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Concerns for the long-term effects of COVID-19 infection have grown due to frequently reported persisting
symptoms that can affect multiple systems for longer than 4 weeks after initial infection, a condition known as
long-COVID-19 or post-acute COVID-19 syndrome (PACS). Even nonhospitalized survivors have an elevated risk
for the development of thromboinflammatory-associated events, such as ischemic stroke and heart failure,
pulmonary embolism and deep vein thrombosis. Recent findings point to the persistence of many mechanisms of
hypercoagulability identified to be associated with disease severity and mortality in the acute phase of the
disease, such as sustained inflammation and endotheliopathy, accompanied by abnormal fibrin generation and
impaired fibrinolysis. Platelets seem to be central to the sustained hypercoagulable state, displaying hyperre-
activity to stimuli and increased adhesive capacity. Platelets also contribute to elevated levels of thromboin-
flammatory mediators and pro-coagulant extracellular vesicles in individuals with ongoing PACS. Despite new
advances in the understanding of mechanisms sustaining thromboinflammation in PACS, little is known about
what triggers this persistence. In this graphical review, we provide a schematic representation of the known
mechanisms and consequences of persisting thromboinflammation in COVID-19 survivors and summarize the
hypothesized triggers maintaining this prothrombotic state.

1. Introduction

The emergence of SARS-CoV-2 had a generalized impact on global
dynamics, affecting not only health systems but also society as a whole,
disrupting supply chains, provoking economic instability and aggra-
vating inequality and previous social vulnerabilities worldwide. Over
the past years, massive research efforts have led to the development of
surveillance for emerging variants of concern, effective immunizers and
antivirals, and a better overall understanding of the physiopathology
and progression of the disease, allowing for lower mortality and reduced
impact on global dynamics. Although these efforts remain of the
outmost importance, concerns for the long-term effects of COVID-19
infection have grown, as survivors of mild and severe infections can
present a series of long persisting symptoms and sequelae affecting
multiple systems, persistent inflammation, and elevated risk for the
development of cardiovascular and thrombotic diseases, a condition that
came to be recognized as post-acute COVID-19 syndrome (PACS) (Davis
et al., 2023; Mantovani et al., 2022). In this graphical review, we
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summarize current evidence of persistent platelet and endothelial acti-
vation as part of the thromboinflammatory mechanisms underlying
PACS, with emphasis on what is known (and still unknown) about the
roles of thromboinflammatory persistence and hypercoagulability in
PACS physiopathology.

2. Post-acute COVID-19 syndrome

Thromboinflammation is a key driver of acute COVID-19 patho-
physiology and is characterized by an exacerbated inflammatory
response that starts in the lungs and becomes systemic. This is accom-
panied by a highly prothrombotic state, with increased activation of the
coagulation cascade and clot formation, evidenced by markedly
elevated D-dimer levels and a high frequency of thrombotic events in
hospitalized patients, reducing the chances of survival (Conway et al.,
2022; Mizurini et al., 2021). The vast majority of the individuals who
face SARS-CoV-2 survive the infection, and although the precise inci-
dence of PACS is still unclear, mainly due to the difficulty in tracking
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nonhospitalized survivors, a systematic review found that the overall
(inpatients and outpatients) median prevalence of symptom persistence
at 60 days after initial infection was 72% (IQR 55-80%) (Nasserie et al.,
2021).

Post-acute COVID-19 syndrome (PACS; long COVID) refers to the
persistence of symptoms after 4 weeks of initial SARS-CoV-2 infection.
Although more common in hospitalization survivors, even those who
experienced mild acute COVID-19 can present a variety of long-lasting
symptoms, including fatigue, muscle weakness, breathlessness, cough,
headache, hypoxia, arrythmia, palpitations, impaired cognition/mem-
ory, loss of taste and smell, anxiety and depression, among others
(Fig. 1).

