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Platelet-monocyte interaction amplifies thromboinflammation through
tissue factor signaling in COVID-19
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* Platelet-monocyte
interaction engages a
reciprocal activation
loop that feeds
thromboinflammation
in COVID-19.

« Platelet adhesion is a
primary signaling
mechanism for
monocyte activation
that is amplified by
tissue factor-
dependent signaling.

Accumulating evidence into the pathogenesis of COVID-19 highlights a hypercoagulability
state with high risk of life-threatening thromboembolic complications. However, the
mechanisms of hypercoagulability and their link to hyperinflammation remain poorly
understood. Here, we investigate functions and mechanisms of platelet activation and
platelet-monocyte interactions in inflammatory amplification during SARS-CoV-2
infection. We used a combination of immunophenotyping, single-cell analysis, functional
assays, and pharmacological approaches to gain insights on mechanisms. Critically ill
patients with COVID-19 exhibited increased platelet-monocyte aggregates formation. We
identified a subset of inflammatory monocytes presenting high CD16 and low HLA-DR
expression as the subset mainly interacting with platelets during severe COVID-19.
Single-cell RNA-sequencing analysis indicated enhanced fibrinogen receptor Mac-1 in
monocytes from patients with severe COVID-19. Monocytes from patients with severe
COVID-19 displayed increased platelet binding and hyperresponsiveness to P-selectin and
fibrinogen with respect to tumor necrosis factor-a and interleukin-1@ secretion. Platelets
were able to orchestrate monocyte responses driving tissue factor (TF) expression,
inflammatory activation, and inflammatory cytokines secretion in SARS-CoV-2 infection.
Platelet-monocyte interactions ex vivo and in SARS-CoV-2 infection model in vitro
reciprocally activated monocytes and platelets, inducing the heightened secretion of a
wide panel of inflammatory mediators. We identified platelet adhesion as a primary
signaling mechanism inducing mediator secretion and TF expression, whereas TF
signaling played major roles in amplifying inflammation by inducing proinflammatory
cytokines, especially tumor necrosis factor-a and interleukin-13. Our data identify
platelet-induced TF expression and activity at the crossroad of coagulation and
inflammation in severe COVID-19.
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Introduction

Hypercoagulability is central in pathophysiology and also a signifi-
cant determinant of mortality in patients with COVID-19."* Pulmo-
nary and extrapulmonary microvascular thrombosis is associated
with multiorgan failure,>” occurring more frequently in COVID-19
than in influenza pneumonia.”® Although heparin treatment may be
beneficial,® persistent hypercoagulability and thromboinflammatory
tissue damage have been reported despite prophylactic anticoagula-
tion.>'%"" Markers of coagulation and inflammation, including
p-dimers, tumor necrosis factor-a (TNF-at) and interleukin 6 (IL-6)
are early predictors of respiratory distress and mortality during
COVID-19.">"®  Overwhelming inflammatory activation ~ (“cytokine
storm”) may both sustain and be amplified by hypercoagulability.'”'®
Nevertheless, the mechanisms of hypercoagulability in COVID-19
patients and how it is linked to hyperinflammation are still to be
determined.

Platelets are blood cells classically known by their roles in thrombo-
sis and hemostasis.'® Beyond their hemostatic activities, platelets
orchestrate inflammatory response, secreting inflammatory mediators
and forming heterologous aggregates with leukocytes.'®? Activated
platelets adhere to leukocytes reprogramming their cellular functions
through juxtracrine signals from P-selectin and fibrinogen-bearing
integrins.2>?° Severe COVID-19 evolves with platelet hyperactivity
and increased platelet-monocyte, lymphocyte, and neutrophil aggre-
gates formation.?®° COVID-19 postmortem pathological findings
show extensive areas of microvascular tissue thrombosis containing
platelet-neutrophil complexes and NETosis.>® Intravascular and air-
ways NETosis is associated with case severity and mortality,® and
activated platelets in COVID-19 are a determinant to NET extru-
sion.>®® We have recently shown that increased platelet activation
and platelet-monocyte interaction in severe COVID-19 induce patho-
logic expression of tissue factor (TF),2® the main trigger of coagula-
tion activation and thrombosis.®' Interestingly, TF-expressing
monocytes represent a subset of inflammatory monocytes highly
expressing proinflammatory cytokines in people living with HIV,'® but
the participation of platelets in this monocyte subset reprogramming
remains unknown. Our central hypothesis is that platelet-induced
procoagulant and proinflammatory signaling in monocytes are linked,
amplifying inflammation and hypercoagulability in COVID-19.

Here, we identified platelet and monocyte activation mechanisms
involved in reciprocal loops of cellular communication that feed the
thromboinflammatory process in COVID-19. We report new mecha-
nisms of platelet-monocyte signaling involving adhesion-mediated TF
expression and activity, which drives activation and proinflammatory
cytokine secretion in monocytes. We stablish signaling pathways
linking coagulation and inflammation in severe COVID-19 by identi-
fying novel mechanisms of thromboinflammation associated with
severity and mortality in critically ill patients.

Material and methods
Human subjects

We prospectively enrolled a cohort of 68 reverse transcription poly-
merase chain reaction-confirmed patients with mild (hn = 22) to
severe (n = 46) COVID-19 and 25 SARS-CoV-2-negative control
subjects. Blood was obtained from the 46 patients with severe
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COVID-19 within 72 hours from intensive care unit (ICU) admission
in 3 reference centers (Instituto Estadual do Cérebro Paulo Nie-
meyer, Hospital Copa Star, and Leblon Campaign Hospital, all in
Rio de Janeiro, Brazil). Severe COVID-19 was defined as those criti-
cally ill patients presenting viral pneumonia on computed tomogra-
phy scan and requiring oxygen supplementation through either a
nonrebreather mask or mechanical ventilation. Twenty-two outpa-
tients presenting mild, self-limiting COVID-19 syndrome were also
included. All patients had SARS-CoV-2-confirmed diagnostic
through reverse transcription polymerase chain reaction of nasal
swab or tracheal aspirates. Peripheral blood samples were collected
from 25 SARS-CoV-2-negative control volunteers. The characteristics
of mild, severe, and control participants are presented in Table 1.
Patients with mild and severe COVID-19 presented differences

Table 1. Characteristics of patients with COVID-19 and control
donors

Control Mild Severe

Characteristics* (n = 25) (n = 22) (n = 46)
Age, y 48 (39-58) 41 (32-50) 58 (47-66)
Male 10 (40%) 9 (41%) 23 (50%)
Respiratory support

Oxygen supplementation 0 (0%) 0 (0%) 16 (35%)

Mechanical ventilation 0 (0%) 0 (0%) 30 (65%)
SAPS I - - 60 (47-68)
PaO,/FiO, ratio = = 152 (127-280)
Vasopressorst 0 (0%) 0 (0%) 16 (35%)
Time from symptom onset 8 (6-16) 11 (7-16)

to blood sample, d
28-d mortality 0 (0%) 0 (0%) 18 (39%)
Comorbidities

Obesity 2 (8%) 1 (5%) 10 (22%)

Hypertension 2 (8%) 4 (18%) 25 (54%)F

Diabetes 0 (0%) 1 (5%) 16 (35%)%

Cancer 0 (0%) 0 (0%) 4 (9%)

Heart disease§ 0 (0%) 0 (0%) 3 (7%)
Presenting symptoms

Cough 0 (0%) 8 (36%) 26 (57%)

Fever 0 (0%) 8 (36%) 29 (63%)

Dyspnea 0 (0%) 3 (14%) 29 (63%)

Headache 0 (0%) 7 (32%) 5 (11%)

Anosmia 0 (0%) 6 (27%) 11 (24%)
Laboratory findings

at admission

Leukocytes, X1000/uL - 7.6 (6.2-15.5) 13 (9.1-18.4)

Lymphocytes, cells/pL = 2156 (2015-2983) 1057 (567-1540)

Monocytes, cells/pL - 447 (308-620) 672 (473-848)

Platelet count, X1000/uL = 188 (26-198) 194 (155-268)

*Numerical variables are represented as the median and the interquartile range, and
qualitative variables are represented as the number and the percentage.

tDopamine, epinephrine/norepinephrine, vasopressin, or phenylephrine.

