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Summary

The inflammatory response to SARS/CoV-2 (COVID-19) infection may

contribute to the risk of thromboembolic complications. a-Defensins,
antimicrobial peptides released from activated neutrophils, are anti-fibri-

nolytic and prothrombotic in vitro and in mouse models. In this prospec-

tive study of 176 patients with COVID-19 infection, we found that plasma

levels of a-defensins were elevated, tracked with disease progression/mortal-

ity or resolution and with plasma levels of interleukin-6 (IL-6) and D-

dimers. Immunohistochemistry revealed intense deposition of a-defensins
in lung vasculature and thrombi. IL-6 stimulated the release of a-defensins
from neutrophils, thereby accelerating coagulation and inhibiting fibrinoly-

sis in human blood, imitating the coagulation pattern in COVID-19

patients. The procoagulant effect of IL-6 was inhibited by colchicine, which

blocks neutrophil degranulation. These studies describe a link between

inflammation and the risk of thromboembolism, and they identify a poten-

tial new approach to mitigate this risk in patients with COVID-19 and

potentially in other inflammatory prothrombotic conditions.

Keywords: COVID-19 infection, inflammation, interleukin-6, thrombosis,

a-defensins.

Introduction

The clinical spectrum of COVID-19 infection ranges from

asymptomatic to fatal, in part related to inflammation and

vascular complications. Severely affected individuals may

develop a delayed onset ‘cytokine storm’,1 which exacerbates

endothelial damage predominantly in the lung,2 activates

coagulation3 and leads to formation of disseminated

microvascular thrombi,4–8 followed by pulmonary decom-

pensation due to impaired vascular perfusion.7,9 Plasma

levels of D-dimers correlate with the rate of ICU admission,

the requirement for mechanical ventilation and mortality.10

Overt thromboembolic complications (TEC) may exceed

10% of patients requiring ICU-level care,11–14 most com-

monly deep venous thromboses and pulmonary emboli, but

in situ thrombosis within the pulmonary vasculature,15–17

occlusion of central venous and dialysis catheters and extra-

corporeal membrane oxygenation (ECMO) circuits, and arte-

rial thrombosis leading to myocardial infarction and stroke

have been reported as well.18–22 TEC develop in patients trea-

ted with prophylactic14 and in some cases higher doses of

heparin.23 However, the incidence of bleeding23 places a ceil-

ing on the intensity of anticoagulation that is tolerated in

these severely ill patients, indicating a need for alternative
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non-anticoagulant forms of intervention based on a better

understanding of the pathophysiology of inflammatory

thrombosis.7

One clue to this understanding comes from analysis of

lungs from patients with COVID-19, which show infiltra-

tion of neutrophils into pulmonary capillaries, generation

of neutrophil extra-cellular traps (NETs) and extravasation

into alveolar spaces and inflamed parenchyma.24 Activation

of the intrinsic coagulation pathway initiated by inflamma-

tion and cell death23 stimulates neutrophils to release

antimicrobial peptides, including a-defensins.25 a-Defensins
accelerate fibrin polymerization, increase fiber density and

incorporate within nascent fibrin clots, which impedes fib-

rinolysis.25,26 Transgenic mice expressing human a-de-
fensin-1 develop occlusive neutrophil-rich clots resistant to

heparin.25 When a-Def-1 mice were given colchicine to

inhibit neutrophil degranulation, plasma levels of a-de-
fensin-1 fell, phenotypic reversion was seen, and heparin

responsiveness was restored.25 Based on these findings, we

examined the relationship between plasma a-defensins,
activation of coagulation and clinical course in patients

with COVID-19.

Methods

Clinical criteria

All patients had a positive polymerase chain reaction (PCR)

test for COVID-19. Patients were categorized as having

‘mild’ disease when they presented with flu-like symptoms,

most often involving the respiratory tract, and fever ≤37�80C.
Patients were considered to have ‘moderate’ disease when the

presenting symptoms included shortness of breath, chest

pain, fever >37�80C, stable respiratory and systemic symp-

toms, respiratory rate <25/min and oxygen saturation (pulse

oximetry) >94%. ‘Severe’ disease was defined as having the

presentation of moderate disease accompanied by a respira-

tory rate ≥25/min or oxygen saturation <94% on room air

and pulmonary infiltrates on X-ray.