One of the greatest causes of concern regarding PACS is the elevated
risk for cardiovascular disorders (Fig. 1). Postdischarge ischemic heart
failure, stroke and thrombotic events have been reported in survivors of
severe and moderate COVID-19 infection (Patell et al., 2020). A study
comparing over 150 thousand nonhospitalized, hospitalized and
ICU-admitted COVID-19 survivors found that after one year, even those
who were not hospitalized in acute COVID-19 present an increased risk
for the development of cardiovascular disorders. Moreover, survivors of
hospitalization have an excessive 1-year burden due to deep vein
thrombosis (DVT) and pulmonary embolism (PE), pointing to the
persistence of the thromboinflammatory state long after clearance of the
infection (Xie et al., 2022).

3. Persistence of lung and systemic inflammation

Homeostasis disruption starts in the lungs (usually the first site of
infection) as a result of the inflammatory response elicited by SARS-CoV-
2 infection of ACE2-expressing alveolar type II pneumocytes (Fig. 2).
Viral replication and tissue damage trigger resident macrophages and
recruited monocytes to release chemokines, leading to mono/poly-
morphonuclear infiltration and elevated immune-metabolic activity in
the lung parenchyma, with the production of proinflammatory media-
tors, such as TNF and IL-6 (Schultheip et al., 2022). Balanced and
effective responses of incoming monocytes and neutrophils to promote
viral clearance is critical for the progression of the infection. Exacer-
bated proinflammatory cytokine release, oxidative stress, DAMP-full
forms of cell death (necro/pyroptosis) and release extracellular traps
(NETosis) are all involved in the amplification of inflammation in acute
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COVID-19 (Ferreira et al., 2021; Veras et al., 2020), which may aggra-
vate thromboinflammation leading to severe presentations.

Through F-FDG PET/CT scans of the lungs of COVID-19 pneumonia
survivors, our group has recently demonstrated increased lung paren-
chyma density and glycolytic metabolic activity in survivors of moder-
ate to severe COVID-19 pneumonia over 30-194 days after
hospitalization (Rodrigues et al., 2022). This increased lung metabolic
activity is suggestive of increased numbers of inflammatory cells accu-
mulated through migration or local proliferation alongside cellular
activation. Accordingly, COVID-19 survivors also exhibited increased
systemic IL-6 accompanied by increased angiopoietin-1, ICAM and
VCAM levels in circulation, markers of endothelial cell activation
(Rodrigues et al., 2022), pointing to endotheliopathy as a feature of
PACS. Consistently, several nonfibrotic radiographical abnormalities
have also been described up to 12 months after initial infection (Faverio
et al., 2022). Elevated levels of C-reactive protein, TNF, IL-6 and IL-1f
also highlight and corroborate the persistence of systemic inflammation
in patients with ongoing PACS.

Upon activation, endothelial cells release Weibel-Palade bodies,
containing p-selectin and Von Willebrand Factor (VWF). VWF binds to
exposed subendothelial collagen and lines the interior of the blood
vessel, acting as a hub for coagulation factor activity and for the
adherence of plasmatic fibrin (ogen), leukocytes and platelets, acting as
a site of amplification of both inflammation and hypercoagulability
(Fig. 2). Endothelial cell activation leads to increased production and
release of E-selectin, which was found to be elevated in the plasma of
PACS patients (Turner et al., 2022). Expression of selectins in the outer
membrane facilitates the adhesion of circulating leukocytes to the
vasculature. Collectively, these data suggest that systemic immune
activation and lung parenchymal inflammation persist months after
SARS-CoV-2 infection, with potential consequences to multiple organs
and systems.