#P < .05 compared with control. The qualitative variables were compared using the
2-tailed Fisher exact test, and the numerical variables using the t test for parametric and
the Mann-Whitney U test for nonparametric distributions.

§Coronary artery disease or congestive heart failure.
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regarding the age and the frequency of comorbidities (Table 1),
which is consistent with previous reports.*>3* Subjects of older age
and chronic noncommunicable diseases were also recruited in the
SARS-CoV-2-negative control group to match with patients with
mild and severe COVID-19, except for hypertension and diabetes
(Table 1).

All ICU-admitted patients received usual supportive care for severe
COVID-19, including either noninvasive oxygen supplementation
(n = 16) or mechanical ventilation (n = 30) (supplemental Table 1).
Clinical information from all patients with severe COVID-19 was col-
lected using a standardized form: ISARIC/World Health Organiza-
tion Clinical Characterization Protocol for Severe Emerging
Infections.®® Clinical and laboratory data were prospectively
recorded and the primary outcome analyzed was 28-day mortality
(n = 28 survivors and 18 nonsurvivors; supplemental Table 2). Sex,
age, and the frequency of comorbidities were not different between
severe patients requiring mechanical ventilation or noninvasive oxy-
gen supplementation neither between survivors and nonsurvivors
(supplemental Tables 1 and 2). All clinical investigations were con-
ducted according to the principles of the Declaration of Helsinki.
The study protocol was approved by the National Review
Board (Comissao Nacional de Etica em Pesquisa — CONEP
30650420.4.1001.0008), and informed consent was obtained from
all participants or patients’ representatives.

Monocyte adhesion on immobilized P-selectin
or fibrinogen

Monocyte adhesion assays were performed as previously des-
cribed.® Briefly, 8-well Lab-Tek plates were incubated overnight at
4°C with phosphate-buffered saline (PBS) containing recombinant
human albumin, P-selectin (10 pg/mL), or fibrinogen (100 pg/mL)
and then blocked with albumin (10 mg/mL) for 4 hours at room tem-
perature. The plates were washed twice with PBS containing
0.05% Tween-20 and 3 times with PBS. Monocytes (1 X 10°)
from patients with severe COVID-19 or control subjects were resus-
pended in 100 pL of M199 containing 10 mg/mL polymyxin B,
plated on the coated surfaces and incubated overnight at 37°C in a
5% CO, atmosphere. After 12 hours postplating, the supernatants
were harvested, centrifuged to remove loose cells (500 g for 15
minutes) and stored for further quantification of inflammatory media-
tors. Adherent cells were fixed with 4% paraformaldehyde and the
nuclei were stained with DAPI (1 pg/mL) and analyzed by fluores-
cence microscopy.

Platelet-monocyte ex vivo interaction

To examine whether platelets from COVID-19 patients modulate
thromboinflammatory responses in monocytes from healthy volun-
teers, purified platelets and monocytes were incubated ex vivo at
37°C in a 5% CO, atmosphere. Each experimental point contained
2 X 10° monocytes from a patient with COVID-19 with 2 X 107
platelets from a healthy volunteer, or 2 X 10° monocytes from a
healthy volunteer with 2 X 107 platelets from a patient with
COVID-19. Control monocytes plus platelets from a different
healthy volunteer were used as control. In selected experiments,
platelet-monocyte interactions were performed in the presence of
neutralizing antibodies against P-selectin (BBA30; R&D Systems)
(20 pg/mL), TF (clone 10H10 or 5G9) (50 pg/mL), the anti-integrin
apBs monoclonal antibody abciximab (50 upg/mL), or isotype-
matched immunoglobulin G (IgG; 50 pg/mL). Platelet-monocyte
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interactions were also performed in the presence of aspirin
(100 uM, A5376; Sigma), clopidogrel (300 uM, PHR1431; Sigma),
or dimethyl sulfoxide (DMSO; vehicle). After 0.5, 2, or 18 hours of
interaction, cells were centrifuged, the supernatants were harvested,
and cells were fixed with 4% paraformaldehyde for flow cytometry
analysis as described in supplemental Material. The experiment was
repeated using monocytes from 2 to 3 independent healthy volun-
teers with similar results, and a representative data from 1 of the
donors is shown. Monoclonal anti-TF antibodies were kindly pro-
vided by Wolfram Ruf (Johannes Gutenberg University Medical
Center, Mainz, Germany; and Department of Immunology and
Microbiology, The Scripps Research Institute, La Jolla, CA).

Platelet-monocyte infection in vitro

SARS-CoV-2 was originally isolated from nasopharyngeal swabs of
a confirmed case from Rio de Janeiro/Brazil (GenBank accession
no. MT710714). The virus was amplified for 2 to 4 days in Vero E6
cell cultures in high-glucose Dulbecco Modified Eagle’s Medium
supplemented with 2% fetal bovine serum at 37°C in 5% CO,
atmosphere. Virus titers were determined by the tissue culture infec-
tious dose at 50% and the virus stocks kept in —80°C freezers until
use. All procedures involving SARS-CoV-2 culture were performed
in a biosafety level 3 facility. Platelets (2 X 107) and monocytes
(2 X 10° were infected with SARS-CoV-2 separately or in combi-
nation (multiplicity of infecton = 0.01 virus per monocyte). In
selected experiments, platelet-monocyte cocultures were infected in
the presence of abciximab, anti-TF antibodies (clone 10H10 or
5G9), or isotype-matched IgG (50 pg/mL), or the PAR-1 inhibitor
SCH79797 (6 uM, Tocris 1592), PAR-2 inhibitor AZ3451 (10 pM,
Sigma SML2050), or DMSO (vehicle). After 12 hours of infection,
supernatants were harvested and stored for future analysis, and
cells were fixed with 4% paraformaldehyde for flow cytometry analy-
sis as described in supplemental Material.

Statistical analysis

Statistics were performed using GraphPad Prism software version
7. All the numerical variables were tested regarding their distribution
using the Shapiro-Wilk test. One-way analysis of variance was used
to compare differences among 3 or more groups following a normal
(parametric) distribution, and Tukey post hoc test was used to
locate the differences between the groups. Comparisons between
2 groups were performed using the Student t test for parametric
distributions or the Mann-Whitney U test for nonparametric
distributions.

