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VISUAL ABSTRACT

HIGHLIGHTS

e Severe COVID-19 is characterized by
vascular inflammation and thrombosis,
including elevations of P-selectin, a
marker released by activated endothelial
cells that mediates vascular inflammation.

o We tested the effect of crizanlizumab, an
antibody to P-selectin, on biomarkers of
inflammation and thrombosis in patients
with COVID-19 in a randomized, placebo-
controlled, double-blind clinical trial.

e Crizanlizumab decreased soluble P-
selectin levels in patients with COVID-19.
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decreased prothrombin fragment 1.2 in

~ patients with COVID-19.

e Crizanlizumab may induce endogenous
thrombolysis in the setting of COVID-19.
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ABBREVIATIONS SUMMARY
AND ACRONYMS
CRP = C-reactive protein COVID-19 is characterized by vascular inflammation and thrombosis, including elevations in P-selectin, a

IL = interleukin mediator of inflammation released by endothelial cells. We tested the effect of P-selectin inhibition on bio-

TAT = thrombin antithrombin markers of thrombosis and inflammation in patients with COVID-19. Hospitalized patients with moderate

TNF = tumor necrosis factor COVID-19 were randomly assigned to receive either placebo or crizanlizumab, a P-selectin inhibitor, in a

VTE = venous double-blind fashion. Crizanlizumab reduced P-selectin levels by 89%. Crizanlizumab increased D-dimer

thromboembolism levels by 77% and decreased prothrombin fragment. There were no significant differences between

VWE = von Willebrand factor crizanlizumab and placebo for clinical endpoints. Crizanlizumab was well tolerated. Crizanlizumab may
induce thrombolysis in the setting of COVID-19. (Crizanlizumab for Treating COVID-19 Vasculopathy
[CRITICAL]; NCT04435184) (J Am Coll Cardiol Basic Trans Science 2021;6:935-945) © 2021 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ARS-CoV-2 is a highly infectious and patho- was a randomized, double-blind, placebo-controlled
genic respiratory virus with a wide variety of pilot trial. A steering committee designed and over-
respiratory, cardiovascular, and systemic man- saw the conduct of the trial and data analysis. Data
ifestations. Clinical studies suggest that endothelial were collected, managed, and analyzed by the in-
cell injury and activation are part of the pathogenesis vestigators. SOCAR Research was responsible for the
of COVID-19 (1-5). Autopsies of patients who died of generation and implementation of the randomization
COVID-19 show systemic microvascular inflammation process and for data management using the eSOCDAT
and microthrombi characteristic of the sequelae web-based system (SOCAR Research), and the data
following activation of endothelial cells (6-9). Severe coordinating center at Brigham and Women’s Hospital
cases of COVID-19 are characterized by elevated was responsible for analyzing the data. The funder
levels of P-selectin and von Willebrand factor (Novartis AG) provided an institutional grant to the
(VWF), biomarkers of endothelial degranulation Johns Hopkins University School of Medicine as well
(7,10-14). However, the role of these vascular media- as the study drug but had no role in the design,
tors in the pathogenesis of COVID-19 is unknown conduct, or analysis of the trial data. The first draft of
(15). We and others have hypothesized that endothe- the paper was prepared by the last author, who had
lial cell release of vasoactive compounds may play a complete access to the data. All authors made the
central role in the pathogenesis of severe COVID-19 decision to submit the paper for publication and
(1,2,16). vouch for the accuracy and completeness of the data
Crizanlizumab is a humanized monoclonal anti- and for the fidelity of the trial to the protocol. This
body to P-selectin that decreases the occurrence of clinical trial was conducted at 3 hospitals within the
vaso-occlusive episodes in subjects with sickle cell Johns Hopkins Health System in Maryland. The Johns
disease (17). We tested whether crizanlizumab de- Hopkins University School of Medicine Institutional
creases P-selectin levels and suppresses levels of in- Review Board approved the protocol for the trial. An
flammatory and thrombotic biomarkers in independent Data and Safety Monitoring Board
hospitalized patients with moderate COVID-19. monitored trial conduct and patient safety and
reviewed unblinded data during the course of the trial

METHODS
(Supplemental Table 1).

TRIAL DESIGN AND OVERSIGHT. The CRITICAL (Cri- TRIAL PATIENTS. Eligibility = requirements at
zanlizumab for Treating COVID-19 Vasculopathy) trial = screening included age of 18 years or older, symptoms
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FIGURE 1 Consolidated Standards of Reporting Trials (CONSORT) Diagram

583 patients were assessed for eligibility

522 were excluded
157 had Sp02% > 94%
49 had D-dimer < 0.5 FEU
33 were age < 18 years old

61 patients were eligible

29 were unwilling to provide consent
24 had no symptoms within past 10
days

7 were not randomized
7 had early discharge

23 were unable to provide informed
consent

19 had no radiographic evidence of
pulmonary infiltrates

18 had current mechanical
ventilation

16 had do not intubate status

157 had other reasons

N

54 underwent randomization

A4

A 4

27 were assigned to receive crizanlizumab

27 were assigned to receive placebo

2 did not receive crizanlizumab
1 had early discharge
1 was intubated before

.