4. Dysfunctional fibrin (ogen) dynamics

Both intrinsic and extrinsic pathways of the coagulation cascade
resolve in the proteolytic conversion of prothrombin (coagulation factor
II) into active thrombin (factor IIa), a serine protease capable of con-
verting soluble fibrinogen (factor I) into insoluble fibrin (factor Ia). Once
formed, fibrin polymerizes and becomes crosslinked, forming a tear-
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Fig. 1. — Post-acute COVID-19 syndrome. Survivors of both severe and mild cases of COVID-19 can have persisting symptoms, affecting multiple systems for longer
than 4 weeks after initial infection, a condition known as Post-acute COVID-19 syndrome (PACS). Survivors of COVID-19 have an increased risk of developing
cardiovascular diseases and thromboembolic events for at least one year after infection.
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Fig. 2. — Thromboinflammatory mechanisms in acute disease and post-acute COVID-19 syndrome. Severe acute COVID-19 is characterized by an exacerbated
inflammatory response in the alveoli (usually the first site of infection), leading to a hypercoagulable state and the development of acute respiratory distress syn-
drome (ARDS). Many thromboinflammatory mechanisms known to be associated with severity and mortality in acute COVID-19 have been shown to persist in
individuals with ongoing PACS, including inflammation, elevated platelet activation and reactivity, endothelial cell activation and exacerbated fibrin clot formation
associated with impaired fibrinolysis. NET — Neutrophil extracellular trap; PLAs — Platelet-leukocyte aggregates; ARDS - acute respiratory distress syndrome; VWF —

von Willebrand factor.

resistant net capable of stabilizing the formation of the blood clot.
Through fibrinolysis, the pathways that controls clot persistence and
stability, crosslinked fibrin mesh is degraded by the serin protease
plasmin into several fibrin degradation products (FDPs); among those,
D-dimers are used in the clinic to evaluate clot formation/degradation.

Markedly elevated D-dimer levels are considered a hallmark of se-
vere COVID-19, as their levels upon hospital admission are predictive of
ICU admission and mortality (Violi et al., 2022). Fibrin conversion,
polymerization and crosslinking occur at basal rates, and the fine
regulation between fibrinogenesis and fibrinolysis controls hemostasis
and prevents both abnormal clotting and bleeding. Increased D-dimer
reflects the fibrinolysis rate necessary to prevent thrombus accumula-
tion. However, both mild and severe COVID-19 patients also display
circulating fibrin amyloid microthrombi, structures larger than one pm
in cryosection, formed by residual fibrin aggregated with ordered
fB-sheet structures, and resistant to proteolysis (Grobbelaar et al., 2021;
Pretorius et al., 2021).

Although not as markedly high as during severe-acute infection,
elevated levels of D-dimer have been reported to persist for up to 4
months after COVID-19 survival, regardless of the severity of the acute
phase (Martins-Goncalves et al., 2022; Townsend et al., 2021). Addi-
tionally, individuals with post-acute COVID-19 syndrome can have
increased plasmatic viscosity with the presence of fibrin amyloids
(Fig. 2). These circulating microthrombi are enriched with a2-anti-
plasmin, an enzyme capable of inhibiting the proteolytic activity of
plasmin, making the structures resistant to fibrinolysis and prone to
accumulation (Pretorius et al., 2021), which is also found in higher
concentrations in PACS patient’s plasma (Turner et al., 2022).

5. Platelets drive PACS-associated hypercoagulability

Upon vascular damage, a series of simultaneous events involving
cellular and molecular components is necessary for plugging of the
vascular leakage, including release of ATP and VWF, exposure of
adhesion molecules by the damaged endothelium, adhesion of platelets
and leukocytes, activation of the coagulation cascade and formation of a
fibrin mesh that stabilizes the clot. Similar to other prothrombotic viral
infections, such as dengue and HIV, SARS-CoV-2 viral particles and
COVID-19-associated inflammation induce many of these steps, pro-
moting a pathological exacerbation of clot formation. However, after the
acute phase, persistently elevated levels of D-dimer regardless of the
severity or occurrence of thrombotic events in the acute phase of the
disease indicate a persistent hypercoagulable state (Townsend et al.,
2021; Martins-Gongalves et al., 2022).

