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Abstract

Objective: To assess the efficacy and safety of lenzilumab in patients with severe coronavirus disease
2019 (COVID-19) pneumonia.
Methods: Hospitalized patients with COVID-19 pneumonia and risk factors for poor outcomes were
treated with lenzilumab 600 mg intravenously for three doses through an emergency single-use
investigational new drug application. Patient characteristics, clinical and laboratory outcomes, and
adverse events were recorded. We also identified a cohort of patients matched to the lenzilumab
patients for age, sex, and disease severity. Study dates were March 13, 2020, to June 18, 2020. All
patients were followed through hospital discharge or death.
Results: Twelve patients were treated with lenzilumab; 27 patients comprised the matched control
cohort (untreated). Clinical improvement, defined as improvement of at least 2 points on the 8-point
ordinal clinical endpoints scale, was observed in 11 of 12 (91.7%) patients treated with lenzilumab and
22 of 27 (81.5%) untreated patients. The time to clinical improvement was significantly shorter for the
lenzilumab-treated group compared with the untreated cohort with a median of 5 days versus 11 days
(P=.000). Similarly, the proportion of patients with acute respiratory distress syndrome (oxygen
saturation/fraction of inspired oxygen<315 mm Hg) was significantly reduced over time when treated
with lenzilumab compared with untreated (P<.001). Significant improvement in inflammatory
markers (C-reactive protein and interleukin 6) and markers of disease severity (absolute lymphocyte
count) were observed in patients who received lenzilumab, but not in untreated patients. Cytokine
analysis showed a reduction in inflammatory myeloid cells 2 days after lenzilumab treatment. There
were no treatment-emergent adverse events attributable to lenzilumab.
Conclusion: In high-risk COVID-19 patients with severe pneumonia, granulocyte-macrophage col-
ony-stimulating factor neutralization with lenzilumab was safe and associated with faster improve-
ment in clinical outcomes, including oxygenation, and greater reductions in inflammatory markers
compared with a matched control cohort of patients hospitalized with severe COVID-19 pneumonia. A
randomized, placebo-controlled clinical trial to validate these findings is ongoing (NCT04351152).
© 2020 Mayo Foundation for Medical Education and Research ® Mayo Clin Proc. 2020;95(11):2382-23%94
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virus disease 2019 (COVID-19), the to severe pneumonial.l’2 Although viral
disease caused by severe acute respi- evasion of host immune response and
ratory  coronavirus 2 (SARS-CoV-2)  virus-induced cytopathic effects are believed

‘ he clinical manifestations of corona- infection, range from asymptomatic disease
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to be critical for disease progression, most
deaths associated with COVID-19 are attrib-
uted to the development of an immune
hyper-response and resultant acute respira-
tory distress syndrome (ARDS) and multi-
organ failure.’

The immune hyper-response is charac-
terized by an elevation of inflammatory cyto-
kines resulting in fever, hypotension,
capillary leak syndrome, pulmonary edema,
disseminated intravascular coagulation, res-
piratory failure, and ARDS."” A similar im-
mune  hyper-stimulation = has  been
previously described in patients with auto-
immune and lymphoproliferative diseases,’
as well as in patients with B-cell malig-
nancies receiving chimeric antigen receptor
T-cell (CART) therapy, and has been named
cytokine release syndrome (CRS).”® Over
the last 5 years, preclinical studies and
correlative science from clinical trials in
CART therapy have shed light on the patho-
physiology, development, characterization,
and management of CRS.™

Cytokine release syndrome during CART
therapy is characterized by activation of
myeloid cells and release of inflammatory cy-
tokines and  chemokines, including
interleukin-6 (IL-6), granulocyte-monocyte
colony-stimulating factor (GM-CSF), mono-
cyte chemoattractant protein -1 (MCP-1),
macrophage inflammatory protein lo. (MIP-
lo), Interferon gamma-induced protein 10
(IP-10), and IL-1."'® The cascade, once
initiated, can quickly evolve into a cytokine
storm, resulting in further activation, expan-
sion, and trafficking of myeloid cells, leading
to abnormal endothelial activation, increased
vascular permeability, and disseminated
intravascular coagulation.' "'

Similar to CRS in patients receiving
CART therapy, the immune hyper-response
in patients with COVID-19 has been associ-
ated with elevation of C-reactive protein
(CRP), ferritin, and IL-6, as well as corre-
lating with respiratory failure, ARDS, and
adverse clinical outcomes.'”'” Most signifi-
cantly, high levels of GM-CSF—secreting T
cells (Th®™ cells) have been associated
with disease severity, myeloid cell trafficking
to the lungs, and intensive care unit (ICU)

admission.'” The elevation in inflammatory
cytokine levels indicates that post—COVID-
19 immune hyper-stimulation is caused by
a similar mechanism, induced by activation
of myeloid cells and their trafficking to the
lung, resulting in lung injury and ARDS."®
Tissue CD144 myeloid cells produce GM-
CSF and IL-6, further triggering a cytokine
storm cascade.'” Single-cell RNA sequencing
of bronchoalveolar lavage samples from
COVID-19 patients with severe ARDS
demonstrated an overwhelming infiltration
of newly arrived inflammatory myeloid
cells compared with mild COVID-19 disease
and healthy controls, consistent with a
hyper-inflammatory immune-mediated
pathology. "’

With this understanding of the patho-
physiology of COVID-19, modalities to
target inflammatory cytokines and suppress
or prevent immune hyper-stimulation after
COVID-19 have been investigated in pilot
clinical trials. Controlled clinical trials using
IL-6 blockade as well as other immunomod-
ulatory molecules targeting receptor tyrosine
kinase are ongoing.