2 did not receive placebo
1 had early discharge
1 withdrew consent

25 received crizanlizumab

25 received placebo

3 had follow-up blood draw
missing
2 had early hospital discharge
1 was unable to draw blood

A4

5 had follow-up blood draw
missing

4 had early hospital
discharge

1 was unable to draw
blood

A

22 were analyzed in crizanlizumab group

20 were analyzed in placebo group

the placebo group. FEU = fibrinogen equivalent units.

Patients were screened at 3 separate hospitals within 1 academic medical center system. Of the 583 screened patients, 522 were excluded.
Under reasons for exclusion from the trial, “other reasons" includes needs interpreter and assigned to another clinical trial. Of the 61 eligible
patients, 54 were randomized, 25 received placebo and 25 received crizanlizumab, and 22 were analyzed in the crizanlizumab group and 20 in

of acute respiratory infection, SARS-CoV-2 infection
within the past 10 days of randomization as docu-
mented by a positive SARS-CoV-2 laboratory test
result (reverse transcriptase polymerase chain reac-
tion), hospitalization, need for supplemental oxygen
or a peripheral capillary oxygenation saturation
(Spo,) of <94% on room air, radiographic evidence of
pulmonary infiltrates, and elevated D-dimer of
>0.49 mg/L fibrinogen equivalent units. Exclusion
criteria included mechanical ventilation, interna-
tional normalized ratio of >3, or activated partial
thromboplastin time of >60 seconds. Detailed

inclusion and exclusion criteria are provided in
Supplemental Table 2. All patients provided written
informed consent.

TRIAL PROCEDURES. The trial
screening period followed by a double-blind treat-

consisted of a

ment period. After the screening period, patients
were randomly assigned in a 1:1 ratio to receive
double-blind treatment with 1 intravenous dose of
crizanlizumab 5.0 mg/kg or placebo. Randomization
was performed using a secure, central, interactive,
web-based response system (eSOCDAT). Crizanlizu-
mab or saline placebo was prepared by the site
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TABLE 1 Characteristics of the Analyzed Patients at Baseline
Placebo Crizanlizumab
(n =20) (n =22)
Age, y 58.0 +£17.7 54.6 £ 13.4
Male 11 (55.0) 13 (59.1)
Race

Asian 1(5.0) 0 (0.0)

Black 6 (30.0) 14 (63.6)

White 13 (65.0) 8 (36.4)
Vital signs

BMI, kg/m? 32.7+£9.8 36.2 +£ 8.0

SBP, mm Hg 128.3+20.8 1353 + 23.4

DBP, mm Hg 70.4 +12.6 74.5 +14.5

Heart rate, beats/min 78.0 +£18.2 843 +16.7

Temperature, °C 36.6 + 0.5 36.9+ 0.8

0,, % saturation 93.8 + 2.9 933 +4.2
COVID-19 symptoms

Fever 12 (60.0) 14 (63.6)

Cough 17 (85.0) 20 (90.9)

Dyspnea 17 (85.0) 21 (95.5)

Sore throat 5(25.0) 2 (9.1)

Anosmia 3(15.0) 2(9.1)

Fatigue 18 (90.0) 17 (77.3)

Muscle ache 9 (45.0) 14 (63.6)

WHO status

4 6 (30.0) 2(9.1)

5 13 (65.0) 19 (86.4)

6 1(5.0) 1(4.5)
Medical history

Hypertension 14 (70.0) 17 (77.3)

HF 4 (20.0) 1(4.5)

CAD 4 (20.0) 0 (0.0)

PAD 1(5.0) 0 (0.0)

Stroke/TIA 0 (0.0) 1(4.5)

Arrhythmia 0 (0.0) 1(4.5)

DVT/PE 0 (0.0) 1(4.5)

Smoking 3(15.0) 2(9.1)

Diabetes 8 (40.0) 11 (50.0)

CKD (no dialysis) 2 (10.0) 1(4.5)

CKD (dialysis) 0 (0.0) 2(9.1)

Liver disease 1(5.0) 0 (0.0)

Asthma 1(5.0) 2(9.1)

COPD 3(15.0) 1(4.5)
Values are mean =+ SD or n (%).

