CRP or ferritin to be above the upper limit of
normal. The phase 2 portion of a phase 2/3
randomized controlled trial of anti–GM-
CSFRmavrilimumab demonstrated
improvement in ventilator-free survival
versus placebo in the cohort of hospitalized
nonventilated patients (N=116) (35). A
proof-of-concept phase 2 trial of anti–GM-
CSF namilumab and anti-tumor necrosis
factor–a infliximab in patients with COVID-
19 pneumonia and CRP>40 mg/L
demonstrated a significant reduction in CRP
concentration with namilumab, but not
infliximab, relative to standard of care
(N=146) (37). Lastly, the LIVE-AIR trial of
anti–GM-CSF lenzilumab enrolled
hospitalized patients before ventilation
(N=520), had no biomarker-based entry
criteria, and demonstrated a significant
improvement versus placebo on the primary
endpoint of Day 28 ventilator-free survival
(36). Interestingly, this study used a larger
dose regimen (three 600 mg infusions over
24 h) than all other trials (36). Despite these
positive results, the FDA recently declined
the Emergency Use Authorization Request
for lenzilumab (42). Differences in trial
results could be related to differing entry
criteria, geographies, mAb pharmacokinetics,
or chance variation. Overall, the potential
benefit of GM-CSF inhibition in COVID-19
remains unclear. Dose, timing, and patient
selection will continue to be key
considerations as future studies are
conducted and findings of ongoing studies
are reported.

Finally, the safety profile of gimsilumab
was encouraging given that many patients
were receiving systemic corticosteroids and
thus susceptible to adverse drug effects. Our
results corroborate the generally benign
safety profile observed in previous trials of
anti–GM-CSF and anti–GM-CSFRmAbs for
other conditions (11).

Limitations
First, we designed the study in March
2020 with limited available data on the
clinical course and event rates of
COVID-19. Thus, the power analysis was
based on a large mortality rate difference
that may have been overly optimistic in
the context of the smaller effect sizes later
observed with dexamethasone (41) and
tocilizumab (43). Second, almost half of
the study patients did not receive the
second drug dose at Day 8, mostly due to
significant improvements in clinical status
by that time. This result suggests that the
most critical window of therapeutic
opportunity lies in these first few days,
likely making dose regimens with large
between-dose intervals less useful. Third,
the emergency nature of the pandemic
created issues with protocol violations
such that five patients did not have
available mortality data at Day 43, and 21
patients received a study-prohibited
medication as salvage treatment. Fourth,
although randomization was used, there
were some imbalances in baseline
characteristics and medication usage that
potentially skewed study results, including
fewer Hispanic/Latino patients and more
patients who received systemic
corticosteroids in the placebo group.
Lastly, standards of care changed during
the trial and beyond. For example, the use
of tocilizumab, which was a prohibited
medication in the study, as well as
dexamethasone, has become widespread.
Trial data may become less representative

of common practice as care routines
continue to evolve amid the changing
landscape of the pandemic.

Conclusions
This double-blind, randomized, placebo-
controlled clinical trial did not
demonstrate benefit favoring GM-CSF
inhibition over placebo in patients with
hypoxemia and elevated inflammatory
markers secondary to COVID-19.
Strengths of the study include the robust
randomized controlled design with hard
clinical endpoints, the stringent
hyperinflammatory entry criteria, the
use of a central laboratory, the racially/
ethnically representative patient cohort,
and the relatively large sample size
across many sites. As the use of
corticosteroids and IL-6 inhibition
continues to increase, the optimal
combination and timing of
antiinflammatory agents to treat
COVID-19 remain uncertain. More
studies may be needed to understand the
biological mechanism of GM-CSF in
COVID-19 and to determine if there is a
therapeutic role for GM-CSF inhibition
in this disease. In the context of the
totality of data reported by trials of this
class, GM-CSF inhibition in COVID-19
remains unclear for select subgroups but
unlikely of broad general benefit in
hospitalized patients. �
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