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Abstract

Long COVID is a public health emergency affecting millions of people worldwide,
characterized by heterogeneous symptoms across multiple organ systems. Here, we
discuss the current evidence linking thromboinflammation to postacute sequelae of
COVID-19. Studies have found persistence of vascular damage with increased circu-
lating markers of endothelial dysfunction, coagulation abnormalities with heightened
thrombin generation capacity, and abnormalities in platelet counts in postacute
sequelae of COVID-19. Neutrophil phenotype resembles acute COVID-19 with an in-
crease in activation and Neutrophil Extracellular Trap formation. These insights are
potentially linked by elevated platelet-neutrophil aggregate formation. This hyperco-
agulable state in turn can lead to microvascular thrombosis, evidenced by microclots
and elevated D-dimer in the circulation as well as perfusion abnormalities in the lungs
and brains of patients with long COVID. Also, COVID-19 survivors experience an
increased rate of arterial and venous thrombotic events. We discuss 3 important,
potentially intertwined hypotheses that might contribute to thromboinflammation in
long COVID: lasting structural changes, most prominently endothelial damage, caused
during initial infection; a persistent viral reservoir; and immunopathology driven by a
misguided immune system. Finally, we outline the necessity for large, well-
characterized clinical cohorts and mechanistic studies to clarify the contribution of

thromboinflammation to long COVID.
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economy. In a frantic effort to understand the pathophysiology of this

THROMBOINFLAMMATORY DISEASE

Since its outbreak in Wuhan, China, at the end of 2019, the pandemic
caused by sarbecovirus SARS-CoV-2 has killed millions and inflicted

immeasurable damage to societies, health care systems, and the

disease, unprecedented global efforts were made to study the disease
from multiple angles. Early on, it became evident that patients
developing COVID-19 were prone to macrovascular thrombotic
complications ranging from venous thromboembolism to stroke and

myocardial infarction [1-4]. Moreover, particularly in severe cases,
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COVID-19 presented itself as a systemic disease not only restricted to
the lungs but also affecting the heart, kidneys, and gastrointestinal
tract as well as the central and peripheral nervous system [5]. The
reason for this is still not fully elucidated, but one proposed mecha-
nism is that COVID-19 also constitutes a vascular disease. It has been
shown to cause distinct immunopathology, with activation of mono-
cytes, platelets, and neutrophils, which in turn leads to intravascular
clotting and tissue hypoxia [6]. This element of COVID-19 patho-
physiology has been termed COVID-19-associated coagulopathy [7].
Mechanistically, vascular endothelial cell dysfunction caused by
indirect effects and, potentially, direct infection by SARS-CoV-2—the
latter remaining subject of debate—lead to a prothrombogenic
vascular phenotype and trigger platelet activation [8-10]. A hyper-
inflammatory innate immune response leads to upregulation of
pathways linking immunity and thrombosis, including heightened
neutrophil extracellular trap release, complement deposition, and
platelet-leukocyte aggregate formation [11-17]. Lastly, hypercoagu-
lability, characterized by enhanced fibrin formation and decreased
fibrinolysis, reflects a systemic procoagulant state [18]. Interestingly,
markers of thromboinflammation correlate with pulmonary dysfunc-
tion and mortality, highlighting a potential direct link to disease pro-
gression [12,19]. In summary, COVID-19-associated coagulopathy is a
central element of COVID-10 pathophysiology by causing microvas-

cular thrombosis, resulting in tissue ischemia and organ failure.

2 | LONG COVID-19—-HETEROGENEOUS
SEQUELAE OF SARS-COV-2 INFECTION

With far-reaching vaccination efforts and the emergence of less lethal
SARS-CoV-2 variants, the burden of severe COVID-19 has declined. In
the wake of more than 600 million confirmed cases, a new public
health issue emerged [20]: a significant proportion of patients develop
debilitating symptoms after acute infection, a postinfectious state
termed long COVID. This novel disease consists of 2 phases, one that
is characterized by persistent symptoms (4-12 weeks after primary
infection) and the actual post-acute sequelae of COVID-19 (PASC,
more than 12 weeks after primary infection) [21]. The incidence es-
timates vary depending on sampling time point, methodology, and
cohort, but the pooled prevalence of post-COVID-19 condition was
reported to be up to 43% [22].

The clinical presentation of this syndrome spans multiple organ
systems [23]. Close to 14% of patients with PASC report symptoms
involving more than 1 organ system after the acute phase [24].
Symptoms include fatigue; neurologic symptoms like “brain fog”; car-
diovascular problems like palpitations, chest pain, and dyspnea [25]. In
addition to these self-reported symptoms, cohort studies have iden-
tified objective correlates of organ dysfunction, including troponin
elevations reflecting cardiac injury, signs of myocarditis, pancreatitis,
cutaneous manifestations, and changes in lung and brain functions
[26]. Worryingly, this is also reflected in elevated mortality rates
beyond the acute phase of SARS-CoV-2 infection: in a large cohort

study including more than 70 000 patients after acute COVID-19, the
hazard ratio (HR) for death from 30 days onwards postinfection was
1.59 compared to noninfected controls [27].