Our group has developed GM-CSF
depletion as a strategy to mitigate CRS
following CART therapy. We have shown
that GM-CSF neutralization results in a
reduction in IL-6, MCP-1, macrophage in-
flammatory protein 1 alpha (MIP-1a), IP-
10, vascular endothelial growth factor
(VEGF), and tumor mnecrosis factor-o
(TNFa) levels, showing that GM-CSF is an
upstream regulator of many inflammatory
cytokines that are important in the patho-
physiology of CRS.”> GM-CSF depletion re-
sults in modulation of myeloid cell
behavior, a specific decrease in their inflam-
matory cytokines, and a reduction in tissue
trafﬁcking,ZO while  enhancing  T-cell
apoptosis machinery.”’ These biological ef-
fects prevented both CRS and neuro-
inflammation after CART therapy in preclin-
ical models and are being tested in a phase
Ib/11 clinical trial (NCT 04314843).

Lenzilumab is a first-in-class recombi-
nant monoclonal antibody targeting human
GM-CSF, with potential immunomodulatory

activity, high binding affinity in the
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picomolar range, 94% homology to human
germline, and immunogenicity.
Following intravenous administration, lenzi-
lumab binds to and neutralizes GM-CSF,
preventing GM-CSF binding to its receptor,
thereby GM-CSF—mediated
signaling to myeloid progenitor cells.”” Len-
zilumab has been studied across four
completed clinical trials in healthy volun-
teers and patients with asthma, rheumatoid
arthritis, and chronic myelomonocytic leu-
kemia.”>** A total of 113 individuals
received lenzilumab in these trials. Lenzilu-
mab was well tolerated with a low frequency
and severity of adverse events.””*"

Given the hypothesized role of GM-CSF
in the pathogenesis of COVID-19—related
immune hyper-response, along with our
studies showing that GM-CSF depletion pre-
vents CRS and modulates myeloid cell
behavior in preclinical models,”” lenzilumab
therapy was offered to patients hospitalized
with severe COVID-19 pneumonia who
had clinical and/or biomarker evidence for
increased risk of progression to respiratory
failure.

low

preventing

METHODS

Patients

Hospitalized patients with COVID-19
confirmed by transcriptase-
polymerase chain reaction for the SARS-
CoV-2 and radiographic findings consistent
with COVID-19 pneumonia were considered
for treatment with lenzilumab through an
emergency investigational new drug (IND)
program. Active systemic infection with bac-
teria, fungi, or other viruses was an exclu-
sion criterion. Informed consent and
Institutional Review Board approval was ob-
tained for each patient. A request for lenzilu-
mab under a US Food and Drug
Administration (FDA) emergency use IND
program was submitted to the FDA in accor-
dance with agency guidelines.”” A control
cohort of patients who did not receive lenzi-
lumab (untreated) was identified from an
electronic registry of more than 1900
COVID-19 patients in the same health care
centers as the lenzilumab-treated patients,

reverse

and were matched to cases on sex and age
within a tolerance of 5 years. Patients in
the untreated group were further matched
to patients in the lenzilumab group for dis-
ease severity (hospitalized with COVID-19
pneumonia, at least one risk factor for poor
outcome from COVID-19, and required oxy-
gen supplementation without mechanical
ventilation). At the time of their selection
for the untreated group, the clinical out-
comes of these patients were not known.
Lenzilumab-treated patients (treated)
received lenzilumab 600 mg administered
via a l-hour intravenous infusion every 8
hours for a total of three doses (1800 mg).
Study dates were March 13, 2020, to June
18, 2020. All patients (lenzilumab-treated
and untreated) were followed through hospi-
tal discharge or death.

Study Assessments

All laboratory tests and radiologic assess-
ments were performed at the discretion of
the treating physician and per standard clin-
ical management processes. Vital signs were
monitored before and upon completion of
each lenzilumab infusion. Demographics,
co-existing conditions, laboratory and radio-
graphic data, as well as clinical data, adverse
events, and outcomes were captured from
the electronic health record until discharge
or death. Similarly, for lenzilumab-treated
patients, data were collected up to the date
of discharge or death. For untreated patients,
baseline was considered their first day of
hospitalization. Baseline values for the
lenzilumab-treated group were defined as
those values obtained before lenzilumab
administration, either on the day of adminis-
tration for patients who receive lenzilumab
on the first day of hospital admission or
the day before the administration for pa-
tients that received lenzilumab after the first
day of admission. Cytokine analysis was per-
formed on serum isolated from one patient
who had samples available pre- and post-
lenzilumab treatment. Serum was diluted
1:2 with human serum matrix before
following the manufacturer’s protocol for
Milliplex ~Human  Cytokine/Chemokine
MAGNETIC BEAD Premixed 38 Plex Kit
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TABLE 1. Demographics and Baseline Characteristics®”

Lenzilumab group Control group

Characteristics (n=12) (n=27) P

Age (range), years 65 (52-70) 68 (61-76) 25
Male 8 (66.7) 19 (70.4) >.99
Female 4 (33.3) 8 (29.6) >99
Race

White 9 (75.0) 17 (63.0) 79

Asian 2 (167) 5 (185) >.99

American Indian/Native American I (83) 0 (0.0) 36
Comorbidities

Diabetes mellitus 7 (58.3) 14 (51.9) >99

Hypertension 7 (58.3) na na

Obesity (BMI > 30 kg/m?) 6 (50.0) 9 (333) 54

Coronary artery disease 2 (167) 4 (15) >99

Kidney transplantation I (83) na na

Obstructive lung disease 4 (33.3) na na

Chronic obstructive pulmonary disease 2 (16.7) I'l(40.7) 47

Reactive airway disease I (83) na na
Temperature, °C 38 (37.25-38.5) 37.5 (37.1-384) 76
Inflammatory markers before treatment

CRP (<8.0 mg/mL) 1032 (52.7-159.9) 744 (42.2-131.5) 25

Ferritin (24-336 pg/L)

IL-6 (<1.8 pg/mL)

D-dimer (<500 ng/mL)

Lymphocyte count before treatment (0.95-3.07x 107/L)
Oxygen therapy before treatment

Nasal cannula (=4 clinical ordinal endpoint scale)

High-flow oxygen/NIPPV (=3 clinical ordinal endpoint scale)

Invasive ventilation (=2 clinical ordinal endpoint scale)

SpO,/Fio, before treatment

596.0 (358.3-709.0) 6730 (4068-1012.8) 75
3095 (24.18-34.05)  29.20 (13.55-40.70) 87
829 (513.5-12985) 9160 (585.0-1299.0) .84

075 (0.55-1.04) 076 (0.59-1.01) 9l
8 (66.7) 20 (740) >99
4 (333) 7 (259) 73
0 (0.0) 0 (0.0) >99

2809 (2525-3179) 289.1 (2549-3420) 98

*BMI = body mass index; CRP = C-reactive protein; Fio, = fraction of inspired oxygen; IL = interleukin; na = not available; NIPPV =

noninvasive positive pressure ventilation; SpO, = oxygen saturation.