Results

Platelet-monocyte interaction associates with
monocyte activation and immune dysfunction in
COVID-19

We have recently described novel mechanisms of platelet activation
and platelet-induced monocyte TF expression that were associated
with hypercoagulability and mortality in patients with severe COVID-
19.2% We then investigated the relationship of platelet-monocyte
aggregate formation and monocyte inflammatory phenotypes during
severe COVID-19. Interaction with platelets was assessed by the
expression of the platelet marker CD41 on the classical
(CD14*CD167), intermediate (CD14""CD16"), and nonclassical
(CD14°*“CD16™) monocyte subsets. As shown in Figure 1A,
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Figure 1. Platelet monocyte interaction associate with monocyte inflammatory activation in COVID-19. (A) The percentage of platelet-monocyte complexes
among classical, intermediate, and nonclassical monocyte subsets from SARS-CoV-2-negative control participants and patients with mild to severe COVID-19 syndrome.
(B) The percentage of platelet-monocyte complexes in HLA-DR-positive or negative monocytes from patients with severe COVID-19. (C) The Log?2 fold change of the
transcripts for P-selectin and fibrinogen receptors P-selectin glycoprotein ligand 1 (SELPG), integrin B4 (ITGB1), integrin B, (ITGB2), integrin ax (ITGAX), and integrin apy
(ITGAM) in monocytes from patients with severe COVID-19. *P < 2.5 X 10 '°, (D-F) The percentage of CD11b-positive monocytes in blood from SARS-CoV-2-negative

control participants and patients with mild to severe COVID-19 syndrome (D); or from patients with severe COVID-19 stratified according to the requirement of invasive

mechanical ventilation or noninvasive O, supplementation (E) or the 28-day mortality outcome as survivors or nonsurvivors (F). The horizontal lines in the box plots represent

the median, the box edges represent the interquartile ranges, and the whiskers indicate the minimal and maximal value in each group. *P < .05 compared with control in the

same monocyte subset; #P < .05 between selected groups.

patients with COVID-19 presented increased levels of platelet-
monocyte aggregates specifically in CD16™ intermediate and non-
classical monocytes. In addition, platelet-monocyte aggregates
formed preferentially with HLA-DR-negative monocytes (Figure 2B;
supplemental Figure 1). These data highlight a strong association of
platelet-monocyte aggregate formation with monocyte inflammatory
activation and immune dysfunction in severe COVID-19.

Monocytes from patients with COVID-19 secrete
proinflammatory cytokines in response to P-selectin
and fibrinogen

Considering the relationship between monocyte immunoinflamma-
tory phenotype and interaction with platelets in severe COVID-19
(Figure 1A-B), we investigated the expression of monocyte adhesion
molecules that mediate platelet-leukocyte aggregate formation.
Single-cell RNA analysis has shown that the fibrinogen receptor
Mac-1 subunits integrin oy and integrin 3, transcripts are increased
in monocytes from patients with severe COVID-19 (Figure 1C; sup-
plemental Figure 2). We confirmed through flow cytometry that
integrin oy (CD11b) expression is increased on monocytes from
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patients with severe COVID-19 compared with patients with mild
COVID-19 or control subjects (Figure 1D), indicating increased
Mac-1 expression. Importantly, Mac-1 expression was higher in
mechanically ventilated patients compared with patients under non-
invasive oxygen supplementation (Figure 1E) and in patients that
evolved with mortality compared with hospital discharge (Figure 1F).

To gain insights on how monocytes from severe COVID-19 patients
respond to the molecules that mediate platelet-monocyte aggregate
formation, we performed monocyte adhesion assays on P-selectin-
or fibrinogen-coated surfaces. As expected, monocytes from healthy
volunteers showed increased adhesion to recombinant P-selectin
and fibrinogen when compared with recombinant human albumin
(Figure 2A). Monocytes from patients with severe COVID-19, on
the other hand, were more adhesive and secreted higher levels of
IL-6, IL-10, and MCP-1/CCL2 regardless of the surface on which
they were adhered (Figure 2A-B; supplemental Figure 3A-B). Impor-
tantly, monocytes from severe COVID-19 patients were more
responsive to P-selectin- and fibrinogen-coated surfaces regarding
the secretion of TNF-«, IL-1B, IL-8, MIP-1a, and MIP-13 compared
with control monocytes (Figure 2C-D; supplemental Figure 3D-F).
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Figure 2. Monocytes from patients with severe COVID-19 are hyperresponsive to P-selectin and fibrinogen regarding inflammatory cytokine secretion.

Monocytes (1 X 10°) from patients with severe COVID-19 or control participants were plated on recombinant human albumin, P-selectin, or fibrinogen coated surfaces.
(A) The number of monocytes (DAPI, nuclei) adhered on each condition is shown. Scale bar represents 100 um. (B-D) The concentration of MCP-1/CCL2 (B), TNF-a (C),
and IL-1B in each condition (D). Bars represent mean = standard error of the mean of monocytes from 5 independent control participants and 6 independent patients with

severe COVID-19. #P < .05 compared with monocytes from control participants in the same condition; *P < .05 compared with albumin.

These data indicate that monocytes from severe COVID-19
patients present higher responsiveness to P-selectin and fibrinogen
regarding inflammatory cytokine secretion, especially TNF-a, IL-1,
and IL-8.

Platelet adhesion and induction of TF expression
precede monocyte inflammatory activation

We have recently shown that activated platelets from patients with
severe COVID-19 induce monocyte TF expression.?® We hypothe-
sized that besides procoagulant pathways, platelet-monocyte inter-
action also orchestrates inflammation in COVID-19. To confirm this
hypothesis, we incubated monocytes from healthy volunteers with
platelets from patients with severe COVID-19 ex vivo (Figure 3A)
and evaluated the kinetics of monocyte TF and CD16 expression.
Platelets from patients with severe COVID-19 rapidly formed aggre-
gates with control monocytes and induced TF expression up to
2 hours after interaction compared with platelets from heterologous
healthy volunteers (green and red lines in Figure 3B-C). The interac-
tion with platelets from patients with severe COVID-19 also
increased CD16 expression on control monocytes, even though at
a later time point (Figure 3D).

As previously reported, monocytes from severe COVID-19 patients
present increased aggregation with platelets and higher TF expres-
sion at baseline (white symbols in Figure 3B-C).?® Interestingly,
when monocytes from patients with severe COVID-19 were
exposed to platelets from healthy volunteers, platelet-monocyte

L b]OOd advances 13 SEPTEMBER 2022 - VOLUME 6, NUMBER 17

aggregates formation, and TF expression were further enhanced
(blue lines in Figure 3B-C), indicating that platelet-monocyte aggre-
gates from patients with severe COVID-19 recruit resting platelets
to amplify TF expression. Even though the addition of control plate-
lets potentiated aggregate formation and TF expression by COVID-
19 monocytes, these were transient responses, while the interaction
of control monocytes with COVID-19 platelets was sustained
(Figure 3B-C). Collectively, these data suggest that platelet-
mediated monocyte procoagulant and proinflammatory activation fol-
low different kinetics and involve a complex set of signals influenced
by infection-driven phenotypes of both platelets and monocytes.