Besides being specialized in hemostatic control, platelets are
immune-inflammatory cells that circulate in high concentrations in a
“resting state”, carrying granules underneath the outer membrane that
are released upon activation. o-Granules contain platelet-derived
growth factor (PDGF), platelet factor 4 (PF4), VWF, coagulation fac-
tors and p-selectin; while dense granules contain small molecules such as
serotonin, Ca>" and ATP/ADP. Platelet degranulation occurs upon the
increase in intracellular calcium concentrations, which are kept low
through efflux pump-dependent cAMP levels. G-protein coupled re-
ceptors on the platelet membrane, such as PAR-1 (agonized by
thrombin) and P2Y receptors (agonized by purines), and ligand-gated
cation channels, such as P2X receptors (agonized by purines), can pro-
mote a surge in intracellular Ca?* and subsequent granule release.

In a recent study evaluating platelet activation and responsiveness
during PACS, we have found that survivors of moderate to severe
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COVID-19 pneumonia exhibit elevated platelet activation (Martins--
Goncalves et al., 2022), a feature previously observed in those acutely ill
(Hottz et al., 2020) (Fig. 2). Platelets from PACS patients display
increased surface expression of degranulation markers and elevated
spontaneous release of granule products and thromboxane A, up to 6
months after symptom onset (Martins-Goncalves et al., 2022). Platelets
from survivors display increased adhesion capacity over a
fibrinogen-coated surface, and when challenged with low/subthreshold
concentrations of thrombin, uncapable of activation control platelets,
those platelets from survivors degranulate, indicating that platelets
circulate primed for activation in these individuals (Martins-Goncalves
et al., 2022). Similar features of platelet hyperreactivity have been also
described in the acute phase of the disease (Manne et al., 2020). By using
pharmacological approaches to investigate the pathways driving
excessive platelet activation, we demonstrated that plasma from in-
dividuals with PACS activates platelets through mechanisms depending
on purinergic receptors and integrin oypfs engagement, inducing an
activation amplification program involving thromboxane A, synthesis
and subsequent autocrine/paracrine platelet activation (Martins-Gon-
calves et al., 2022). Nevertheless, new studies are necessary to identify
the main triggers and pathological consequences of sustained platelet
activation in PACS (Fig. 3).

Once activated, platelets are capable of expressing tissue factor (TF,
coagulation factor III) on the surface, a serine protease mainly recog-
nized for its role in extrinsic coagulation initiation by proteolytically
activating coagulation factors VII and X, but also for signaling through
protease-activated receptors (PARs) (Hottz et al., 2020). (Hottz et al.,
2022). Once in the outer membrane, TF can be released bound to
extracellular vesicles (EVs). Importantly, high concentrations of
TF-bearing EVs in circulation correlate with disease severity and
occurrence of thromboembolic events in severe COVID-19 patients,
being proposed as a potential biomarker (Guervilly et al., 2021).
Platelets seem to be one of the main sources of TF-bearing circulating
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EVs during COVID-19, with severe patients presenting increased con-
centrations of platelet-derived EVs with higher surface expression of TF
(Moraes et al., 2022). Recently, we have reported the proteomic profile
of circulating EVs from COVID-19 patients reflecting increased platelet
degranulation, complement activation and fibrin clot formation (Moraes
et al., 2022). A similar profile of circulating EVs was found to persist in
individuals with PACS in our recent study. Survivors presented elevated
levels of total and TF-bearing EVs in circulation, and although concen-
trations of EVs released from platelets were not changed compared to
healthy donors, the surface expression of TF in platelet-derived EVs
remained elevated up to 6 months after symptom onset (Martins-Gon-
calves et al., 2022). These data suggest sustained EV-bound TF activity
by continuous platelet activation in PACS as a potential mechanism of
persisting hypercoagulability (Fig. 3).

Another feature of acute COVID-19 thromboinflammation that re-
mains to be investigated in PACS is the capacity of platelets to drive
inflammation and coagulation through interaction with circulating
leukocytes. In severe COVID-19 patients, platelets have been shown to
induce TF expression in monocytes in a p-selectin- and integrin
agpfs-.dependent manner. Interestingly, both platelet and monocyte
activation are amplified by platelet-induced TF expression and proteo-
lytic activation of PAR-1/2, inducing proinflammatory cytokine release
in the monocyte, especially TNF and IL-1f, in a thromboinflammatory
amplification loop (Hottz et al., 2022). Both platelet activation and
release of procoagulant extracellular vesicles are potentially involved in
leukocyte immunoregulation and thromboinflammatory amplification
during PACS, which deserves further in-depth investigation.