®Values shown are n (%) unless otherwise specified.

(Millipore Sigma, Ontario, Canada). Data
were collected using Luminex (Millipore
Sigma, Ontario, Canada).

Statistical Methods

Continuous variables at baseline are repre-
sented using the median and interquartile
range and compared using a Wilcoxon
rank-sum test. Proportions between groups
at baseline were compared using the Fisher
exact test. We used an 8-point ordinal
outcome scale to define clinical status: (1)
death; (2) hospitalized, on invasive mechan-
ical ventilation or extracorporeal membrane

oxygenation; (3) hospitalized, on noninva-
sive ventilation or high-flow oxygen devices;
(4) hospitalized, requiring supplemental ox-
ygen; (5) hospitalized, not requiring supple-
mental oxygen — requiring ongoing medical
care (COVID-19—related or otherwise); (6)
hospitalized, not requiring supplemental ox-
ygen — no longer requires ongoing medical
care; (7) not hospitalized, limitation of activ-
ities; and (8) not hospitalized, no limitations
of activities (as recommended by the WHO
R&D Blueprint Group).”® We defined clin-
ical improvement as improvement of at least
2 points on the 8-point ordinal scale, with
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the main outcome for our observation desig-
nated the time to clinical improvement. Sta-
tistical ~significance for differences in
temperature, serum CRP concentration,
serum IL-6 concentration, absolute lympho-
cyte counts (ALC), and platelet counts from
baseline versus 4 days post-treatment was
determined using a paired t-test. Day 4 was
determined as the last value for statistical
analysis because data post—day 4 were not
available for more than 50% of this cohort.
For the untreated cohort, the first day of
hospitalization was used as baseline and
day 4 of hospitalization as the relevant time
to measure change from baseline. Differ-
ences in mean change between lenzilumab-
treated and -untreated groups were assessed
for statistical significance with an indepen-
dent two-sample Student t test comparing
baseline and last values as defined above.
Differences in mean oxygen saturation
(SpOy)/fraction of inspired oxygen (F10,) ra-
tio over time between the treated and un-
treated groups were assessed using a
repeated-measures analysis of variance
(ANOVA) test. The proportion of patients
with ARDS (SpO,/F10,<315) over time be-
tween lenzilumab-treated and -untreated
groups was assessed using a repeated-
measures ANOVA test. The significance of
proportional changes between groups was
assessed by calculating the odds ratio. The
time to event analyses was portrayed by
Kaplan-Meier plots, and curves were
compared with a log-rank test. GraphPad
Prism version 8.0.0 for Windows was used
to perform analysis (GraphPad Software,
San Diego, CA).

RESULTS

Patients and Baseline Characteristics
Twelve patients received full treatment with
three doses of lenzilumab administered 8
hours apart. Twenty-seven  patients
comprised the matched control cohort. The
baseline demographic and clinical character-
istics of lenzilumab-treated and -untreated
patients are summarized in Table 1.

In the lenzilumab group, 5 of 12 (41.7%)
patients received other pharmacotherapies

targeting COVID-19 besides lenzilumab.
Three patients received hydroxychloroquine,
one of these also received tocilizumab, an IL-
6 inhibitor; one patient each received remde-
sivir or systemic steroids. Among the un-
treated cohort, 20 of 27 (74.1%) received
COVID-19— directed therapies; 5 of these
patients received more than one modality
of treatment. Three patients received
hydroxychloroquine with azithromycin, 7
patients received systemic corticosteroids, 4
patients each received tocilizumab or remde-
sivir, and 1 patient each received ritonavir-
boosted lopinavir or ribavirin.

At baseline, all patients, lenzilumab-
treated and -untreated, required oxygen sup-
plementation, but not mechanical ventila-
tion. In the lenzilumab group, one patient
was on noninvasive positive-pressure venti-
lation (NIPPV), 8 (66.7%) were on low
flow oxygen, 3 (25.0%) were on high-flow
oxygen. Among untreated patients, 2
(7.4%) were on NIPPV, 20 (74.1) were on
low-flow oxygen, and 5 (18.5%) were on
high-flow oxygen at baseline. In the lenzilu-
mab group, the median SpO,/Fi0, ratio was
281 mm Hg, with SpO,/Fio, ratios below
315 mm Hg in 8 (66.7%) patients, and below
235 mm Hg in 3 (25.0%) patients. In the un-
treated group, baseline median SpO,/Fi0,
was 289.1 mm Hg, with SpO,/Fio, ratios
below 315 mm Hg in 15 (55.6%) patients
and below 235 mm Hg in 6 (22.2%) patients.
Additionally, 6 (50.0%) patients were febrile
within 24 to 48 hours before lenzilumab
administration, with a median temperature
of 38.3°C. Nine (33.3%) untreated patients
were febrile at baseline with a median tem-
perature of 38.8°C.