Platelet-monocyte interaction drives inflammatory
mediator secretion in COVID-19

Previous studies from our group and others have demonstrated the
ability of activated platelets to regulate monocyte transcription and
secretion of inflammatory mediators.2%37%° To characterize the pat-
tern of inflammatory mediator secretion by platelet-monocyte aggre-
gates in COVID-19, monocytes from healthy volunteers were
exposed to platelets from patients with severe COVID-19 or plate-
lets from a different healthy volunteer. Monocytes from patients with
severe COVID-19 were also incubated with platelets from control
participants (Figure 4A). The levels of cytokines and eicosanoids
were quantified at 18 hours after interaction. As shown in Figure
4A-C and supplemental Figure 4A, increased secretion of the proin-
flammatory cytokines TNF-, IL-13, and IL-8/CXCL8 was observed
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Figure 3. Platelet-monocyte aggregates formation, TF expression, and CD16 expression follows differential kinetics in COVID-19. (A) Monocytes from healthy

volunteers (control monocyte) were incubated in the absence of platelets (open circles) or with platelets from severe COVID-19 patients (COVID-19 platelets, red circles) or

from a different healthy volunteer (control platelets, gray circles) for the indicated time points. Monocytes from COVID-19 patients (COVID-19 monocyte) were also
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aggregates formation (B), TF-expressing monocytes (C), and CD16-positive monocytes (D) are shown. Dots represent mean * standard error of 4 to 6 platelet and

monocyte combinations from patients with COVID-19 or control participants. All experiments were repeated with cells from at least 2 independent control participants

exposed to platelets or monocytes from the same patients with COVID-19 with similar results, and a representative data from 1 of the donors is shown. #P < .05 compared

with baseline; *P < .05 compared with control monocytes exposed to control platelets.

in monocytes from healthy volunteers that interacted with platelets
from patients with severe COVID-19, but not with control platelets.
Furthermore, monocytes from healthy volunteers exposed to plate-
lets from patients with COVID-19, or monocytes from patients with
COVID-19 exposed to platelets from healthy volunteers secreted
heightened levels of IL-10 and PGE,, which was not observed
when control monocytes were exposed to control platelets (Figure
4D-E). Platelet-monocyte interactions also increased the secretion
of the cytokines IL-1RA and IL-6, the chemokine CCL2/MCP-1, and
the platelet-derived factors PF4/CXCL4 and PDGF regardless the
source of the cells (from COVID-19 or from healthy donors) (Figure
4F-l; supplemental Figure 8C-D). These data highlight an inflamma-
tory cytokine pattern that is characteristic of platelet-monocyte
interactions involving platelets or monocytes from patients with
COVID-19 (Figure 4A).

Platelets respond to SARS-CoV-2 and orchestrate
monocyte activation in vitro

We next investigated the platelet and monocyte responses to
SARS-CoV-2 separately and in combination. Platelets, monocytes,
or platelet-monocyte cocultures (100 platelets per monocyte) were
incubated with SARS-CoV-2 in vitro (multiplicity of infection, 0.01
virus per monocyte and 0.0001 virus per platelet) (Figure 5A). Plate-
let exposure to SARS-CoV-2 significantly increased platelet activa-
tion and secretion of granule-stored factors (Figure 5B-C).
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Importantly, the conjunct cytokines secreted by monocytes incu-
bated in the presence of platelets showed increased diversity com-
pared with monocytes infected alone (Figure 5D). Although
monocytes exposed to SARS-CoV-2 alone enhanced the secretion
of TNF-a,, MIP-1a, and MIP-18, monocytes incubated in the pres-
ence of platelets showed higher secretion of the inflammatory cyto-
kines IL-1B, IL-18, and IL-1RA, and the chemokines IL-8/CXCLS,
MIG/CXCL9, IP10/CXCL10, MCP-1/CCL2, and MCP-3/CCL7
(Figure 5D; supplemental Figure 9C-l). Monocytes infected in the
presence of platelets also displayed increased CD16 and TF
expression as compared with monocytes alone (Figure 5D). HLA-
DR downregulation was a monocyte response to SARS-CoV-2
independent on the presence of platelets (Figure 5D). These data
highlight platelet recognition and response to SARS-CoV-2 and
platelet ability to reprogram monocyte responses to virus.

Platelet-monocyte interaction reciprocally
activates platelets

An important step of our investigation was to examine whether
platelet-monocyte interaction could also impact on the secretion of
platelet-derived mediators. Interestingly, the secretion of PDGF,
PF4, and TXB,, mediators produced exclusively by platelets, was
increased when platelets from healthy volunteers interacted with
monocytes from patients with severe COVID-19 or from different
control subjects (Figure 4H-l; supplemental Figure 4D). Platelets
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Figure 4. Platelet-monocyte interactions increase the secretion of inflammatory mediators in COVID-19. (A) Monocytes from healthy volunteers (control

monocyte) were incubated with platelets from patients with severe COVID-19 (COVID-19 platelets) or from a different healthy volunteer (control platelets) for 18 hours, and

the indicated inflammatory mediators were quantified in the supernatants. Monocytes from patients with COVID-19 (COVID-19 monocyte) were also incubated with platelets
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with similar results, and a representative data from 1 of the donors is shown. *P < .05 between selected groups.

from patients with COVID-19 were also responsive to the interaction
with monocytes from healthy volunteers by releasing PF4/CXCL4
and PDGF, as compared with platelets alone (Figure 4H-l). Similarly,
platelets exposed to SARS-CoV-2 in vitro in the presence of mono-
cytes secreted higher levels of PF4/CXCL4, sCD62P, PDGF, and
RANTES/CCLS5 than platelets exposed to SARS-CoV-2 only (Figure
5E-F). Comparable results were observed with platelets from healthy
volunteers stimulated with thrombin in vitro (supplemental Figure 5K-
M), indicating that platelet activation by interaction with monocytes
is not a COVID-19 exclusive feature. These data show that platelet-
monocyte adhesion induces 2-way signals that affect not only the
monocytes but also the platelets, increasing the secretion of stored
and newly synthesized platelet factors.

Platelets from patients with COVID-19 activate
monocytes through TF-dependent and
TF-independent signaling

We have recently shown that P-selectin and integrin oy,/Bs play
major roles in platelet-induced TF expression in monocytes in severe
COVID-19.2° Besides its roles in coagulation, monocyte TF expres-
sion and activity have been implicated in inflammatory cytokine pro-
duction and immune activation.'® Considering the earlier kinetics of
platelet-induced TF compared with CD16 expression on monocytes
(Figure 3), we hypothesized that platelet-induced TF expression
might contribute to monocyte inflammatory responses during
platelet-monocyte aggregate formation. To investigate whether TF is
involved on platelet-monocyte signaling, we performed ex vivo
platelet-monocyte coculture in the presence of a neutralizing anti-P-
selectin antibody, the anti-oy,/B3 abciximab, and a pair of isotype-
matched antibodies against distinct epitopes of TF that impair TF
direct signaling (clone 10H10) or coagulation activation (clone
5G9).° In addition, we performed ex vivo platelet-monocyte interac-
tion in the presence of the antiplatelet drugs aspirin and clopidogrel.
As shown in Figure 6A, we identified patterns of platelet-induced
monocyte activation depending not only on P-selectin- and integrin
oyp/Ba-mediated adhesion, but also on TF activity, leading to
increased CD16 expression and TNF-a and IL-13 secretion (Figure
6A). We have also identified platelet-mediated monocyte responses

5092 HOTTZ et al

depending only on P-selectin- and integrin oy/B3, regardless of TF
activity, leading to the secretion of IL-10, IL-8/CXCL8, MIP-1a/
CCL3, and MCP-1/CCL2 (Figure 6A; supplemental Figure 6). In
addition, we used a pharmacological inhibitor that blocks TF coagu-
lant and signaling activities. Exposure of control monocytes to plate-
lets from patients with severe COVID-19 in the presence of TF
inhibitor significantly impaired platelet-induced CD16 expression,
and treatment with TF inhibitor completely blunted P-selectin- or
fibrinogen-induced TNF-a secretion by adhered monocytes (data
not shown). Even though aspirin treatment effectively inhibited plate-
let TXA, synthesis and PF4 secretion, aspirin or clopidogrel was
unable to impair platelet-induced monocyte activation and secretion
(Figure 6B-C; supplemental Figure 7). Importantly, the secretion of
the platelet-derived mediators PDGF, basic FGF, and HGF were
inhibited by anti-P-selectin and/or abciximab (Figure 6A), reassuring
the notion that platelet-monocyte adhesion reciprocally signals to
platelets, activating platelet secretion.