BMI = body mass index; CAD = coronary artery disease; CKD = chronic kidney
disease; COPD = chronic obstructive pulmonary disease; DBP = diastolic blood
pressure; DVT = deep vein thrombosis; HF = heart failure; PAD = peripheral artery
disease; PE = pulmonary embolism; SBP = systolic blood pressure; TIA = transient
ischemic attack; WHO = World Health Organization.

pharmacist who was unblinded; after crizanlizumab
or placebo was prepared, the study treatment was
blinded by using darkened bags. After randomization,
patients were evaluated on days 3, 7, and 14 if hos-
pitalized, as well as on the day of discharge. The
collection of blood samples stopped at hospital
discharge. Patients were contacted 30 days after
discharge by follow-up telephone call.
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TRIAL OUTCOMES. The primary outcome was the
difference between treatment groups in levels of
soluble P-selectin at day 3 after randomization or
hospital discharge day, whichever occurred earlier.
Secondary outcomes included changes between the
treatment groups at days 7 and 14 for levels of soluble
P-selectin and at days 3, 7, and 14 for levels of D-
dimer, VWF, and C-reactive protein (CRP) (provided
study participants remained in the hospital). No
blood collections were obtained after discharge.
Additional secondary outcomes also included
changes between groups in the World Health Orga-
nization Ordinal Scale for COVID-19 Trials (18), the
time to hospital discharge, and the safety of cri-
zanlizumab. Exploratory endpoints included changes
between the group receiving crizanlizumab and the
group receiving placebo at days 3, 7, and 14 in levels
of fibrinogen, interleukin (IL)-6, tumor necrosis factor
(TNF) alpha, factor VIII, soluble ICAM-1, soluble
VCAM-1, CCL2, troponin isoform T, and N-terminal
pro-B-type natriuretic peptide (Supplemental
Table 3). Exploratory endpoints included time to the
following outcomes: resolution of fever, liberation
from supplemental oxygen, mechanical ventilation,
hospital death, arterial or venous vascular event,
ischemic stroke, myocardial infarction, and hospital
discharge. Additional biomarker assays that were not
prespecified endpoints were added post hoc,
including prothrombin fragment 1.2, thrombin-
antithrombin (TAT) complex, plasmin-antiplasmin
complex, IL-8, and IL-10.

LABORATORY ASSAY OF PRIMARY ENDPOINT.
P-selectin levels were measured in plasma samples
using an enzyme-linked immunosorbent assay
(Human P-Selectin Quantikine ELISA Kit, DPSEOO,
R&D Systems) according to the manufacturer’s
instructions. This assay has a detection range
between 1.2 and 50 ng/mL. Undetectable samples
were assigned a value of the lower limit of detection/
2 (0.605 ng/mL). All subjects in the placebo
group and the crizanlizumab group had detectable
P-selectin levels on day 0. All 20 subjects in the pla-
cebo group had detectable P-selectin levels on day 3,
but 3 of the 22 subjects in the crizanlizumab group
had P-selectin levels below the limit of detection
on day 3.

STATISTICAL ANALYSES. The prespecified primary,
secondary, and exploratory analyses were based on a
modified intention-to-treat population that consisted
of all randomized patients who had a valid baseline
P-selectin value before study drug administration
and for whom at least 1 postbaseline P-selectin value
was available on or before day 3. Adverse events
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were assessed in all randomized patients for whom
study treatment was started.

The primary endpoint, absolute change from
baseline of P-selectin levels, was summarized for
each treatment group with descriptive statistics,
including mean, SD, median, and interquartile range,
as appropriate. Evaluation of the between-group dif-
ference was assessed in an analysis of covariance,
with baseline soluble P-selectin and treatment group
as covariates. A soluble P-selectin value greater than
the assay maximum measurement was imputed as
150% of the upper limit of assessment. For all other
biomarkers of interest, log-transformation was
applied to both the baseline and follow-up values due
to skewness of the distributions, and the treatment
effect was quantified as the relative change, esti-
mated by exponentiating the beta coefficient per-
taining to the absolute treatment effect on the log-
biomarker levels.

Characteristics between treatment groups were
compared using Student’s t-tests for normally
distributed continuous variables or Wilcoxon rank
sum tests for nonnormally distributed continuous
variables. Categorical variables were compared using
the chi-square or Fisher exact tests, as appropriate. A
P value of <0.05 was considered significant. Second-
ary and exploratory endpoints were not adjusted for
multiplicity.

Based on a trial design with 2-sided o = 0.05 and
assuming an SD of 30 ng/mL and a 10% dropout rate, a
sample size of 40 patients (20 per treatment arm) was
determined to provide 83% power to detect a
between-group difference of 30 ng/mL and 93% power
to detect a between- group difference of 35 ng/mL.
All analyses were conducted using Stata, version 16
(StataCorp).

RESULTS

ENROLLMENT, RANDOMIZATION, AND FOLLOW-UP.
From July 15, 2020, through November 27, 2020, 583
patients were screened at 3 hospitals within the Johns
Hopkins Health System (Figure 1). A total of 54 pa-
tients who fulfilled study entry criteria were ran-
domized to receive crizanlizumab (n = 27) or placebo
(n =27). Of the 27 assigned to receive crizanlizumab, 2
did not receive crizanlizumab because of early
discharge or early intubation; of the 25 who received
crizanlizumab, 3 had follow-up blood draws missing
because of early hospital discharge, and 22 patients
were analyzed in the crizanlizumab group. Of the 27
assigned to receive placebo, 2 did not receive placebo
because of early discharge or withdrawn consent; of
the 25 who received placebo, 5 had follow-up blood