Seven (58.3%) lenzilumab-treated and 19
(70.4%) -untreated patients had lymphope-
nia at baseline, with an absolute lymphocyte
count less than 0.95 x 109/L. Median
lymphocyte count before treatment was
0.75 and 0.76 in the treated and untreated
groups, respectively (P=.91). All lenzilumab
patients and 26 (96.3%) untreated patients
had an elevation in at least one inflammatory
marker at baseline. Eleven (91.7%) treated
patients had elevated CRP values above the
upper limit of normal (>8.0 mg/L), with a
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TABLE 2. Clinical Outcomes®®

Lenzilumab group (n=12) Control group (n=27) P
Incidence of clinical improvement I (91.7) 22 (81.5) 43
Days to clinical improvement 5 (I-14) Il (4-42) 006
Days to discharge from hospital 5 (3-19) Il (4-42) .008
Mean temperature reduction, °C 1.075 0459 02
Days to resolution of fever 2 (1-6) I (1-3) 22
Incidence of IMV I (83) 10 (37.0) .10
Incidence of death | (8.3) 5 (185) 43
Incidence of IMV and/or death | (8.3) I'l (40.7) 07

4IMV = invasive mechanical ventilation.
®Values are n (%) unless otherwise noted.

median of 103.2 mg/L. Baseline CRP values
were available for 17 (63.0%) of patients
among the untreated group, all of which
were above the upper limit of normal, with
a median of 74.4 mg/L. All 11 patients in
the lenzilumab group with IL-6 levels avail-
able at baseline had elevated values above
the upper limit of normal (>1.8 pg/mL),
with a median of 30.95 pg/mL. Similarly,
all seven patients in the untreated cohort
with IL-6 levels available at baseline had
elevation of IL-6, with a median of 29.2 pg/
mL. Ten (83.3%) patients in the lenzilumab
group had elevated ferritin values above the
upper limit of normal (>336 pg/L), with a
median of 596 pg/L, compared with 12 of
14 (85.7%) untreated patients with available
ferritin levels, with a median of 673 pg/L. Of
the 11 patients in the lenzilumab group with
D-dimer levels available at baseline, 9 of 11
(81.8%) had values above the upper limit
of normal (>500 ng/mL), with a median of
829 ng/mL. Of the 13 untreated patients
with D-dimer levels available at baseline,
eleven (84.6%) had elevated levels, with a
median of 916 ng/mL (P=.84).

Clinical Outcomes

The proportion of patients who achieved
clinical improvement, defined as improve-
ment of at least 2 points on the 8-point
ordinal clinical endpoints scale, was compa-
rable in both groups: 11 of 12 (91.7%) pa-
tients in the lenzilumab group and 22 of 27
(81.5%) patients in the untreated group
(P=.43) (Table 2). However, the time to

clinical improvement was significantly
shorter for patients who received lenzilumab
compared with the untreated group (median
5 days [range, 1 to 14] vs 11 days [range, 4
to 42], x’=7.43, P=.006) (Figure 1A). The
median length of hospital stay following len-
zilumab administration was significantly
shorter than the median length of hospital
stay for patients in the untreated group (5
days [range, 3 to 19] vs 11 days [range, 4
to 38], P=.008) (Table 2).

Ventilator-free survival was better in the
lenzilumab cohort compared with the un-
treated group, but did not reach statistical
significance (x*=3.67, P=.06) (Figure 1B).
Only one (8.3%) patient in the lenzilumab
group progressed to mechanical ventilation
and death. In comparison, 10 (37.0%) pa-
tients in the untreated group progressed to
mechanical ventilation, and 5 (18.5%) pa-
tients died (P=.10 and P=0.43, respectively)
(Table 2).

Mean baseline SpO,/F10, were compara-
ble between the lenzilumab group and the
untreated group (285.0 mm Hg vs 285.7
mm Hg, P=.98). However, there was a statis-
tically significant difference in mean SpO,/
Fio, between the lenzilumab and the un-
treated groups over time post-treatment
(P<.001) (Figure 2A). The proportion of pa-
tients free of ARDS (who achieved a SpO,/
F10, of 315 mm Hg or higher) by the end
of observation was comparable between the
2 groups: 11 (91.7%) patients in the lenzilu-
mab group had achieved a SpO,/F10, of 315
mm Hg or higher, compared with 22
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FIGURE 1. Clinical outcome measures of patients with severe coronavirus disease 2019 pneumonia (lenzilumab-treated patients
versus controls). A, Cumulative percentage of patients with at least a 2-point improvement in the 8-point ordinal clinical endpoint
scale estimated by Kaplan-Meier curve and compared by log-rank test. B, Mechanical ventilator-free survival estimated by Kaplan-Meier

(81.5%) patients in the untreated group
(P=.43). However, the proportion of pa-
tients free of ARDS (with SpO,/Fio, of 315
mm Hg or higher) was significantly
increased in the lenzilumab group over
time compared with untreated (P<.001)
(Figure 2B).

Laboratory Markers

Baseline and follow-up values that would
allow comparative analysis were available
for the following laboratory markers for

groups, including CRP, ALC, and platelet
counts. Baseline and follow-up values of IL-
6 were available only for patients who
received lenzilumab.

The lenzilumab group showed significant
reductions in mean CRP values compared
with baseline (172.2 mg/L vs 36.4 mg/L,
P=.04). A reduction of at least 50% was
observed in mean CRP levels in six patients
(50.0%) by day 2. In contrast, the untreated
group did not have a significant reduction in
mean CRP (120.6 mg/L vs 121.7 mg/L,

both lenzilumab-treated and -untreated P=.98). The reduction in mean CRP after 4
400 100%
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o
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SpO,/Fio; <315 mm Hg) and compared by repeated measures ANOVA.

FIGURE 2. Measurement of oxygenation status of patients treated with lenzilumab versus controls. A, Change in mean oxygen
saturation (SpO,)/fraction of inspired oxygen (Fio,) ratio displayed at baseline (day 0) through day 14 post-therapy and compared by
repeated measures analysis of variance (ANOVA). B, Percentage of patients with acute respiratory distress syndrome (defined as
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TABLE 3. Laboratory Markers®

Lenzilumab group (n=12) Control group (n=27) P
CRP reduction 135.8 -0.95 Ol
IL-6 reduction 20.1 na na
ALC increase 046x 107/L 0.03x 107/L 04
PLT increase 525 632 61

*ALC = absolute lymphocyte count; CRP = C-reactive protein; IL-6 = interleukin 6; na = not available; PLT = platelet count.

days of treatment was significantly greater in
the lenzilumab group than in the untreated
group (mean CRP reduction, 135.8 wvs.
-0.95; P=.01) (Table 3).