Platelet-monocyte interaction activates monocytes
and platelets through TF-PAR1 and
TF-PAR2 signaling

Finally, we investigated TF-mediated platelet-monocyte signaling in
response to SARS-CoV-2 infection in vitro. Similar to monocytes
exposed to platelets from COVID-19 patients, TF expression in
response to SARS-CoV-2 was dependent on integrin-mediated
platelet adhesion (Figure 7A). Enhanced expression of CD16, TNF-q,
and IL-1B in platelet-monocyte cocultures were dependent on both
integrin ay,/Ba and TF-dependent signaling, whereas MCP-1/CCL2
secretion depended only on integrin signaling but not TF activity
(Figure 7B). The secretion of the platelet-derived mediators PDGF
and sCD62P was also inhibited by blocking the integrin oy,/Bs and
TF coagulation activity with anti-TF 5G9 clone (Figure 7B). To gain
insights on the mechanisms of TF-mediated signaling in platelet-
monocyte interaction, we exposed platelet-monocyte cocultures to
SARS-CoV-2 in the presence of the PAR1 and PAR2 selective inhib-
itors SCH79797 and AZ3451, respectively. As shown in Figure 7C,
monocyte activation and proinflammatory cytokine secretion
depended majorly on PAR1, whereas CD16 expression and IL-13
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Figure 6. Platelets from patients with COVID-19 activate monocytes through surface interaction and TF-mediated signaling. (A) Monocytes from healthy
volunteers were incubated with platelets from patients with severe COVID-19 for 18 hours in the presence of anti-P-selectin (anti-CD62P) neutralizing antibody, the anti-oy/B3
antibody abciximab, anti-TF clone 10H10, anti-TF clone 5G9, or isotype matched IgG. The percent inhibition on platelet-monocyte aggregate formation (CD41™ monocytes),
monocyte CD16 expression, and on cytokine release is shown for each condition. (B-C) Control monocytes were exposed to platelets from patients with severe COVID-19 in
the presence of the antiplatelet drugs aspirin, clopidogrel, or DMSO (vehicle). The percent inhibition on platelet-monocyte aggregate formation, monocyte CD16 expression and
on cytokine release (B) and the percentage of monocytes expressing CD16 (C) are shown for each condition. Bars represent mean * standard error of the mean of monocytes

exposed to platelets from 3 to 6 independent patients with COVID-19. *P < .05 compared with isotype-matched IgG (A) or vehicle (B-C).

Figure 5 (continued) Platelets respond to SARS-CoV-2 and modulate monocytes activation in vitro. (A) Platelets, monocytes, and platelet-monocyte cocultures
were kept uninfected or exposed to SARS-CoV-2 overnight. (B) The percentage of P-selectin in uninfected and SARS-CoV-2-infected platelets. (C) The fold change in
platelet activation markers and mediator secretion after SARS-CoV-2 infection compared with uninfected platelets. (D) The fold change in platelet and monocyte activation
markers and mediator secretion after SARS-CoV-2 infection as compared between infected and uninfected monocytes (left), infected and uninfected platelet-monocyte
cocultures (middle), or in infected cocultures compared with monocytes infected alone (right). (E) The fold change in platelet activation markers and mediator secretion in
SARS-CoV-2 infected cocultures compared with platelets infected alone. (F) Soluble P-selectin (sCD62P) concentration in platelets, monocytes, or platelet-monocyte
cocultures after SARS-CoV-2 infection. Bars represent mean * standard error of the mean of platelets and/or monocytes from 4 independent donors. *P < .05 compared

with uninfected platelets or between selected groups.
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secretion also dependent on PAR2 activation. Importantly, PAR-1
inhibition also reduced platelet-monocyte aggregate formation
(CD41" monocytes), PDGF and sCD62P secretion, indicating a role
in platelet activation (Figure 7C). Collectively, these data dissect
novel pathways of platelet-delivered proinflammatory signaling to
monocytes through P-selectin- and integrin oy,/Bs, that amplifies
platelet and monocyte activation by driving TF expression and signal-
ing through PAR1 and 2 (Figure 7D).

Discussion

A state of hypercoagulability with high frequency of thromboembolic
complications has emerged as a key pathological feature of
COVID-19.2® Even though coagulation disturbances are common
features of critically ill patients, their frequencies are particularly
higher in severe COVID-19."7124144 Histopathological analysis of
COVID-19 deaths or nonhuman primate infection models have
revealed lung thromboinflammatory features including neutrophil and
macrophage infiltration, NET-containing pulmonary microvascular
thrombosis, and endothelial inflammation with platelet-fibrin deposi-
tion.>”*%47 These thromboinflammatory vascular occlusions are
almost 10 times increased in lungs from COVID-19 fatalities com-
pared with those from influenza pneumonia.”®*? Importantly, inter-
action with platelets is key for monocyte and neutrophil
thromboinflammatory activities in COVID-19, including in driving TF
expression contributing to hypercoagulability state.>?®3° Here, we
provide novel evidence of a platelet-induced proinflammatory ampilifi-
cation program in monocytes through adhesion molecules and
TF-dependent signaling. Moreover, activated monocytes from
patients with COVID-19 recruit and activate platelets, consistent
with a dysregulated amplification loop that is associated with sever-
ity and mortality in COVID-19 patients.

Immune profiling of patients with severe COVID-19 has revealed an
expansion of intermediate and nonclassical monocytes that fail to
engage the adaptive immunity because of lower HLA-DR expres-
sion.'>*849 This monocyte inflammatory program was also associ-
ated with poor outcomes in the patients with COVID-19 in our
cohort (data not shown). Our findings support the idea that these
monocyte subsets are the ones preferentially interacting with plate-
lets during severe COVID-19. Consistently, combined single-cell
transcriptome and surface proteome approaches have shown the
expansion of CD16™ nonclassical monocytes highly expressing
complement and type | IFN transcripts and forming aggregates with
platelets.”® By single-cell RNA-sequencing and flow cytometric anal-
ysis, we identified monocytes highly expressing the leukocyte integ-
rin Mac-1 heterodimer, a fibrinogen receptor that participates in
platelet-monocyte aggregate formation.'® These monocyte pheno-
typic changes may explain the increased affinity to platelets and
higher responsiveness to P-selectin and fibrinogen during severe

COVID-19, leading to TF expression and proinflammatory cytokines
secretion.