Leucker et al
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TABLE 2 Biomarkers of the Analyzed Patients by Time
Placebo Crizanlizumab
Biomarker Time (n=20) (n=22)
P-selectin, ng/mL Baseline 34 +£15 30 + 20
Day 3 39 +18 7+7
Day 7 48 +17 10+8
Day 14 48 + 24 12 +10
IL-6, pg/mL Baseline 71 (18-371) 62 (36-87)
Day 3 115 (23-298) 58 (29-134)
Day 7 30 (28-123) 26 (10-43)
Day 14 78 (24-151) 14 (6-27)
TNF-a, pg/mL Baseline 15 (11-22) 13 (7-26)
Day 3 14 (8-22) 15 (10-21)
Day 7 11 (5-25) 12 (8-31)
Day 14 12 (5-15) 12 (10-20)
VWF, 1U/mL Baseline 2.5 (1.5-5.6) 2.4 (1.8-4.1)
Day 3 2.8 (1.7-4.1) 2.9 (1.9-4.9)
Day 7 3.6 (2.1-6.8) 3.9 (2.5-5.9)
Day 14 4.6 (2.6-7.4) 2.7 (1.9-4.2)
CRP, mg/dL Baseline 5.8 (2.7-10.8) 7.6 (3.2-11.7)
Day 3 4.5 (1.2-6.9) 4.4 (2.1-5.6)
Day 7 2.1(0.6-4.2) 2.4 (1.1-4.9)
Day 14 1.3 (0.6-4.9) 2.5 (1.1-5.1)
D-dimer, mg/L Baseline 0.7 (0.6-1.1) 0.9 (0.8-2.5)
Day 3 0.7 (0.5-1.4) 1.6 (0.7-2.8)
Day 7 0.7 (0.5-0.8) 1.6 (0.6-2.0)
Day 14 0.7 (0.5-0.8) 1.5 (0.5-1.9)
Values are mean + SD or median (interquartile range).
CRP = C-reactive protein; IL = interleukin; TNF = tumor necrosis factor; VWF = von Willebrand
factor.

draws missing because of early hospital discharge,
and 20 patients were analyzed in the placebo group.
Therefore, a total of 22 patients assigned to crizanli-
zumab and 20 patients assigned to placebo had blood
available for biomarker analyses and were included in
the primary analysis. At the end of the trial on
December 27, 2020, outcomes were known for
all patients.

The baseline clinical characteristics of the patients
between the treatment groups were moderately well
balanced for a small sample size, except for a history
of coronary artery disease and race (Table 1). Baseline
levels of blood biomarkers were similar between
groups (Table 2).

OUTCOMES. Baseline levels of P-selectin were similar
between patient groups before receiving crizanlizu-
mab (30 + 20 ng/mL) and placebo (34 + 15 ng/mL). The
mean + SD changes from baseline to day 3 or before
discharge were -23 + 23 ng/mL and +5 + 18 ng/mL. In
baseline-adjusted models, crizanlizumab reduced
P-selectin levels by 32 ng/mL (95% CI: 24-41; P < 0.001)
by day 3 or before discharge (89% reduction from
baseline), 38 ng/mL: (95% Cl: 28-48; P < 0.001) by day
7 (84% reduction from baseline), and 35 ng/mL:
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FIGURE 2 Crizanlizumab Decreases Soluble P-Selectin Levels
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(A) Spaghetti plot. (B) Comparison of soluble P-selectin levels in groups treated with crizanlizumab (Criz) versus placebo at baseline, day 3 or
before discharge, and day of discharge. n = 22 in the placebo group, and n = 20 in the crizanlizumab group.

(95% CI: 19-51; P < 0.001) by day 14 (80% reduction
from baseline) (Figure 2, Table 3). Crizanlizumab
increased D-dimer levels by 77% (95% CI: 6%-194%;
P = 0.029) on day 3 after treatment; D-dimer levels
were not significantly different between groups on day
7 and on the day of discharge after day 3 (Table 4).
Crizanlizumab had no significant effect on other