Clinical trial protocol

Consecutive consenting newly diagnosed patients with

‘mild’, ‘moderate’ and ‘severe’ symptoms ≥18 years of age

admitted to Hadassah Medical Center (Jerusalem, Israel)

with a positive PCR test for COVID-19 between 22 March

and 20 August 2020 were enrolled. The study was approved

by the Helsinki Research Ethics Commissions of Hadassah

Hospital (#0204-20). In all, 127 patients participated.

Patients were classified according to disease severity as

described in the preceding paragraph, including 73 patients

with mild disease, 36 with moderate disease and 18 with

severe disease (Fig 1). Epidemiological, demographic, clini-

cal, treatment and outcome data were extracted from elec-

tronic medical records.

Phlebotomy

Blood was drawn from a peripheral vein in the arm into

either 1�8 mg/ml ethylene diamine tetracetic acid (EDTA;

final concentration) prior to measuring the complete blood

count (CBC), a-defensin and interleukin-6 (IL-6) or into

0�32% citrate (final concentration) to measure coagulation

parameters, including thromboelastography (TEG), D-dimers

and fibrinogen. Plasma was prepared by centrifugation at

2000 9 g for 10 minutes at room temperature within one

hour of phlebotomy. All plasma measurements were made

within 4 hours using fresh (unfrozen) samples.

Measurement of plasma components

Plasma levels of a-defensin were measured as in Abu-Fanne

et al.25 Samples obtained from 15 patients of comparable age

admitted for elective orthopedic surgery served as controls.

D-dimers were measured using a Sysmex CS5100 automatic

coagulation analyzer (Nagasaki, Japan). IL-6 was measured

using the Immulite 2000 XPi analyzer (Siemens, Los Angeles,

CA, USA). No viral inactivation steps were taken prior to

analysis. All results were validated by two investigators.

The effect of a-defensin, IL-6 and fibrinogen
concentration on coagulation and fibrinolysis in
COVID-19 patients

Citrated plasma from COVID-19 patients with moderate dis-

ease (n = 19) and healthy controls (n = 13) were compared.

Plasma levels of a-defensins and IL-6 were measured as

described in the preceding paragraph. TEG was performed

using the TEG system (Haemonetics Limited, Coventry,

127 symptoma�c pa�ents
posi�ve PCR test for COVID-19

73 Mild
Released within 72 hours

54 
Hospitalized

36 Moderate 
Hospitalized in a general COVID department

18 Severe 
Requiring ICU, 8 Expired

Age 54.1 ± 3.1 years

Average age 48.4 ± 5.6 years

Age 66.0 ± 3.9 years

α-Def: 18.4 ± 4.4 ng/ml α-Def: 26.4 ± 5.6 ng/ml

α-Def: 4.72 ± 0.3 ng/ml

Females: 43.7%; Males: 56.3% 

Fig 1. Clinical criteria of participating patients: One hundred and

twenty-seven symptomatic patients with confirmed infection with

COVID-19 were subdivided according to disease severity. This

included 73 patients with mild symptoms, 36 classified as having

moderate disease and 18 with severe disease. Plasma a-defensin was

measured at the time of admission. The ages of the patients in each

group and plasma a-defensin levels are shown. [Colour figure can be

viewed at wileyonlinelibrary.com]
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UK).25 TEG was performed after addition of IL-6 (50 pg/

ml), a-defensin (64 ng/ml), and/or colchicine (10 nM) in the

presence and absence of tissue plasminogen activator (tPA).

Four parameters were measured: (i) reaction times (R value)

from the initiation of coagulation to the beginning of clot

formation; (ii) the a-angles that reflect the contribution of

platelets; (iii) the maximal amplitudes (MA, mm) that mea-

sure fibrin accretion; and (iv) Ly30% that measures the time

to 30% clot lysis in the presence of 10 nM tPA. We then

asked whether TEG parameters were influenced by the high

concentration of fibrinogen often found in patients with

COVID-19.27 Citrated blood samples from non-COVID-19

patients referred to the clinical laboratory with normal total

white blood cell counts, C-reactive protein and sedimenta-

tion rates were classified in two groups: those with plasma

fibrinogen between 400 and 450 mg/dl (n = 17) and those

with plasma fibrinogen between 600 and 650 mg/dl (n = 9).

TEG was performed in the absence and presence of tPA

(10 nM) as described above.