Increase in mean ALC was significantly
greater among the lenzilumab-treated cohort
compared with the -untreated group: 0.46 x
109/L versus 0.03 x 109/L, P=.04)
(Table 3). Significant increases in mean
platelet count from baseline were noted
among both treated and untreated groups
(52.5 10y/L, P=.002 and 63.2, P<.001,
respectively). However, the difference be-
tween the two groups was not statistically
significant (P=.61) (Table 3).

Compared with baseline, there was a
decrease in IL-6 concentration on day 4
following lenzilumab administration (28.6
pg/mL vs 8.52 pg/mL, P=.02). A decrease
of at least 50% was observed in IL-6 values
in four lenzilumab-treated patients (33.3%)
by day 4.

Analysis of human cytokines comparing
pretreatment 48 hours post-lenzilumab
treatment in one patient revealed significant
reduction in multiple cytokines and chemo-
kines involved in the cytokine storm (granu-
locyte colony-stimulating factor [G-CSF],
macrophage-derived chemokine [MDC],
GM-CSF, IL-1a, interferon gamma [IFN-v],
IL-7, fms-related tyrosine kinase 3 ligand
[FLT-3L], IL-l1ra, IL-6, and IL-12p70)
(Table 4 and Figure 3).

Safety of Lenzilumab Treatment

Lenzilumab was well-tolerated in all pa-
tients. One patient with a history of restless
leg syndrome reported a “pins and needles”
sensation during the first dose of lenzilumab;
those symptoms resolved and did not recur

with subsequent infusions of lenzilumab.
There was no significant difference in mean
absolute neutrophil count or hemoglobin
values between baseline and day 4 post len-
zilumab (5.1x109/L vs 4.8 x109/L, P=.27;
12.9 g/dL vs 11.4 g/dL, P=.89; respectively).
In one patient, hemoglobin values dropped
from 10.3 g/dL on day O to 7.9 g/dL on day
6. This patient had undergone a renal biopsy
on day 2; imaging revealed a subcapsular he-
matoma. At the last study observation, the
patient remained anemic at 9.3 g/dL. No
treatment-emergent adverse events attribut-
able to lenzilumab were noted.

DISCUSSION

There is no therapy with proven efficacy
against COVID-19 at present. Based on the
pathophysiology of immune hyper-response
following SARS-CoV-2 infection,"”" along
with our preclinical work,” we hypothesized
that lenzilumab-induced GM-CSF depletion
prevents immune hyper-stimulation in
COVID-19 and progression to severe disease
or death. We report our observations from
the first-ever use of lenzilumab to neutralize
GM-CSF in the treatment of COVID-19. Len-
zilumab was offered through a compassionate
single-use IND to patients with severe and
critical COVID-19 pneumonia. To provide
further context for our observations, we
compared outcomes noted in the patients
who received lenzilumab with that of a cohort
of patients hospitalized with COVID-19
pneumonia and who matched the lenzilumab
patients in sex and age as well as being compa-
rable in requiring oxygen supplementation
but not mechanical ventilation and having at
least one risk factor associated with poor
COVID-19 outcomes.”**’
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TABLE 4. Serum Inflammatory Cytokine Levels Pre- And Post-Lenzilumab

Treatment (Day -1 and Day 2) in a Patient With Severe Coronavirus Disease
2019 Pneumonia?®

Cytokines/chemokines Pre-lenzilumab (mean) Post-lenzilumab (mean)
EGF, pg/mL 35 30.15
FGF-2, pg/mL 23853 156.085
G-CSF, pg/mL 179.275 88.175
FLT-3L, pg/mL 22555 3.67
GM-CSF, pg/mL 54315 36.755
IFN-0.2, pg/mL 1252 84.755
IFN-v, pg/mL |'1.755 542
IL-12p40, pg/mL 35.85 18.435
MDC, pg/mL 144.625 103.935
IL-12p70, pg/mL 1223 4977
IL-13, pg/mL 2348 18.93
IL-15, pg/mL 10.715 10.385
IL-Ira, pg/mL 264.25 99.165
IL-1a, pg/mL 637.55 2719
IL-5, pg/mL |.68 1.49
IL-6, pg/mL 123.445 64515
IL-7, pg/mL I1.37 326
IL-8, pg/mL 3335 25.68
VEGF, pg/mL 79915 53.125
MIP-1a, pg/mL I1.715 8515
GRO, pg/mL 98015 1587
IL-10, pg/mL 18.8 2192
MCP-3, pg/mL 79.335 842
sCDA40L, pg/mL 557.875 920.99
IL-4, pg/mL 263.88 288995
MCP-1, pg/mL 494.59 666.1
MIP-1B3, pg/mL 432 44.205
TNF-3, pg/mL 60.345 84.255

2390

EGF = epidermal growth factor; FGF-2 = fibroblast growth factor 2; FLT-3L = fms-related
tyrosine kinase 3 ligand; G-CSF = granulocyte colony-stimulating factor;, GM-CSF =
granulocyte-macrophage colony-stimulating factor; GRO = growth-regulated oncogene; IFN =
interferon; IL = interleukin; MCP-| = monocyte chemoattractant protein; MDC = macrophage-
derived chemokine; MIP-la = macrophage inflammatory protein; TNF = tumor necrosis factor;
VEGF = vascular endothelial growth factor.