TABLE 3 Change From Baseline in Biomarkers by Time
Placebo Crizanlizumab
Biomarker Time (n =20) (n=22)
P-selectin, ng/mL Day 3 +5+18 -23+23
Day 7 +18 £ 13 -17 £ 16
Day 14 +19 +£19 -14 £19
IL-6, pg/mL Day 3 0 (-21 to +13) 0 (-18 to +35)
Day 7 -22 (-89 to +10) -12 (-50 to +3)
Day 14 -15 (-64 to +54) -11 (-48 to +7)
TNF-a, pg/mL Day 3 -1.7 (-5.9 to +0.4) 4.2 (-2.6 to +9.8)
Day 7 -1.7 (-5.5 to +0.7) -0.3 (-4.4 to +12.3)
Day 14 -0.9 (-4.0 to +0.4) 2.3 (-4.4 to +8.5)
VWF, 1U/mL Day 3 0.0 (-2.8 to +1.7) +0.1(-1.2 to +2.2)
Day 7 +0.4 (-1.4 to +1.7) +1.1 (-0.3 to +2.6)
Day 14 +1.3(0.1to +3.7) +0.8 (-0.1to +2.2)
CRP, mg/dL Day 3 -1.2 (-7.1 to +0.5) -2.1(-5.8 to -0.5)
Day 7 -1.8 (-3.9 to -0.1) -7.0 (-9.6 to -1.6)
Day 14 -1.5 (-8.8 to -0.1) -3.6 (-8.9 to -1.6)
D-dimer, mg/L Day 3 -0.1(-0.5to0 +0.2) -0.1(-0.3 to +1.1)
Day 7 -0.1(-0.3 to +0.1) -0.1(-0.6 to +0.8)
Day 14 -0.2(-0.3 to +0.1) -0.2 (-0.6 to +0.8)
Values are mean + SD or median (interquartile range). Values represent the absolute change in
biomarker levels in patients treated with placebo and patients treated with crizanlizumab.
Abbreviations as in Table 2.

secondary biomarker endpoints, including levels of
IL-6, TNF-o, VWF, and CRP (Table 4).

We observed no difference in clinical outcomes
between treatment groups, including time to hospital
discharge, or clinical status measured by the World
Health Organization ordinal scale for COVID-19 trials
(Table 5, Supplemental Table 4). There were no
events for the endpoints of duration of mechanical
ventilation, time to vascular event, stroke, or
myocardial infarction.

Several post hoc analyses were performed to
better understand the effect of crizanlizumab on
markers of thrombosis and fibrinolysis. Crizanlizu-
mab had no effect on a wide variety of cytokine and
chemokine biomarkers, except for IL-8 and IL-10,
which were both significantly increased on day 3
post-randomization (Table 6). To assess the effect of
crizanlizumab on thrombin activation, we measured
prothrombin fragment 1.2 and TAT complex.
Crizanlizumab decreased prothrombin fragment 1.2
to 2.3 ng/mL (95% CI: 1.2-3.8) compared to
placebo 3.6 ng/mL (95% CI: 0.6-6.1) with P = 0.007
on day 3 and nonsignificantly decreased TAT
complex to 4.3 ng/mL (95% CI: 3.0-7.8) compared to
placebo 8.4 ng/mL (95% CI: 4.8-9.98 ) with P = 0.08
on day 3 (Table 6). Crizanlizumab had no effect on
plasmin-antiplasmin complex at 312 ng/mL (95% CI:
205-737) compared to placebo 345 ng/mL (95% CI:
180-788) with P = 0.93 on day 3 (Table 6).

SAFETY. After randomization, there were 6 serious

and nonserious adverse events in the placebo-treated
group of 25 patients and 7 serious and nonserious
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Biomarker

Day 3 or Before Discharge

TABLE 4 Effect of Treatment on Primary and Secondary Endpoint Biomarkers

Day 7 or Before Discharge

Day 14 or Before Discharge

P-selectin, ng/mL, absolute change
IL-6, relative change, %

TNF-a, relative change, %

VWEF, relative change, %

CRP, relative change

-32 (-41 to -24)
P < 0.001, n =42
+11 (-43 to +117)
P=0.76,n = 42
+46 (-7 to +128)
P=0.10,n =42
+11 (-26 to +68)
P=0.60,n=42
+1(-40 to +68)
P=0.98,n=40

-38 (-48 to -28)
P < 0.001,n =27
-41(-74 to +34)
P=020,n=27
156 (-24 to +218)
P=021,n=26
+10 (-38 to +98)
P=0.73,n=27
-26 (-68 to +73)
P=047,n=29

-35 (-51 to -19)
P < 0.001,n =21
-64 (-89 to +14)
P=0.08,n=18
+50 (-39 to +273)
P=0.36,n=18

0 (-57 to +128)
P=0.99,n=18
-18 (-68 to +110)
P=0.66,n=25

+77 (+6 to +194)
P =0.029, n =40

D-dimer, relative change

+45 (-13 to +143)
P=0.15n=31

+16 (-41 to +127)
P=0.65n=28

discharge, and day 14 or before discharge is shown.
Abbreviations as in Table 2.

Values are median (interquartile range) unless noted otherwise. The effect of crizanlizumab compared to placebo on biomarkers at day 3 or before discharge, day 7 or before

adverse events in the crizanlizumab-treated group of
25 patients, including 1 serious adverse event (mul-
tiorgan failure) in the placebo group and 0 serious
adverse events in the crizanlizumab group (Table 7).
Nonserious included headache,
change in mental status, chest pain, urinary tract
infection, and diarrhea.

adverse events

DISCUSSION

We found that crizanlizumab treatment resulted in
marked and sustained reduction in soluble P-selectin
levels in patients with moderate COVID-19. Although
not associated with changes in several cytokines,
crizanlizumab increased D-dimer levels and
decreased prothrombin fragment 1.2. Clinical out-
comes and adverse events were similar between the
crizanlizumab and placebo groups.