Histology and immunohistochemistry

Five-µm sections cut from formalin-fixed paraffin-embedded

lung tissues from eight autopsies of COVID-19 patients and

control tissue (normal-appearing tissue at a distance from

cancer) performed at the Hospital of the University of Penn-

sylvania were immunostained as described.28 Briefly, sections

were deparaffinized and steamed in 10 mM sodium citrate

buffer, pH 6�0 for 10 minutes to unmask the antigen.

Endogenous peroxidase was blocked with 0�3% H2O2, and

the sections were immunostained with rabbit anti-human a-
defensin antisera29 or normal rabbit sera as negative control

(1:3,000) for one hour at 37°C followed by biotinylated anti-

rabbit IgG (Vector Laboratories, Burlingame, CA, USA, 1:200

respectively) and by incubation with horseradish peroxidase

(HRP)-conjugated streptavidin (37°C for 30 min). Peroxi-

dase was detected using the avidin–biotin complex ABC Kit

(Vector Laboratories) counterstained with hematoxylin. Posi-

tive staining was visualized by the brown-coloured [3,3-di-

aminobenzidine] (DAB) reaction product. Sections were also

stained by haematoxylin and eosin for histological evalua-

tion.

Statistical analysis

Data were analyzed using the Crunch statistical software

(Auckland, CA, USA). Values are presented as means �
SEM. Between-group comparisons were performed using

ANOVA or a two-tailed Student’s t test. Pearson’s correlation

test was used to evaluate associations between a-defensin and

other laboratory results. Statistical significance was set at

P < 0�05. The study was not powered sufficiently to draw

conclusions regarding a-defensin and premorbid conditions

that impact the course of COVID-19 (e.g. diabetes, hyperten-

sion, cardiovascular disease and gender).

Results

Patient demographics

Blood samples were collected from 127 symptomatic adults

admitted to Hadassah Medical Center with a positive PCR test

for COVID-19 (Fig 1). A single sample was taken from 73

patients with mild disease who were released within 72 h to an

isolation facility. Thirty-six patients classified as having moder-

ate disease were hospitalized in a general COVID unit, while

18 had more severe disease that required ICU care, eight of

whom died of their disease (Fig 1). Patients with ‘severe’ dis-

ease were older on average (66�0 � 3�9 years) than those with

mild (48�4 � 5�6; P < 0�02) or moderate disease (54�1 � 3�1;
P < 0�03; Fig 1). Fifteen patients admitted for elective ortho-

paedic surgery (63�4 � 5�9 years) who had neutrophil counts

(7�67 � 2�27 9 103/mm3) comparable to those of COVID-19

patients (8�11 � 3�42 9 103/mm3) served as controls.

Correlation between plasma levels of a-defensin and
clinical course in patients with COVID-19 infection

Plasma a-defensin was elevated at the time of admission in

all 73 COVID-19 patients with mild disease compared to

controls (4�72 � 0�3 vs 1�53 � 0�2 ng/ml; P < 0�02; Fig 1).

Levels were higher in patients with moderate disease

(18�4 � 4�4 ng/ml; P < 0�001 vs controls; P < 0�035 vs mild)

and were most elevated in those with severe disease

(26�4 � 5�6 ng/ml; P < 0�024 vs moderate; Fig 1).

Samples were collected daily from the 54 hospitalized

COVID-19 patients (Fig 1). The average durations of follow-

up and sample retrievals for patients in the moderate and sev-

ere cohorts were comparable (6�1 � 0�8 vs 7�6 � 0�6 days;

range 1–18 days). Plasma levels of a-defensin correlated with

disease severity during hospitalization (Fig 2A). Peak values

were higher in severely vs moderately affected patients

(79�7 � 8�0 vs 31�8 � 5�7 ng/ml; P < 0�001) as were average

values defined by areas under the curve throughout the hospi-

talization (36�9 � 3�3 vs 13�8 � 1�8 ng/ml respectively;

P < 0�001; Fig 2A). Plasma levels of a-defensin also rose more

rapidly in the severely affected cohort (Fig 2A). Patients with

severe disease were older on average than those with moderate

illness (66�0 � 3�9 vs 54�1 � 3�1 years; P < 0�03), reflecting

an association between age and mean and peak levels of a-de-
fensin (R = 0�36, R = 0�38; P < 0�03 respectively; Fig 2A). The

predisposition to more severe clinical manifestations in the

more elderly population is not due simply to an age-dependent

rise in a-defensin levels. Plasma levels of a-defensin were simi-

lar in healthy controls ages 18–30 years (1�4 � 0�3 ng/ml,

n = 9), ages 31–55 years (1�7 � 0�4 ng/ml, n = 11) and 56–
87 years (1�4 � 0�2 ng/ml, n = 12). Moreover, in contrast to

a-defensin, which reflects neutrophil activation, the average

total white blood cell count and neutrophil count did not rise

significantly during hospitalization (7�82 � 2�13 vs 9�18 �
4�77 9 103/mm3; P = 0�94).
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Deposition of a-defensin in lung tissue