Our primary clinical outcome was time to
clinical improvement, with clinical improve-
ment defined as at least a 2-point improve-
ment in the 8-point ordinal scale. In this
group of high-risk patients with severe
COVID-19 pneumonia, treatment with lenzi-
lumab was associated with a significantly
shorter time to clinical improvement
compared with the matched cohort. Improve-
ment in oxygen requirement was noted

among lenzilumab-treated as well as -un-
treated patients. However, the proportion of
patients free of ARDS (SpO,/F10, of 315 mm
Hg or higher) was significantly greater in the
lenzilumab group over multiple times.
Ventilator-free survival favored the lenzilu-
mab cohort. Among patients in the lenzilu-
mab group, improvement in clinical
parameters was accompanied by significant
improvement in inflammatory markers and
markers of disease severity. This was not
observed for patients in the untreated group.
The reduction in mean CRP in the lenzilumab
group was significantly greater than in the un-
treated group; increases in mean ALC were
statistically significant in patients who
received lenzilumab, but not in the untreated
control group. We have recently shown that
GM-CSF depletion results in modulation of
apoptosis pathways in T cells.”” It is unclear
at this time if the increase in lymphocyte
count is secondary to clearance of SARS-
CoV-2 virus, overall improvement of inflam-
mation, or a direct effect of GM-CSF on T
cells. A significant improvement in platelet
count was noted both among lenzilumab-
treated and -untreated patients. This may
reflect an overall improved coagulopathy
associated with COVID-19.”" Significant
improvement in mean IL-6 was also noted
following lenzilumab administration. These
results are consistent with our original hy-
pothesis, and corroborate our laboratory find-
ings following GM-CSF depletion in
preclinical models of CRS after CART
cell therapy. Figure 4 depicts a proposed
mechanism for the role of GM-CSF in CRS
post—COVID-19.

Targeting individual cytokines down-
stream in the inflammatory cascade of CRS,
such as IL-6, have not shown improved clin-
ical outcomes in COVID-19. However, the
clinical benefit observed with broad immu-
nosuppression with dexamethasone suggests
that a hyper-inflammatory immune response
is pathologic in latter stages of COVID-19.
Neutralization of GM-CSF, which is up-
stream in the CRS cascade, may provide bet-
ter suppression of the hyper-inflammatory
immune response than IL-6 receptor antago-
nists alone while sparing the lympholytic
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FIGURE 3. Lenzilumab treatment results in improved inflammatory cytokines in a patient with severe coronavirus disease 2019
pneumonia. Inflammatory cytokine levels on day | and day 2 post-lenzilumab treatment (*=P<.05, ¥*=P<.0l). FLT-3L = fms-related
tyrosine kinase 3 ligand; G-CSF = granulocyte colony-stimulating factor; GM-CSF = granulocyte-macrophage colony-stimulating
factor; GRO = growth-regulated oncogene; IFNy = interferon gamma; IL = interleukin; MDC = macrophage-derived chemokine.

effects of broad immunosuppression with
steroids.

Several patients (5 in the lenzilumab
group and 20 in the untreated group)
received other pharmacotherapies targeting
COVID-19. These treatment decisions were
not done systematically and the number of
patients who received each individual ther-
apy is so small that any meaningful analysis
of their potential contribution to patients’
outcomes cannot be made.

The use of lenzilumab was safe, without
any adverse events attributable to lenzilu-
mab. Numerically, more patients in the
matched cohort required mechanical ventila-
tion or died compared with patients
receiving lenzilumab. However, this was
not statistically significant. Although there
is a theoretical concern for bone marrow
toxicity when GM-CSF is depleted, lenzilu-
mab treatment was not associated with any
hematologic toxicity in this cohort. There
were no infusion reactions following lenzilu-
mab treatment.

Study Limitations

Our report has several limitations. First, the
sample size is small. Second, as lenzilumab
was offered under emergency single-use
IND conditions; all management decisions,
including prescribing medications and labo-
ratory/radiologic monitoring, were at the
discretion of the treating clinicians. There
was heterogeneity in the treatment specifics
of individual patients as well as the labora-
tory and other diagnostic data that were
collected. Although we have attempted to
provide context to our observations by
including a matched cohort, this is not a ran-
domized controlled clinical trial. Therefore,
we cannot, with full confidence, declare
that all of the clinical improvement that we
observed in our patients was clearly and
solely attributable to lenzilumab. However,
the better outcomes in patients who received
lenzilumab compared with patients in the
matched cohort are very encouraging and
will be further addressed in the upcoming
randomized National Institutes of Allergy
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FIGURE 4. Proposed mechanim for granulocyte-macrophage colony-stimulating factor (GM-CSF) neutralization in coronavirus dis-
ease 2019 — associated cytokine storm. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infects monocytes/mac-
rophages direcly via the angiotensin-converting enzyme 2 (ACE-2) receptors and through antibody-dependent enhancement.
Infection with SARS-CoV-2—induced a T-cell response through the activation of ThGM and Th17 cells. Granulocyte-macrophage
colony-stimulating factor production by ThGM cells further stimulated monocytes and initiates an immune hyper-inflammatory
response. Activated monocytes result in production of myeloid derived cytokines, propagation of cytokine storm, trafficking of
blood derived monocytes to the lungs, acute respiratory distress syndrome (ARDS), and respiratory failure. Granulocyte-macrophage
colony-stimulating factor — activated monocytes induce T-cell death and result in lymphopenia and worse clinical outcomes. CCR2 =
C-C chemokine receptor type 2; FcR = interferon; IFN = interferon; IL = interleukin; MCP-1 = monocyte chemoattractant protein-
I; MIG = monokine induced by gamma; MIP-1a. = macrophage inflammatory protein-1a; ROS = reactive oxygen species; TNFot =
tumor necrosis factor a; VEGF = vascular endothelial growth factor.
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and Infectious Diseases—sponsored Big Ef-
fect Trial in addition to the phase III clinical
trial (NCT04314843) that has recently been
initiated.

CONCLUSION

We administered lenzilumab under a single-
use emergency IND compassionate program
to 12 patients with severe COVID-19 pneu-
monia with risk factors for disease progres-
sion. Lenzilumab use was associated with
faster improvement in clinical status and
oxygenation, as well as greater reductions
in inflammatory markers and markers of
severity compared with the matched cohort.
Lenzilumab well  tolerated; no
treatment-emergent adverse events attribut-
able to lenzilumab were observed.

was

ACKNOWLEDGMENTS
Lenzilumab was provided by Humanigen,
Inc. This work was supported through grants
from K12CA090628 (S.S.K.), Mayo Clinic
K2R Career Development Program (S.S.K.),
Dr Badley is supported by grant numbers Al
110173 and AI120698 from NIAID, 109593-
62-RGRL from Amfar, and the HH Sheikh
Khalifa Bin Zayed Al-Nahyan named profes-
sorship from Mayo Clinic.