Crizanlizumab, a soluble P-selectin inhibitor, has
previously been shown to reduce the rate of sickle
cell-related vaso-occlusive crises in patients with
sickle-cell disease (17). Elevation of P-selectin and
VWF, both contained in endothelial granules, has
been reported in COVID-19 and was associated with
worse outcomes (7,10-14,19,20). Therefore, we hy-
pothesized that blocking P-selectin with crizanlizu-
mab would have beneficial downstream effects on
inflammatory markers and markers of thrombosis,
potentially by blocking leukocyte rolling, an early
step in leukocyte trafficking that is mediated by P-
selectin. We observed no compelling differences
between treatment groups in markers of systemic
inflammation such as CRP, IL-6, TNF-a, or inter-
feron gamma, nor in markers of vascular inflam-
mation released from endothelial cells, such as
VCAM-1 or CCL2 (also called MCP1). Crizanlizumab
did increase levels of IL-10, an anti-inflammatory

cytokine, without suppressing targets of IL-10 such
as TNF-¢, IL-18, and interferon gamma, so the sig-
nificance of increased IL-10 levels is unclear. Cri-
zanlizumab also IL-8, a
proinflammatory cytokine that recruits neutrophils.
It is unclear how inhibition of P-selectin leads to
changes in IL-8 and IL-10. The finding that markers
of inflammation, particularly IL-6 and CRP, were
not reduced by crizanlizumab suggests that P-
selectin probably does not mediate the inflamma-
tory response in COVID-19. We cannot exclude the

increased levels of

TABLE 5 Secondary Outcomes
Placebo Crizanlizumab
Clinical Status (n =20) (n=22)

WHO status: day 3

=3 (discharged) 2 (10) 3(14)

4 7 (35) 3(14)

5 7 (35) 13 (59)

6 4 (20) 3(14)
WHO status: day 7

=3 (discharged) 13 (65) 9 (41)

4 3(15) 5(23)

5 3(15) 6 (27)

6 1(5 1(5

7 0 (0) 1(5)
WHO status: day 14

=3 (discharged) 19 (95) 21 (95)

6 0 (0) 1(5)

8 1(5 0 (0)
Days in hospital

Admission to randomization 1.5+ 09 1.7 £14

Randomization to discharge 48 £35 6.5 + 4.1

Admission to discharge 6.2 +3.2 81+t44
Values are n (%) or mean + SD. Clinical outcomes were measured by the WHO
Clinical Scale and length of hospital stay.