Although monocytes from patients with severe COVID-19 are highly
responsive to platelets, the platelet activation status in COVID-19
also contributes to interaction with monocytes leading to TF expres-
sion and inflammatory activation. We and others have previously
reported the ability of activated platelets to modulate monocyte
secretion.>®373° We have demonstrated beforehand that platelet-
monocyte aggregates formation reprogram monocyte cytokine pro-
duction in dengue.®®*° We now report similar results in monocytes
interacting with platelets in SARS-CoV-2 infection, except for a
more proinflammatory profile marked by higher levels of TNF-a and
IL-1B. Interestingly, differential signaling was required for the secre-
tion of distinct cytokines and chemokines in this model. Platelet
adhesion through P-selectin and integrin oyw/B3 is a primary signal
for the secretion of a wide range of mediators, including pro- and
anti-inflammatory cytokines and chemokines and monocyte TF
expression. TF, in its turn, signals to foster monocyte CD16 expres-
sion and pro-inflammatory cytokine production through PAR1 and
PAR2 activation. TF-dependent PAR1 signaling was also involved in
platelet activation during platelet-monocyte aggregate formation
(Figure 7D). In addition to platelet-monocyte interaction, proinflam-
matory factors may also contribute to hyperinflammation and hyper-
coagulability, including in driving TF expression in monocytes.'”'®
Our data describe complex mechanisms of platelet-monocyte inter-
action that depend on contact-mediated signaling and are amplified
by TF-driven inflammatory signaling.

The mechanisms underlying platelet activation in severe COVID-19
are not yet completely understood. Our data demonstrate that plate-
lets are responsive to SARS-CoV-2 in vitro, even though to a lower
extent compared with platelets from patients with COVID-19. Of
note, SARS-CoV-2 RNA, proteins and virions have been detected
in platelets from infected patients, indicating the feasibility of SARS-
CoV-2-induced platelet activation in natural infections.?' >3 Previous
studies have described that exposure to SARS-CoV-2 activates pla-
telets in vitro,54'55 which may involve canonical interaction through
angiotensin-converting enzyme 2,°3%* but also alternative receptors
as CD42 and CD147.%%°%%7 Similar to previously reported obser-
vations,®®®® monocytes were also responsive to SARS-CoV-2
in vitro in the present work. Importantly, our experiments revealed
that monocytes infected together with platelets display amplified
inflammatory activation and secrete higher levels of inflammatory
cytokines. Reports from our group and others have indicated that
the inflammatory mediators in the plasma of patients with COVID-
19 also activate platelets.?®?®° In whole blood from healthy volun-
teers reconstituted with COVID-19 plasma, IL-6 receptor blocking
by tocilizumab inhibits platelet activation, platelet-leukocyte
aggregates formation, and TF expression.?® Therefore, viral and

Figure 7 (continued) Platelet-monocyte interaction induces monocyte and platelet activation through TF-dependent PAR signaling. Platelet-monocyte

cocultures were exposed to SARS-CoV-2 overnight in the presence of the anti-oy,/Bs antibody abciximab, anti-TF clone 10H10, anti-TF clone 5G9, or isotype matched IgG.

(A) The percentage of monocytes expressing TF in platelet-monocyte cocultures exposed SARS-CoV-2 in the presence of abciximab or isotype control IgG. (B) The percent

inhibition on platelet-monocyte aggregate formation (CD41" monocytes), monocyte CD16 expression, and cytokine release from platelets and monocytes is shown for each
condition. (C) Platelet-monocyte cocultures were exposed to SARS-CoV-2 overnight in the presence the PAR1 inhibitor SCH79797, the PAR2 inhibitor AZ3451, or DMSO

(vehicle). The percent inhibition on platelet-monocyte aggregate formation, monocyte CD16 expression, and cytokine release from platelets and monocytes is shown for each

condition. (D) Schematic representation of platelet-monocyte signaling through P-selectin and integrin ay,/Bs surface interaction and TF-mediated inflammatory amplification

through PAR1 and PAR2 during severe COVID-19.
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inflammatory factors clearly contribute to platelet activation, which in
turns amplifies inflammation in COVID-19 by reprogramming mono-
cyte responses. We show that platelet-monocyte interaction acti-
vates both platelets and monocytes through mechanisms requiring
TF-mediated PAR1 and PAR2 signaling, feeding hyperinflammation
and hypercoagulability in a reciprocal amplification loop.

In summary, we describe a monocyte proinflammatory program
depending on platelet-induced TF-mediated signaling during
COVID-19. These platelet-monocyte responses were associated
with severity and mortality in a cohort of ICU-admitted patients.
However, new studies are still necessary to unravel the clinical rele-
vance of these mechanisms. Based on the potential involvement of
these cellular and molecular events in pathophysiological mecha-
nisms of hyperinflammation and hypercoagulability, TF-mediated initi-
ation of coagulation and inflammatory signaling may represent a
target for therapeutic intervention in future clinical research in
COVID-19.

Acknowledgments

The authors thank Guy A. Zimmerman for insightful discussions
and comments on the manuscript, the multiuser facility on muilti-
plex analysis and confocal imaging facility from the Rede de Pla-
taformas Tecnoldgicas FIOCRUZ, and Edson F. Assis for
technical assistance. The authors thank Wolfram Ruf for the anti-
TF monoclonal antibodies.

This work was supported by grants from Inova Fiocruz,
Fundacao de Amparo a Pesquisa do Estado do Rio de Janeiro
(FAPERJ), Fundagao de Amparo a Pesquisa do Estado de Minas
Gerais (FAPEMIG), Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq), and Coordenagao de Aperfei-
goamento de Pessoal de Nivel Superior (CAPES) (P.T.B., FAB,,
TM.L.S., and E.D.H.). The funders had no involvement in study
design, in the collection, analysis, and interpretation of data, in

References

the writing of the report, or in the decision to submit the paper
for publication.

Authorship

Contribution: E.D.H. performed experimental design and execution,
data analyses, and manuscript writing; RM.-G., LP., LG.A-Q,
MM.d.C, CQS, JRT, V.CS, S.S.G.D, and LT. performed part
of the experiments and data analysis; H.LN. and i.C. performed data
analysis; P.K. and C.R. performed patient inclusion, clinical manage-
ment, clinical and laboratorial data compilation, and patient classifi-
cation; B.B.A, HIN, RQM, TMLS, and FAB performed
experimental design and manuscript reviewing; P.T.B. performed
experimental design, manuscript reviewing, and directed the study;
P.T.B. and E.D.H. conceptualized the study; and all authors
reviewed and critically edited the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

ORCID profiles: R.M., 0000-0002-1010-6162; L.P., 0000-
0003-0163-3574; M.d., 0000-0001-9574-4026; C.S., 0000-
0003-3952-7099; J.T., 0000-0002-8092-2149; V.S., 0000-
0002-0552-5995; S.S.G.D., 0000-0002-3104-0983; Lcxv.T.,

0000-0002-6227-3202; [.C., 0000-0002-3484-8718; T.S.,
0000-0003-2212-3899; P.K, 0000-0002-4469-8645; B.A.,
0000-0001-6833-3811; R.M., 0000-0002-5260-2332; F.B.,,

0000-0003-4878-0256; P.B., 0000-0001-8349-9529.