We next asked if a-defensins are released into the lungs, a

principal target organ, during COVID-19 infection. Staining

of formalin-fixed, paraffin-embedded sections taken at

autopsy from eight patients who died with COVID-19 infec-

tion showed intense, widespread deposition of a-defensin.
Representative sections from each autopsy were selected for

staining (Fig 3). Haematoxylin and eosin-stained sections

from all specimens showed varying stages of diffuse alveolar

damage (exudative, proliferative and organizing) with intra-

alveolar haemorrhage. a-Defensin was found in neutrophils

infiltrating the parenchyma. Intense heterogeneous staining

for released a-defensin in the absence of neutrophils was

detected in endothelium, epithelium, vascular and airway

smooth muscle cells, fibroblasts, alveolar macrophages, and

in association with intravascular fibrin clots and extra-vascu-

lar fibrin deposits within pulmonary alveoli.

Correlation between plasma levels of a-defensin and D-
dimers during hospitalization

Based on previous findings in mice transgenic for a-de-
fensin-1,26 we examined the relationship between a-defensin
and D-dimers, a marker of active coagulation associated with

disease severity and mortality.10 Plasma levels of D-dimers

were higher in patients with severe vs mild-to moderate

COVID-19 disease (Fig 2B), with differences reaching statisti-

cal significance for peak values (36�0 � 7�1 vs

19�0 � 4�1 lg/ml; P < 0�01) and mean daily values

(17�6 � 4�1 vs 9�0 � 2�21 lg/ml respectively). Plasma a-de-
fensin and D-dimers in the entire cohort correlated closely

from days 3 to 7 (P < 0�01), with the most prominent asso-

ciation on day 5 (r = 0�74; P < 0�0001).

a-Defensin and IL-6 during hospitalization

We next asked if there was a correlation between a-defensins
and IL-6, a marker of inflammation that correlates with dis-

ease severity in COVID-19.10 In our cohort, IL-6 levels were

markedly elevated on admission (284 � 69 pg/ml, n = 29)

compared with healthy controls (2�9 � 0�3 pg/ml, n = 15;

P < 0�05, ANOVA), and the levels increased during hospital-

ization (Fig 2C). Mean and peak levels were higher in those

with severe vs milder disease (mean: 5 674 � 3 061 pg/ml vs

1 288 � 698 pg/ml; peak: 1 636 � 69 pg/ml vs 481 � 19 pg/

ml; P < 0�01). The rise in a-defensin correlated with increas-

ing levels of IL-6 (Fig 2C) on admission (two-tailed Pearson

coefficient correlation r = 0�66; P < 0�0001) and on days 4

and 5 (r = 0�48 and 0�60 respectively; P < 0�002).

a-Defensin and clot formation ex vivo

Based on these findings, prior results demonstrating a-de-
fensins stimulate coagulation,25,26 and the fact that IL-6

interacts with neutrophils,30 we examined the possibility that

high levels of IL-6 generated by lung epithelium during

COVID-19 infection31 stimulates release of a-defensin from

neutrophils, which in turn promotes thrombotic complica-

tions, exemplified by a rise in D-dimers. Two sets of experi-

ments were performed to test this hypothesis. First, we

examined the effect of IL-6 on the release of a-defensin. Sec-
ond, we examined the effect of IL-6 on coagulation.

Effect of IL-6 and colchicine on release of a-defensin
from human neutrophils and clot formation ex vivo

Addition of pathological levels of IL-6 (10–100 pg/ml)

observed in COVID-19 patients to isolated human neutrophils

stimulated the release of a-defensins in a concentration-depen-

dent manner that was inhibited by colchicine (Fig 4A). The

Fig 2. Plasma a-defensin, D-dimers and IL-6 in patients with

COVID-19. Values shown are upon admission, mean levels during

the hospitalization, and peak levels. (mean � SEM; *P < 0�05 and

**P ≤ 0�02 vs controls (CTR), ANOVA; #; P < 0�0001 and $;

P < 0�05 vs the moderate-disease cohort, Student’s t test). Peak a-de-
fensin (Panel A), D-dimer (Panel B) and IL-6 (Panel C) levels were

significantly higher than corresponding levels on admission

(P = 0�01).
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same outcomes were seen in whole blood (data not shown).