WHO = World Health Organization.
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TABLE 6 Exploratory Biomarkers and Additional Biomarkers
Crizanlizumab Placebo Crizanlizumab Placebo Ratio
Analyte Day 1 Day 1 Day 3 Day 3 (95% CI) P Value
Exploratory biomarkers (prespecified)
CCL2, pg/mL (n = 38) 257 (114-404) 242 (147-293) 243 (161-341) 209 (142-460) 0.98 (0.65-1.49) 0.93
Factor VIII, IlU/mL (n = 42) 35 (24-55) 42 (26-83) 56 (29-88) 59 (32-83) 1.25 (0.91-1.71) 0.16
IL-6, pg/mL (n = 38) 6.3 (2.1-10.9) 2.1(1.0-10.3) 4.8 (1.0-12.7) 2.1(0.6-5.1) 1.14 (0.51-2.55) 0.75
TNF-o, pg/mL (n = 38) 4.3 (3.3-5.9) 4.7 (2.8-6.5) 4.2 (3.4-6.1) 4.0 (2.7-6.2) 1.28 (0.95-1.73) 0.10
VCAM-1, ug/mL (n = 38) 24.1(21.1-26.6) 24.5 (21.8-31.0) 23.9 (21.9-30.2) 23.0 (19.1-30.0) 1.05 (0.92-1.21) 0.45
ICAM-1, pg/mL (n = 38) 23.4 (18.5-26.9) 22.6 (21.0-25.4) 21.0 (19.2-27.6) 20.7 (18.9-23.3) 1.08 (0.99-1.18) 0.10
High sensitivity troponin T, ng/mL (n = 40) 8 (3-12) 10 (3-17) 7 (3-1) 9 (3-21) 0.99 (0.72-1.38) 0.97
NT-proBNP, ng/mL (n = 36) 0.19 (0.19-0.19) 0.19 (0.19-0.19) 0.19 (0.19-0.19) 0.19 (0.19-0.19) 0.99 (0.73-1.35) 0.97
Additional biomarkers (not prespecified)
CCL24, pg/mL (n = 38) 195 (149-305) 234 (197-301) 182 (141-352) 258 (201-351) 0.81(0.59-1.11) 0.18
CCL4, pg/mL (n = 38) 92 (54-143) 82 (56-116) 128 (72-169) 102 (68-136) 1.03 (0.79-1.34) 0.81
CCL26, pg/mL (n = 38) 20 (20-20) 20 (20-20) 20 (20-20) 20 (20-20) 1.31 (0.90-1.91) 0.16
CCL17, pg/mL (n = 38) 103 (76-161) 175 (82-257) 103 (74-145) 146 (94-240) 0.74 (0.54-1.02) 0.06
CXCL10, pg/mL (n = 38) 14,160 (3,335-14,160) 3,935 (1,820-14,160) 5,360 (2,762-11,125) 1,675 (985-5,930)  1.43 (0.86-2.39) 0.16
CCL3, pg/mL (n = 38) 28 (28-28) 28 (28-28) 28 (28-28) 28 (28-28) 1.18 (0.93-1.49) 0.16
CCL22, pg/mL (n = 38) 669 (509-963) 832 (547-935) 536 (444-654) 630 (399-943) 0.93 (0.70-1.23) 0.60
CCL13, pg/mL (n = 38) 126 (76-180) 106 (88-156) 119 (86-186) 129 (99-162) 0.87 (0.68-1.13) 0.29
Interferon gamma, pg/mL (n = 38) 22 (10-108) 21 (8-64) 17 (5-43) 7 (2-12) 2.10 (0.80-5.54) 0.13
IL-2, pg/mL (n = 38) 0.9 (0.9-0.9) 0.9 (0.9-0.9) 0.9 (0.9-0.9) 0.9 (0.9-0.9) 0.97 (0.76-1.24) 0.80
IL-4, pg/mL (n = 38) 0.2 (0.2-0.2) 0.2 (0.2-0.2) 0.2 (0.2-0.2) 0.2 (0.2-0.2) 1.12 (0.96-1.31) 0.15
IL-8, pg/mL (n = 38) 15.7 (9.9-24.5) 18.9 (15.2-21.9) 21.7 (15.4-49.9) 14.6 (11.2-21.5) 1.88 (1.20-2.96) 0.007
IL-10, pg/mL (n = 38) 2.9 (1.2-5.3) 2.0 (1.1-3.2) 2.8 (1.3-6.9) 1.0 (0.3-1.8) 2.64 (1.34-5.20) 0.007
IL-13, pg/mL (n = 38) 4.2 (4.2-4.2) 4.2 (4.2-4.2) 4.2 (4.2-4.2) 4.2 (4.2-4.2) 1.00 (1.00-1.00) 0.18
SAA, pg/mL (n = 38) 207 (207-207) 207 (207-207) 207 (160-207) 207 (33-207) 1.48 (0.98-2.22) 0.06
TAT complex, ng/mL(n = 41) 6.0 (3.2-9.9) 5.2 (3.4-8.8) 4.3 (3.0-7.8) 8.4 (4.8-9.8) 0.73 (0.50-1.05) 0.08
Prothrombin fragment 1.2, ng/mL (n = 42) 2.6 (1.6-4.0) 2.5 (1.6-3.5) 2.3 (1.2-3.8) 3.6 (2.6-6.1) 0.50 (0.31-0.82) 0.007
PAP complex, ng/mL (n = 42) 409 (290-960) 397 (260-755) 312 (205-737) 345 (180-788) 0.98 (0.65-1.49) 0.93
Values are median (interquartile range) unless noted otherwise. Absolute levels of biomarkers of patients treated with placebo and patients treated with crizanlizumab on baseline day 1 or on day 3 or before
discharge (n = sample size).
IL = interleukin; NT-proBNP = N-terminal pro-B-type natriuretic peptide; PAP = plasmin-antiplasmin complex; SAA = serum amyloid A; TAT = thrombin-antithrombin.

possibility that endothelial granule release may be
secondary to inflammatory processes rather than
mediating them. Larger clinical trials are needed to
evaluate the impact of crizanlizumab on systemic
inflammation.

We found that crizanlizumab was associated with
an increase in D-dimer, a marker that has been asso-
ciated with the severity of COVID-19 (21-23). D-dimer,
a fibrin degradation product, is typically elevated in
the setting of thrombosis and concurrent thrombol-
ysis (24,25), but can also be seen in the setting of
therapies that stimulate thrombolysis (26-30).
Because we observed no evidence of increased mac-
rothrombosis or worsening of clinical status with
crizanlizumab, we further explored the potential ef-
fects of the therapy on the thrombosis and fibrinolytic
system. We found that crizanlizumab reduced both
prothrombin fragment 1.2 and TAT complex, bio-
markers of thrombin activation. In prior studies of
patients with COVID-19, elevation of prothrombin
fragment 1.2 was highly correlated with D-dimer (31),

raising the possibility that the rise in D-dimer
observed in association with a decrease in pro-
thrombin fragment 1.2 may be due to fibrinolysis and
reduced thrombin activation, rather than increased
thrombosis, because it may indicate in the native
state. However, we do not have direct evidence of
increased thrombolysis in subjects treated with cri-
zanlizumab. Another possible mechanism by which
P-selectin inhibition might be beneficial in COVID-19
is through attenuation of neutrophil extracellular
trap formation, which has been shown to be induced
by P-selectin in mice and has been implicated in
the pathophysiology of both sickle cell crisis and
COVID-19 (32-34).