Correspondence: Eugenio D. Hottz, Laboratory of Immuno-
thrombosis, Department of Biochemistry, Federal University of
Juiz de Fora (UFJF), Juiz de Fora, MG 36036-330, Brazil; e-mail:
eugeniohottz@gmail.com or eugenio.hottz@ufjf.br; or Patricia T.
Bozza, Laboratory of Immunopharmacology, Oswaldo Cruz
Institute, Oswaldo Cruz Foundation, Rio de Janeiro 21040-900,
Brazil; e-mail: pbozza@ioc.fiocruz.br or pbozza@gmail.com.

Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters are associated with poor prognosis in patients with novel coronavirus pneumonia.
J Thromb Haemost. 2020;18(4):844-847.

Klok FA, Kruip MJHA, van der Meer NJM, et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb Res.
Middeldorp S, Coppens M, van Haaps TF, et al. Incidence of venous thromboembolism in hospitalized patients with COVID-19. J Thromb

Zhang L, Feng X, Zhang D, et al. Deep vein thrombosis in hospitalized patients with COVID-19 in Wuhan, China: prevalence, risk factors, and
Nicolai L, Leunig A, Brambs S, et al. Inmunothrombotic dysregulation in COVID-19 pneumonia is associated with respiratory failure and coagulopathy.
Middleton EA, He XY, Denorme F, et al. Neutrophil extracellular traps contribute to immunothrombosis in COVID-19 acute respiratory distress
Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in Covid-19. N Eng/ J Med. 2020:

Nicolai L, Leunig A, Brambs S, et al. Vascular neutrophilic inflammation and immunothrombosis distinguish severe COVID-19 from influenza

Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is associated with decreased mortality in severe coronavirus disease 2019

2.
2020;191:145-147.
3.
Haemost. 2020;148(8):1995-2002.
4,
outcome. Circulation. 2020;142(2):114-128.
5.
Circulation. 2020;142(12):1176-1189.
6.
syndrome. Blood. 2020;136(10):1169-1179.
7.
383(2):120-128.
8.
pneumonia. J Thromb Haemost, 2021;19(2):574-581.
9.
patients with coagulopathy. J Thromb Haemost. 2020;18(5):1094-1099.
10.

€ blood advances

Blasi A, von Meijenfeldt FA, Adelmeijer J, et al. In vitro hypercoagulability and ongoing in vivo activation of coagulation and fibrinolysis in COVID-19
patients on anticoagulation. J Thromb Haemost. 2020;18(10):2646-2653.

13 SEPTEMBER 2022 - VOLUME 6, NUMBER 17 TF SIGNALING AMPLIFIES INFLAMMATION IN COVID-19 5097


https://orcid.org/0000-0002-1010-6162
https://orcid.org/0000-0003-0163-3574
https://orcid.org/0000-0003-0163-3574
https://orcid.org/0000-0001-9574-4026
https://orcid.org/0000-0003-3952-7099
https://orcid.org/0000-0003-3952-7099
https://orcid.org/0000-0002-8092-2149
https://orcid.org/0000-0002-0552-5995
https://orcid.org/0000-0002-0552-5995
https://orcid.org/0000-0002-3104-0983
https://orcid.org/0000-0002-6227-3202
https://orcid.org/0000-0002-3484-8718
https://orcid.org/0000-0003-2212-3899
https://orcid.org/0000-0002-4469-8645
https://orcid.org/0000-0001-6833-3811
https://orcid.org/0000-0002-5260-2332
https://orcid.org/0000-0003-4878-0256
https://orcid.org/0000-0001-8349-9529
mailto:eugeniohottz@gmail.com
mailto:eugenio.hottz@ufjf.br
mailto:pbozza@ioc.fiocruz.br
mailto:pbozza@gmail.com

11.

12.

13.

14.

15.

16.
17.
18.

19.

20.

21.

22.

23.
24.
25.

26.

27.
28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sadeghipour P, Talasaz AH, Rashidi F, et al; INSPIRATION Investigators. Effect of intermediate-dose vs standard-dose prophylactic anticoagulation
on thrombotic events, extracorporeal membrane oxygenation treatment, or mortality among patients with COVID-19 admitted to the intensive care
unit: the INSPIRATION Randomized Clinical Trial. JAMA. 2021:325(16):1620-1630.

Giamarellos-Bourboulis EJ, Netea MG, Rovina N, et al. Complex immune dysregulation in COVID-19 patients with severe respiratory failure.
Cell Host Microbe. 2020;27(6):992-1000.

Petrey AC, Qeadan F, Middleton EA, Pinchuk IV, Campbell RA, Beswick EJ. Cytokine release syndrome in COVID-19: innate immune, vascular, and
platelet pathogenic factors differ in severity of disease and sex. J Leukoc Biol. 2021;109(1):55-66.

Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort
study. Lancet. 2020;395(10229):1054-1062.

Zhang L, Yan X, Fan Q, et al. D-dimer levels on admission to predict in-hospital mortality in patients with Covid-19. J Thromb Haemost. 2020:
18(6):1324-1329. doi:

Wang Y, Gao H, Shi C, et al. Leukocyte integrin Mac-1 regulates thrombosis via interaction with platelet GPlba. Nat Commun. 2017;8:15559.
Jose RJ, Manuel A. COVID-19 cytokine storm: the interplay between inflammation and coagulation. Lancet Respir. 2020;8(6):e46-e47.

Schechter ME, Andrade BB, He T, et al. Inflammatory monocytes expressing tissue factor drive SIV and HIV coagulopathy. Sci Trans! Med. 2017;
9(405):eaamb5441.

Stevens H, McFadyen JD. Platelets as central actors in thrombosis-reprising an old role and defining a new character. Semin Thromb Hemost.
2019;45(8):802-809.

Koupenova M, Clancy L, Corkrey HA, Freedman JE. Circulating platelets as mediators of immunity, inflammation, and thrombosis. Circ Res. 2018;
122(2):337-351.

Middleton EA, Rondina MT, Schwertz H, Zimmerman GA. Amicus or adversary revisited: platelets in acute lung injury and acute respiratory distress
syndrome. Am J Respir Cell Mol Biol. 2018;59(1):18-35.

Dib PRB, Quirino-Teixeira AC, Merij LB, et al. Innate immune receptors in platelets and platelet-leukocyte interactions. J Leukoc Biol. 2020;108(4):
1157-1182.

Kapur R, Zufferey A, Boilard E, Semple JW. Nouvelle cuisine: platelets served with inflammation. J Immunol. 2015;194(12):5579-5587.
Semple JW, ltaliano JE Jr, Freedman J. Platelets and the immune continuum. Nat Rev Immunol. 2011;11(4):264-274.

Popa M, Tahir S, Elrod J, et al. Role of CD40 and ADAMTS13 in von Willebrand factor-mediated endothelial cell-platelet-monocyte interaction.
Proc Natl Acad Sci USA. 2018;115(24):E5556-E5565.

Hottz ED, Azevedo-Quintanilha IG, Palhinha L, et al. Platelet activation and platelet-monocyte aggregate formation trigger tissue factor expression in
patients with severe COVID-19. Blood. 2020;136(11):1330-1341.

Manne BK, Denorme F, Middleton EA, et al. Platelet gene expression and function in patients with COVID-19. Blood. 2020;136(11):1317-1329.

Canzano P, Brambilla M, Porro B, et al. Platelet and endothelial activation as potential mechanisms behind the thrombotic complications of COVID-19
patients. JACC Basic Transl Sci. 2021;6(3):202-218.