6. Hypothesis for thromboinflammation persistence
Although emerging evidence supporting the persistence of mecha-

nisms of thromboinflammation associated with acute COVID-19 for long
after the initial acute phase, the stimuli for this persistence are
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Fig. 3. - Possible stimuli and drivers of hypercoagulability. Some hypotheses have been proposed for the persistent hypercoagulable state found in COVID-19
survivors. These include unresolved inflammation, development of auto-antibodies, possible viral reservoirs or sources of viral RNA/proteins that could lead to
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flammation, maintained by sustained endothelial cell and platelet activation and elevated fibrin clot formation. PF4 — Platelet Factor 4; CD62p — P-selectin; TF —
Tissue Factor; VWF — von Willebrand Factor; PAR-1 - Protease activated receptor 1.



R. Martins-Gongalves et al.

unknown. Among those triggers, failure to resolve inflammation may
contribute to the persistently elevated levels of IL-1p, IL-6 and TNF in
PACS (Schultheip et al., 2022). Another possible mechanism is the
generation of cross-reactive autoantibodies (AutoAbs). High titers of
AutoAbs, especially those targeting type I interferons, have been char-
acterized in acute disease and correlate with severity and mortality
(Wang et al., 2021). Although the role of AutoAbs in PACS has not yet
been fully elucidated, the presence of anti-IFN-o antibodies at 2-3
months after symptom onset correlates with respiratory symptom
persistence and plasma levels of IL-6 in PACS (Su et al., 2022).

Additionally, viral persistence in specific tissue reservoirs may
contribute to systemic inflammation and immunothrombosis after
clinical cure and hospital discharge. Viral replication in the alveoli is the
first signal for the development of an immunologic response, and the
presence of viral particles (or proteins or RNA) has been shown to
contribute to many thromboinflammatory mechanisms, such as pyrop-
tosis, NETosis and platelet activation. Autopsies of patients who died in
the acute phase (peak approximately 10-14 days post infection)
revealed that although the main site of burden is the lungs, viral RNA
can be found in multiple non-respiratory tissues in early infection vic-
tims, including the myocardium, liver and central nervous system (CNS)
(Stein et al., 2022). Importantly, evidence of SARS-CoV-2 RNA persis-
tence in multiple anatomic sites, including the brain, long after (over 30
days) disease onset has been recently provided (Stein et al., 2022). In
addition, viral RNA was found in stool and serum samples up to 4
months after initial infection (Phillips et al., 2021) and, in another study,
approximately 30% of survivors had detectable levels of viral RNA and
proteins in the lower gastrointestinal tract but not in nasopharyngeal
swabs up to 6 months after infection (Gaebler et al., 2021). Long term
studies are still necessary to unravel specific sites acting as viral reser-
voir and their roles to persisting symptoms in PACS.

In conditions of elevated chromatin activation and metabolic cellular
activity, such as those elicited by severe systemic inflammation, several
endogenous sequences of viral origin that were integrated into our an-
cestor’s genome can be transcribed. Interestingly, several of these
endogenous viral elements (EVEs), such as human endogenous
retrovirus-K (HERV-K), have been shown to be reactivated in severe
COVID-19 patients, correlating with clinical severity and levels of
thromboinflammatory mediators (Temerozo et al., 2022). The retroviral
RNA can be sensed by pattern recognition receptors, mimicking an
infection by an exogenous virus (Bannert et al., 2018), and may
contribute to the sustainment of the inflammatory milieu from acute to
post-acute COVID-19. It is not known, however, whether HERV-K
reactivation persists after patient recovery, potentially contributing to
PACS-related inflammation pathophysiology. Further studies are still
necessary to unravel the role of HERV-K and SARS-COV-2 long-term
replication, as well as other potential mechanisms of persistent throm-
boinflammation and clinical outcomes in PACS patients.
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