Pre-incubation of whole blood pooled from six healthy volun-

teers with 50 pg/ml IL-6 accelerated clot formation assessed

by TEG (Figs 4B,C), exemplified by a decrease in R values

from 6�9 � 0�54 to 4�1 � 0�59 min (n = 12; P < 0�03). The
results were similar when purified a-defensin (64 ng/ml) was

added to whole blood (R values 4 � 0�48 min, n = 11;

P < 0�03; Fig 4C). Addition of colchicine (10 nM) to blood

prior to IL-6 inhibited shortening of the R values, but colchi-

cine had no effect in the presence of added a-defensin
(Fig 4C). Colchicine alone (10 nM) increased the R values to

7�5 � 0�39 min (n = 10; P < 0�03; Fig 4C) in line with our

prior observations.25

In addition to accelerating the rate of clot formation, IL-6

changed the properties of the resultant clots themselves. This

is exemplified by a significant increase in the a-angles
(42�3 � 3�3 to 71�7 � 6�5 degrees, n = 10; P < 0�03; Fig 4D)

and by an increase in MAs from 61�3 � 1�9 to

67�6 � 2�9 mm (n = 10; P < 0�04; Fig 4E). These changes in

TEG parameters related to enhanced clot strength32,33 were

blocked by the addition of 10 nM colchicine prior to IL-6

(50 pg/ml) and were reproduced by the addition of a-de-
fensin-1 (64 ng/ml; Figs 4D, E).

a-Defensin, IL-6 and fibrinolysis ex vivo

a-Defensins also inhibit fibrinolysis in vitro26 and in mice

transgenic for human a-defensin-1.25 Therefore, we asked

whether neutrophils activated by IL-6 contribute to this inhi-

bition. Pre-incubation of human blood from healthy volun-

teers with IL-6 (50 pg/ml) in the presence of tPA (10 nM)

inhibited fibrinolysis measured by a reduction in Ly30 values

from 92 � 7�1% to 65 � 5�5% (P < 0�01; Fig 5A, B). Inhibi-

tion of fibrinolysis by IL-6 was prevented by colchicine

(10 nM; Fig 5B). The inhibitory effect of IL-6 on Ly30 values

was reproduced by adding a-defensin (64 ng/ml; Fig 5B). In

contrast to IL-6, the inhibitory effect of a-defensin on fibri-

nolysis was unaffected by the addition of colchicine (Fig 5B).

Together these results indicate that activation of neutrophils

by IL-6 accelerates fibrin generation (shortened R values),

increases clot parameters (increased a-angles and MA values;

Fig 4B–E) and inhibits fibrinolysis (Fig 5A, B). These find-

ings mirror the coagulation pattern reported in COVID-19

patients34 and our findings in a-defensin-1 transgenic mice.25

We then examined whether the effects on the four TEG

values (R, a-angle, MA and Ly30) were due specifically to

release of a-defensin or were caused by another granule com-

ponent released in response to IL-6 and blocked by colchi-

cine. To do so, we compared results in wild-type (WT)

mouse blood, which contains neutrophils that do not express

a-defensin, to blood from transgenic mice expressing neu-

trophil a-defensin-1. IL-6 (50 pg/ml) shortened the R values

in blood containing a-defensin-1-expressing neutrophils

(5�1 � 0�5 vs 3�6 � 0�4 min, n = 12; P < 0�05) and

decreased the Ly30 values in the presence of 10 nM tPA

(88�3 � 7�2% vs 41�7 � 4�9%, n = 9; P < 0�04), but had no

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

Fig 3. Distribution of a-defensins in COVID-19 lungs. a-Defensins are distributed heterogeneously throughout all lung sections from COVID-19

patients. Representative formalin-fixed paraffin-embedded lung sections from three of the eight autopsies of patients with COVID-19 that were

immunostained using rabbit anti-HNP1-3 sera29 are shown (A–C, magnification 1009; E–K, magnification 200–4009). (D) Staining of ‘control’

lung tissue. (L) No antisera control, magnification 1009. The areas designated with numbers indicate: a-defensins within neutrophils adherent to

the endothelium (A-1, E-5) and those infiltrating the parenchyma (A-2) and free from neutrophils in endothelial cells (A-1, E-5), subendothelium