Drs Temesgen, Kenderian, and Badley
contributed equally.

Affiliations: From the Division of Infectious Diseases (Z.T.,
MA, FN.US, PV, SAR, RRR, RP, ASD. ADB.), Divi-
sion of Pulmonary and Critical Care Medicine (P.RB),
Department of Anesthesia and Critical Care Medicine
(BW.P.), T Cell Engineering (RS., SS.K), Division of Hema-
tology (RS, S.SK), Department of Immunology (5.5.K.), and
Department of Molecular Medicine (S.SK, AD.B.), Mayo
Clinic, Rochester, MN; the Division of Infectious Diseases
(CRL) and the Division of Pulmonary Medicine (CD.B.),
Mayo Clinic, Jacksonville, FL; the Division of Infectious Dis-
eases (RO.), and the Division of Gastroenterology and
Hepatology (H.E.V.), Mayo Clinic, Scottsdale AZ; and the
Humanigen, Inc, Burlingame, CA (G.C, D.C, O.A, CD.).

Potential Competing Interests: Dr Kenderian is an inven-
tor on patents in the field of CAR immunotherapy that
are licensed to Novartis (through an agreement between
Mayo Clinic, University of Pennsylvania, and Novartis) and
Mettaforge (through Mayo Clinic). Drs Sakemura and Ken-
derian are inventors on patents in the field of CAR immu-
notherapy that are licensed to Humanigen (through Mayo

Clinic). Dr Kenderian receives research funding from Kite,
Gilead, Juno, Celgene, Novartis, Humanigen, MorphoSys,
Tolero, Sunesis, and Lentigen; and has participated in advi-
sory boards with Kite, Juno, Novartis, and Humanigen. Dr
Badley is a consultant for AbbVie; is on scientific advisory
boards for Nference and Zentalis; and is founder and Pres-
ident of Splissen Therapeutics. The remaining authors report
no potential competing interests.

Data Previously Presented: A preliminary report of this
work was previously published on medRxiv, Posted June
14, 2020. https://doi.org/10.1101/2020.06.08.20125369.

Correspondence: Address to Zelalem Temesgen, MD,
Department of Infectious Diseases, Mayo Clinic, 200 First
St SW, Rochester, MN 55905 (Temesgen.zelalem@mayo.
edu).

ORCID

Zelalem Temesgen: https://orcid.org/0000-0001-9179-
6697; Mariam  Assi: https://orcid.org/0000-0003-2045-
4715, FENU. Shweta: https://orcid.org/0000-0001 -
6634-6272; Philippe R. Bauer: https://orcid.org/0000-
0001-8429-3581; Raymund R. Razonable: https://orci-
d.org/0000-0001-5248-0227; Ala S. Dababneh: https:/
orcid.org/0000-0003-3831-995X; Saad S. Kenderian:
https://orcid.org/0000-0003-2767-3830; Andrew D. Badley:

https://orcid.org/0000-0001-7796-7680

REFERENCES

1. Huang C, Wang Y, Li X, Ren L, Zhao }, Hu Y, et al. Clinical fea-
tures of patients infected with 2019 novel coronavirus in
Wouhan, China. Lancet. 2020;395(10223):497-506.

2. Chen N, Zhou M, Dong X, et al. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coronavirus pneu-
monia in Wuhan, China: a descriptive study. Lancet. 2020;
395(10223):507-513.

3. Moore JB, June CH. Cytokine release syndrome in severe
COVID-19. Science. 2020;368(6490):473-474.

4. Teachey DT, Lacey SF, Shaw PA, et al. Identification of predic-
tive biomarkers for cytokine release syndrome after chimeric
antigen receptor t-cell therapy for acute lymphoblastic leuke-
mia. Cancer Discov. 2016;6(6):664-679.

5. June CH, Sadelain M. Chimeric antigen receptor therapy. N Engl
J Med. 2018;379(1):64-73.

6. Schram AM, Berliner N. How | treat hemophagocytic
lymphohistiocytosis in the adult patient. Blood. 2015;125(19):
2908-2914.

7. Neelapu SS, Locke FL, Bartlett NL, et al. Axicabtagene ciloleu-
cel CAR T-cell therapy in refractory large B-Cell lymphoma.
N Engl | Med. 2017,377(26):2531-2544.

8. Maude SL, Laetsch TW, Buechner J, et al. Tisagenlecleucel in
children and young adults with B-cell lymphoblastic leukemia.
N Engl | Med. 2018;378(5):439-448.

9. Brudno JN, Kochenderfer JN. Toxicities of chimeric antigen re-
ceptor T cells: recognition and management. Blood. 2016;
127(26):3321-3330.

10. Hay KA, Turtle CJ. Chimeric antigen receptor (CAR) T cells:
lessons learned from targeting of CD 9 in B-cell malignancies.
Drugs. 2017;77(3):237-245.

11. Fitzgerald JC, Weiss SL, Maude SL, et al. Cytokine release
syndrome after chimeric antigen receptor T cell therapy
for acute lymphoblastic leukemia. Crit Care Med. 2017,
45(2)el24-el31.

12. Gust ), Hay KA, Hanafi LA, et al. Endothelial activation and
blood-brain barrier disruption in neurotoxicity after adoptive

Mayo Clin Proc. ® November 2020:;95(11):2382-2394 m https://doi.org/10.1016/j.mayocp.2020.08.038

www.mayoclinicproceedings.org


https://doi.org/10.1101/2020.06.08.20125369
mailto:Temesgen.zelalem@mayo.edu
mailto:Temesgen.zelalem@mayo.edu
https://orcid.org/0000-0001-9179-6697
https://orcid.org/0000-0001-9179-6697
https://orcid.org/0000-0003-2045-4715
https://orcid.org/0000-0003-2045-4715
https://orcid.org/0000-0001-6634-6272
https://orcid.org/0000-0001-6634-6272
https://orcid.org/0000-0001-8429-3581
https://orcid.org/0000-0001-8429-3581
https://orcid.org/0000-0001-5248-0227
https://orcid.org/0000-0001-5248-0227
https://orcid.org/0000-0003-3831-995X
https://orcid.org/0000-0003-3831-995X
https://orcid.org/0000-0003-2767-3830
https://orcid.org/0000-0001-7796-7680
https://doi.org/10.1016/j.mayocp.2020.08.038
http://www.mayoclinicproceedings.org

MAYO CLINIC PROCEEDINGS

2394

20.