Endothelial cells release VWF and P-selectin from
granules in response to vascular injury. Crizanlizu-
mab did not affect levels of VWF in our subjects. We
were unable to measure relative amounts of VWF
multimers in our trial, and it is possible that cri-
zanlizumab directly or indirectly changes the extent
of VWF multimerization.
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Although we observed no effect on clinical out-
comes in patients treated with crizanlizumab, the
patients enrolled in this trial was small in number and
relatively healthy. There were no deaths during the
study period. Average oxygen saturation levels in
enrolled patients were between 87% and 93% for
patients on room air and between 94% and 95% for
patients on supplemental oxygen, CRP levels were
between 5.8 and 7.6 mg/dL at baseline, and the clin-
ical course in the majority of patients was relatively
benign. Determining whether crizanlizumab would be
of clinical benefit in COVID-19 would require testing
in a higher-risk population with more severe vascular
injury.

The role of P-selectin in COVID-19 is not completely
understood. We have proposed that markers of
endothelial injury such as P-selectin mediate micro-
vascular inflammation and thrombosis in COVID-19
(1). We hypothesized that P-selectin inhibition would
decrease microvascular inflammation and thrombosis
and ultimately improve clinical outcomes in COVID-
19. We designed the CRITICAL trial to enroll patients
with moderate COVID-19, excluding subjects with
mild COVID-19 who have minimal inflammation and
are likely to recover rapidly and excluding subjects
with severe COVID-19 who have such extensive sys-
temic inflammation that any intervention is unlikely
to change the course of the disease.

P-selectin levels have been shown to be higher in
subjects with severe COVID-19 than in those with
moderate COVID-19. However, reports of P-selectin
levels in subjects with moderate COVID-19 are vari-
able, with some reports showing P-selectin levels
higher in moderate COVID-19 than in control subjects
and other reports showing similar levels in moderate
COVID-19 and control subjects (35). The cause of such
differences between studies include the following:
different assays for P-selectin, potential differences
in serum versus plasma levels of P-selectin, different
definitions of “moderate” COVID-19, and some re-
ports measuring soluble P-selectin and others
measuring platelet-expressed P-selectin. In our trial
of patients with moderate COVID-19 levels, the
baseline levels of plasma P-selectin were 34 + 14 ng/
mL for the placebo group and 30 + 20 ng/mL for the
crizanlizumab group. These levels are higher than
levels reported for healthy control subjects in other
studies (35). Nevertheless, it is possible that cri-
zanlizumab could be more effective at decreasing
inflammatory and thrombotic biomarkers in a study
group with even higher levels of P-selectin.

STUDY LIMITATIONS. Several additional limitations
of this analysis should be noted. We administered

Leucker et al 943
P-Selectin Inhibition in COVID-19

TABLE 7 Adverse Events

Placebo Crizanlizumab

Adverse Events (n = 25) (n =25) Total
Total adverse events 6 7 13
Patients with any adverse events 6 4 10
Total moderate or severe adverse events 3 2 5
Patients with any moderate or severe adverse events 3 2 5
Total serious adverse events 1 0 1
Patients with any serious adverse events 1 0 1

Values are n. Adverse events in all subjects who received crizanlizumab or placebo are shown.

only 1 dose of crizanlizumab, and it is possible that a
higher dose at more frequent intervals may be
necessary to produce significant effects. Neverthe-
less, the P-selectin reduction observed was substan-
tial and sustained, suggesting that a higher dose is
likely not needed. We administered crizanlizumab
relatively early in the hospital stay, and it is possible
that administration even earlier in the course of
COVID-19, such as the time of admission, may have
more impact on vascular inflammation. Finally, the
patients enrolled in this pilot trial were at relatively
low risk and had few clinical events. The role of cri-
zanlizumab in reducing morbidity and mortality in
COVID-19 will be tested as part of the NIH ACTIV-4a
platform (NCT04505774).

CONCLUSIONS

In summary, a single infusion of crizanlizumab, a
selective P-selectin inhibitor, resulted in a rapid,
profound, and sustained reduction in P-selectin
levels in hospitalized patients with mild to moderate
COVID-19. These findings were associated with an
increase in D-dimer levels and reduction in pro-
thrombin fragment 1.2, raising the possibility that
crizanlizumab might increase endogenous thrombol-
ysis in this setting. The clinical significance of these
findings needs to be assessed in a larger trial.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
COVID-19 is characterized by microvascular inflam-
mation and thrombosis. P-selectin plays an important
role in vascular inflammation by mediating platelet
and neutrophil adherence to the endothelial lining of
injured vessels.

TRANSLATIONAL OUTLOOK: Our randomized
clinical trial suggests that targeting P-selectin might
be a promising strategy to prevent or treat vascular
and inflammatory complications of COVID-19.
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