(A-1), vascular smooth muscle cells (C-4), alveolar (H-9) and bronchial epithelium (I-10), around and within intravascular thrombi (F-6 and 7)

and intra-alveolar fibrin (G-8) and within intravascular serum exudate from a fibrin clot (B-3, E-3). Vascular occlusion by a-defensin-expressing
neutrophils was prominent in the lungs from several patients (J-11, K-11). [Colour figure can be viewed at wileyonlinelibrary.com]
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effect when added to blood from WT mice (R = 7�3 � 0�7
vs 7�1 � 0�4 min, n = 10). The same patterns were seen in

the a-angle and MA values, which were unaffected when IL-

6 was added to blood from WT mice but increased when

blood from defensin transgenic mice was studied (data not

shown). Furthermore, and in contrast to results in human

blood, colchicine alone had no effect on TEG parameters in

blood from WT mice (R = 7�3 � 0�7 vs 7�4 � 0�8 min,

n = 11). Together, these results indicate that IL-6 stimulates

coagulation by causing release of a-defensin, which can be

prevented by colchicine.

a-Defensin, IL-6, coagulation and fibrinolysis in patients
with COVID-19

We then studied the effect of a-defensins on clot formation

and fibrinolysis in blood from patients with COVID-19.

Whole blood samples from 19 patients with moderate disease

and 13 healthy controls were compared. Plasma levels of IL-6

and a-defensins were measured and TEG performed in the

presence and absence of tPA. Plasma levels of both IL-6 and

a-defensin were elevated in samples from patients (IL-6:

321 � 81 pg/ml, n = 19 vs 2�1 � 0�41 pg/ml, n = 13;

IL-6 + Colchicine

IL-6

IL-6 + Colchicine

IL-6

Cont IL-6

(A)

(B)

(C)

(D)

(E)

Fig 4. (A) Effect of IL-6 on a-defensins release from neutrophils. IL-6 was added to isolated human neutrophils (10–100 pg/ml) for one hour in

the presence (orange lines) or absence (blue lines) of colchicine (10 nM) with constant gentle agitation; the cells were pelleted and a-defensins in
the supernatant fluid was measured.25 The result (mean � SEM) of three experiments is shown. (B–E) Effect of IL-6 on clot formation. Clot for-

mation was assayed by thrombelastography (TEG).25 Human blood pooled from six healthy volunteers collected in citrate was pre-incubated with

or without IL-6 (50 pg/ml) and with or without colchicine (10 nM) for one hour as in (A). Coagulation was initiated by adding kaolin,25 and

clot formation was monitored by TEG (B), and the R values, a angles and maximal amplitude (MA) values were calculated (C–E). In other

experiments, a-defensin was added instead of IL-6 in the presence or absence of colchicine (10 nM). The results shown are representative of three

experiments. [Colour figure can be viewed at wileyonlinelibrary.com]
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tPA

tPA + IL-6

(A)

(B)

Fig 5. Effect of IL-6 on fibrinolysis. (A) Clot formation and lysis were assayed by thrombelastography (TEG).25 Human blood pooled from six

healthy volunteers collected in citrate was pre-incubated with or without IL-6 (50 pg/ml) for one hour. Tissue plasminogen activator (tPA;

10 nM) was added to samples preincubated with IL-6 (tPA+IL-6) or without IL-6 (tPA) immediately before kaolin was added to initiate coagula-

tion.25 The results shown are representative of three independent experiments. (B) Fibrinolysis (Ly) was calculated from experiments performed

as in (A) and in triplicate in the presence of tPA alone (tPA) or tPA and IL-6 (tPA+IL-6). In other experiments, a-defensin (64 ng/ml) was added

instead of IL-6 (tPA+ a-Def). In a third set of experiments, tPA was added together with IL-6 and colchicine (10 nM; tPA+IL-6+Colch) or with
a-defensin and colchicine (10 nM; tPA+ a-Def+Colch) or colchicine alone (Colch). The results (mean � SD) were calculated from three indepen-

dent experiments, each performed in triplicate. MA, maximal amplitude. [Colour figure can be viewed at wileyonlinelibrary.com]
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P < 0�01; a-defensins 22�3 � 5�1 ng/ml, n = 19 vs