21.

immunotherapy with CD19 CAR-T cells. Cancer Discov. 2017,
7(12):1404-1419.

Li X, Wang L, Yan S, et al. Clinical characteristics of 25 death
cases with COVID-19: a retrospective review of medical re-
cords in a single medical center, Wuhan, China. Int | Infect
Dis. 2020,94:128-132.

. Wang F, Hou H, Luo Y, et al. The laboratory tests and host im-

munity of COVID-19 patients with different severity of illness.
JCI'Insight. 2020;5(10):¢137799.

. Amaldez FI, O'Day SJ, Drake CG, et al. The Society for Immu-

notherapy of Cancer perspective on regulation of interleukin-6
signaling in  COVID-19—related  systemic inflammatory
response. | Immunother Cancer. 2020;8(1):¢000930.

. Ascierto PA, Fox B, Urba W, et al. Insights from immuno-

oncology: the Society for Immunotherapy of Cancer Statement
on access to IL-6—targeting therapies for COVID-I9.
J Immunother Cancer. 2020;8(1):e000878.

Henry BM, de Oliveira MHS, Benoit S, Plebani M, Lippi G. He-
matologic, biochemical and immune biomarker abnormalities
associated with severe illness and mortality in coronavirus dis-
ease 2019 (COVID-19): a meta-analysis. Clin Chem Lab Med.
2020,58(7):1021-1028.

. Zhou Y, Fu B, Zheng X, et al. Aberrant pathogenic GM-CSF" T

cells and inflammatory CD147CD16" monocytes in severe
pulmonary syndrome patients of a new coronavirus. bioR,iv.
2020. https://doi.org/10.1101/2020.02.12.945576.

. Xiong Y, Liu Y, Cao L, et al. Transcriptomic characteristics of

bronchoalveolar lavage fluid and peripheral blood mononuclear
cells in COVID-19 patients. Emerg Microbes Infect. 2020,9(1):
761-770.

Sterner RM, Sakemura R, Cox M), et al. GM-CSF inhibition re-
duces cytokine release syndrome and neuroinflammation but
enhances CAR-T cell function in xenografts. Blood. 2019;
133(7):697-709.

Cox MJ, Kuhlmann CJ, Sterner RM, et al. Improved anti-tumor
response of chimeric antigen receptor t cell (CART) therapy

22.

23.

24,

25.

26.

27.

28.

29.

30.

after GM-CSF inhibition is mechanistically supported by a novel
direct interaction of GM-CSF with activated CARTs. Blood.
2019;2019(134 suppl 1):3868.

Padron E, Painter JS, Kunigal S, et al. GM-CSF-dependent pSTATS
sensitivity is a feature with therapeutic potential in chronic myelo-
monocytic leukemia. Blood. 201 3;121(25):5068-5077.

Patnaik MM, Sallman DA, Mangaonkar A, et al. Phase | study of
lenzilumab, a recombinant anti-human GM-CSF antibody, for
chronic myelomonocytic leukemia. Blood. 2020;136(7):909-913.
Molfino NA, Kuna P, Leff JA et al. Phase 2, randomised
placebo-controlled trial to evaluate the efficacy and safety of
an anti-GM-CSF antibody (KBOO3) in patients with inadequately
controlled asthma. BMJ Open. 2016;6(1):e007709.

Emergency Use of an Investigational Drug or Biologic. Guid-
ance for Institutional Review Boards and Clinical Investigators.
January 1998 https//www.fda.gov/regulatory-information/
search-fda-guidance-documents/emergency-use-investigational-
drug-or-biologic. Accessed July 19, 2020.

WHO R&D Blueprint: novel Coronavirus, COVID-19 Therapeutic
Trial Synopsis. https//mww.who.int/blueprint/priority-diseases/key-
action/COVID-9_Treatment_Trial_Design_Master_Protocol_
synopsis_Final_18022020.pdf. Accessed July 19, 2020.

Merad M, Martin JC. Pathological inflammation in patients with
COVID-19: a key role for monocytes and macrophages. Nat
Rev Immunol. 2020;20:355-362.

Jordan RE, Adab P, Cheng KK. COVID-19: risk factors for se-
vere disease and death. BMJ. 2020;368:m| 198.

Wu Z, McGoogan JM. Characteristics of and important lessons
from the coronavirus disease 2019 (COVID-19) outbreak in
China: summary of a report of 72,314 cases from the Chinese
Center for Disease Control and Prevention. JAMA. 2020;
323(13):1239-1242.

McGonagle D, O'Donnell JS, Sharif K, Emery P, Bridgewood C.
Immune mechanisms of pulmonary intravascular coagulopathy
in COVID-19  pneumonia. Lancet Rheumatol. 2020;2(7):
E437-E445.

Mayo Clin Proc. ® November 2020:;95(11):2382-2394 ® https://doi.org/10.1016/j.mayocp.2020.08.038

www.mayoclinicproceedings.org


https://doi.org/10.1101/2020.02.12.945576
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/emergency-use-investigational-drug-or-biologic
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/emergency-use-investigational-drug-or-biologic
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/emergency-use-investigational-drug-or-biologic
https://www.who.int/blueprint/priority-diseases/key-action/COVID-19_Treatment_Trial_Design_Master_Protocol_synopsis_Final_18022020.pdf
https://www.who.int/blueprint/priority-diseases/key-action/COVID-19_Treatment_Trial_Design_Master_Protocol_synopsis_Final_18022020.pdf
https://www.who.int/blueprint/priority-diseases/key-action/COVID-19_Treatment_Trial_Design_Master_Protocol_synopsis_Final_18022020.pdf
https://doi.org/10.1016/j.mayocp.2020.08.038
http://www.mayoclinicproceedings.org