Taus F, Salvagno G, Cane S, et al. Platelets promote thromboinflammation in SARS-CoV-2 pneumonia. Arterioscler Thromb Vasc Biol. 2020;
40(12):2975-29809.

Skendros P, Mitsios A, Chrysanthopoulou A, et al. Complement and tissue factor-enriched neutrophil extracellular traps are key drivers in COVID-19
immunothrombosis. J Clin Invest. 2020;130(11):6151-6157.

Grover SP, Mackman N. Tissue factor: an essential mediator of hemostasis and trigger of thrombosis. Arterioscler Thromb Vasc Biol. 2018;38(4):
709-725.

Guo T, Fan Y, Chen M, et al. Cardiovascular implications of fatal outcomes of patients with coronavirus disease 2019 (COVID-19). JAMA Cardiol.
2020;5(7):811-818.

Wu C, Chen X, Cai Y, et al. Risk factors associated with acute respiratory distress syndrome and death in patients with coronavirus disease 2019
pneumonia in Wuhan, China. JAMA Intern Med. 2020;180(7):934-943.

Shi S, Qin M, Shen B, et al. Association of cardiac injury with mortality in hospitalized patients with COVID-19 in Wuhan, China. JAMA Cardiol.
2020;5(7):802-810.

Akhvlediani T, Ali SM, Angus DC, et al; ISARIC clinical characterisation group. Global outbreak research: harmony not hegemony. Lancet Infect
Dis. 2020;20(7):770-772.

Hottz ED, Medeiros-de-Moraes IM, Vieira-de-Abreu A, et al. Platelet activation and apoptosis modulate monocyte inflammatory responses in
dengue. J Immunol. 2014;193(4):1864-1872.

Dann R, Hadi T, Montenont E, et al. Platelet-derived MRP-14 induces monocyte activation in patients with symptomatic peripheral artery disease.
J Am Coll Cardiol. 2018;71(1):53-65.

Weyrich AS, Elstad MR, McEver RP, et al. Activated platelets signal chemokine synthesis by human monocytes. J Clin Invest. 1996;97(6):
1525-1534.

Barbosa-Lima G, Hottz ED, de Assis EF, et al. Dengue virus-activated platelets modulate monocyte immunometabolic response through lipid droplet
biogenesis and cytokine signaling. J Leukoc Biol. 2020;108(4):1293-1306.

5098 HOTTZ et al 13 SEPTEMBER 2022 - VOLUME 6, NUMBER 17 & b]OOd advances



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.
55.

56.

57.
58.

59.

60.

Ahamed J, Versteeg HH, Kerver M, et al. Disulfide isomerization switches tissue factor from coagulation to cell signaling. Proc Nat/ Acad Sci USA.
2006;103(38):13932-13937.

Vardakas KZ, Matthaiou DK, Falagas ME. Incidence, characteristics and outcomes of patients with severe community acquired-MRSA pneumonia.
Eur Respir J. 2009;34(5):1148-1158.

Boussekey N, Leroy O, Georges H, Devos P, d'Escrivan T, Guery B. Diagnostic and prognostic values of admission procalcitonin levels in
community-acquired pneumonia in an intensive care unit. Infection. 2005;33(4):257-263.

Wong RSM, Wu A, To KF, et al. Haematological manifestations in patients with severe acute respiratory syndrome: retrospective analysis. BMJ.
2003;326(7403):1358-1362.

Nguyen T, Kyle UG, Jaimon N, et al. Coinfection with Staphylococcus aureus increases risk of severe coagulopathy in critically ill children with
influenza A (H1N1) virus infection. Crit Care Med. 2012;40(12):3246-3250.

Dolhnikoff M, Duarte-Neto AN, de Almeida Monteiro RA, et al. Pathological evidence of pulmonary thrombotic phenomena in severe COVID-19.
J Thromb Haemost. 2020;18(6):1517-1519.

Aid M, Busman-Sahay K, Vidal SJ, et al. Vascular disease and thrombosis in SARS-CoV-2-infected rhesus macaques. Cell. 2020;183(5):1354-
1366.e13.

McMullen PD, Cho JH, Miller JL, Husain AN, Pytel P, Krausz T. A descriptive and quantitative immunohistochemical study demonstrating a
spectrum of platelet recruitment patterns across pulmonary infections including COVID-19. Am J Clin Pathol. 2021;155(3):354-363.

Lucas C, Wong P, Klein J, et al; Yale IMPACT Team. Longitudinal analyses reveal immunological misfiring in severe COVID-19. Nature. 2020;
584(7821):463-469.

Bonnet B, Cosme J, Dupuis C, et al. Severe COVID-19 is characterized by the co-occurrence of moderate cytokine inflammation and severe monocyte
dysregulation. EBioMedicine. 2021;73:103622.

Stephenson E, Reynolds G, Botting RA, et al; Cambridge Institute of Therapeutic Immunology and Infectious Disease-National Institute of Health
Research (CITIID-NIHR) COVID-19 BioResource Collaboration. Single-cell multi-omics analysis of the immune response in COVID-19. Nat Med.
2021;27(5):904-916.

Zaid Y, Puhm F, Allaeys |, et al. Platelets can associate with SARS-Cov-2 RNA and are hyperactivated in COVID-19. Circ Res. 2020;127(11):
1404-1418.

Barrett TJ, Bilaloglu S, Cornwell M, et al. Platelets contribute to disease severity in COVID-19. J Thromb Haemost. 2021;19(12):3139-3153.
Koupenova M, Corkrey HA, Vitseva O, et al. SARS-CoV-2 initiates programmed cell death in platelets. Circ Res. 2021;129(6):631-646.
Zhang S, Liu Y, Wang X, et al. SARS-CoV-2 binds platelet ACE2 to enhance thrombosis in COVID-19. J Hematol Oncol. 2020;13(1):120.

Shen S, Zhang J, Fang Y, et al. SARS-CoV-2 interacts with platelets and megakaryocytes via ACE2-independent mechanism. J Hematol Oncol.
2021;14(1):72.

Maugeri N, De Lorenzo R, Clementi N, et al. Unconventional CD147-dependent platelet activation elicited by SARS-CoV-2 in COVID-19. J Thromb
Haemost. 2022;20(2):434-448.

Li T, Yang Y, Li Y, et al. Platelets mediate inflammatory monocyte activation by SARS-CoV-2 spike protein. J Clin Invest. 2022;132(4):e150101.

Ferreira AC, Soares VC, de Azevedo-Quintanilha IG, et al. SARS-CoV-2 engages inflammasome and pyroptosis in human primary monocytes
[published correction appears in Cell Death Discov. 2021;7(1):116]. Cell Death Discov. 2021;7(1):43.

Dias SSG, Soares VC, Ferreira AC, et al. Lipid droplets fuel SARS-CoV-2 replication and production of inflammatory mediators. PLoS Pathog.
2020;16(12):e1009127.

Petito E, Falcinelli E, Paliani U, et al; COVIR study investigators. Association of neutrophil activation, more than platelet activation, with thrombotic
complications in coronavirus disease 2019. J Infect Dis. 2021;223(6):933-944.

L blOOd advances 13 SEPTEMBER 2022 - VOLUME 6, NUMBER 17 TF SIGNALING AMPLIFIES INFLAMMATION IN COVID-19 5099



	TF1
	TF2
	TF3
	TF4