1�7 � 1�1 ng/ml, n = 13; P < 0�02). The increase in IL-6 and

a-defensins correlated with acceleration of clot formation

measured by TEG, that is, R values were shorter (7�2 � 0�62;
n = 13 vs 3�9 � 0�44 min; n = 19; P < 0�01), the a-angles
were higher (44�1 � 3�9; n = 13 to 77�9 � 8�6 degrees,

n = 19; P < 0�001; and MA values were greater (60�4 � 2�6;
n = 13 vs 71�8 � 3�1, n = 19; P < 0�03), consistent with

reports by others.34 To study the effect of IL-6 and a-de-
fensins on fibrinolysis, tPA (10 nM) was added to whole

blood as in Abu-Fanne et al.25 The levels of IL-6 and a-de-
fensins each correlated with a reduction in the Ly30 (%)

compared to controls (93�8 � 2�1, n = 13 vs 43�8 � 4�2,
n = 19; P < 0�0001), indicating the clots were more resistant

to fibrinolysis, findings in line with observations in defensin

transgenic mice.25

Fibrinogen concentration and coagulation in COVID-19
patients

The plasma concentration of fibrinogen in COVID-19

patients (613�4 � 66�3 mg/dl; n = 19) was higher than in the

control population (431�6 � 47�0 mg/dl, n = 13; P < 0�03)
as reported by others.27 Although changes in fibrinogen con-

centration over this range (400 to 700 mg/dl) are not

reported to affect the a-angle and to have small effects on

the MA,35 we compared TEG results in samples from non-

COVID-19 patients with plasma fibrinogen between 400 and

450 (n = 17) and 600 and 650 mg/dl (n = 9). Consistent

with findings by others,35 levels of fibrinogen in this range

(422–637 mg/dl) had no significant effect on the R values

(6�8 � 0�4 vs 6�7 � 0�9 min; P = 0�95); MA 61�8 � 2�9 vs

63�4 � 3�4 (P = 0�97); a-angles 43�5 � 5�5 vs 44�1 � 7�2
degrees or Ly30 values after the addition of tPA (91 � 9�5%
vs 93 � 5�3%; P = 0�92).

Discussion

In this study, plasma levels of a-defensin tracked with disease

severity on admission and with clinical improvement or dete-

rioration thereafter. Immunohistochemical staining of lung

sections from patients dying of COVID-19 showed extra-va-

sation of a-defensin from neutrophils to intravascular

thrombi and intra-alveolar fibrin. Plasma levels of a-defensin
also correlated with previously reported elevations in plasma

IL-6 and D-dimers.10 IL-6 stimulated neutrophils to release

a-defensin, which accelerated the rate of clot formation and

inhibited fibrinolysis, assessed by TEG. Colchicine, which

inhibits release of a-defensin,25 inhibited the procoagulant

effect of IL-6 in vitro and patients with COVID-19 given col-

chicine developed lower plasma levels of a-defensin and D-

dimers than those who were not treated.

One limitation of our study is that it was not powered

sufficiently to draw conclusions regarding a-defensin and

premorbid conditions that impact the course of COVID-19

(e.g. diabetes, hypertension and cardiovascular disease). A

second limitation is the open-label design of the intervention

study. Larger prospective blinded studies will be needed to

address both limitations. Third, additional work will be

needed to study the detailed structure of clots formed in

patients with COVID-1925 to correlate with the analyses by

TEG.

Nevertheless, these data link the innate immune response

in patients infected with COVID-19 (generation of IL-6) to

inflammation (release of a-defensin by activated neutrophils)

to development of a procoagulant state, an effect that was

attenuated by colchicine. This hypothesis is supported by a

recent report that the levels of D-dimers were lowed and

outcome was improved in COVID-19 patients receiving col-

chicine.36,37 Randomized clinical trials to test this possibility

are under way.

We hypothesize that our findings in patients with

COVID-19 may prove relevant to the pathogenesis of throm-

boembolic complications in patients with pneumonia caused

by influenza and other forms of acute lung injury that are

mediated at least in part by intense neutrophil activation.38,39

The immunohistochemical distribution of a-defensin we

observed in the lungs of patients who died of COVID-19

suggests that colchicine may also have beneficial effects on

other neutrophil-dependent pathogenic processes that con-

tribute to acute lung injury, for example, those involving loss

of endothelial–epithelial barrier function and injury to alveo-

lar lining cells.24,40
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