Risk factors for long COVID overlap with the ones identified for
acute severe COVID-19 and include age, obesity, diabetes mellitus,
poor health, and socioeconomic status prior to infection [28]. Inter-
estingly though, female sex is a risk factor for PASC but protective in
acute COVID-19, suggesting distinct mechanisms of disease [23].
Incidence of long COVID is hardly affected by disease severity,
although severity of symptoms is influenced by the initial disease
course [29-31].

Given the multiorgan involvement and observed cardiovascular
complications, it is tempting to speculate that vascular thromboin-
flammation also plays a role in initiation and propagation of long
COVID [32] (Table 1) [33-84]. In the following paragraphs, we will
summarize the evidence to date on this topic (Figure 1).

3 | EVIDENCE LINKING
THROMBOINFLAMMATION TO LONG
COoVID

3.1 | Persistent vascular dysfunction

One critical aspect of thromboinflammation is endothelial dysfunction,
which is prominently evident in multiple inflammatory diseases,
including acute COVID-19 [18]. Studies involving patients after
COVID-19 persistently identified increased levels of von Willebrand
factor (VWF), factor VIII, and thrombomodulin, indicating endothelial
dysfunction/activation [33-35]. Concomitantly, von Willebrand factor-
cleaving protease - known as ADAMTS-13- levels were reduced,
pointing toward a prothrombotic disbalance between VWF:ADAMTS-
13 function [36-38]. In addition, endothelial colony-forming cells were
elevated in patients after COVID-19, indicating endothelial injury
[39,40]. Noninvasive measurements of microcirculatory function using
postocclusion reactive hyperemia confirmed microvascular dysfunc-
tion [41]. While the association to symptom burden and organ
dysfunction remained mostly unstudied, one group reported that
markers of endothelial injury correlated with physical performance
[33].

3.2 | Coagulation abnormalities in PASC patients

In addition to endothelial dysfunction, there is limited evidence for
hypercoagulability after COVID-19. von Meijenfeldt et al. [45] re-
ported enhanced thrombin-generating capacity (assessed using
thrombomodulin-modified calibrated automated thrombinography)
and a plasma hypofibrinolytic state, while fibrinogen levels and pro-
thrombin time had returned to normal values 4 months after hospi-
talization for COVID-19.
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TABLE 1 Comparison of thromboinflammation in acute COVID-19 vs. long COVID and postviral syndrome.
Postviral syndrome (ME/
Acute COVID-19 Long COVID CFS) References
Endothelium Endotheliopathy, endothelitis. Direct Elevated markers of endothelial injury (FVIII Evidence of peripheral/ [18,33-44]
infection of endothelial cells by and VWF) and ADAMTS-13 decrease. microvascular
SARS-CoV-2 debated Evidence of microvascular dysfunction endothelial dysfunction
and endothelin-1
upregulation
Platelets Platelet hyperreactivity, increased P- Platelet hyperreactivity, thrombocytosis, Conflicting evidence for [19,45-50]
selectin expression, and release of elevated P-selectin expression, and heightened activation
CCL5/PF4 circulating microclots
Neutrophils CD10 low-density hyperreactive CD10 low-density hyperreactive phenotype Increase in neutrophil [11,13,14,51-55]
phenotype, increased NETosis, and increased PLA formation with apoptosis
enhanced secretion, and increased consequent pulmonary dysfunction
PLA formation
Coagulation Upregulation of procoagulant and Increased thrombin-generating capacity and Very limited evidence [16,56,50,57]
system downregulation of antithrombotic hypofibrinolysis indicating increased
pathways, decreased fibrinolysis, and coagulation in some
high fibrinogen patients
Complement Increased complement activation and Limited evidence for complement activation Weak evidence of [58-61]

system deposition
Monocytes/ Dysfunctional HLA-DR'®" monocytes,
macrophages increased PLA formation, and TF

upregulation

Microvascular
thrombosis

Elevated D-dimer in severe disease,
evidence of microvascular clots in
multiple organs with neutrophil
recruitment, and NET formation

patterns

Increased rates of arterial and venous
thrombosis, including stroke, DVT,
pulmonary embolism, and myocardial
infarction

Macrovascular
thrombosis

in a subset of patients

Evidence of innate immune cell activation

Elevated D-dimer in some patients. Evidence No evidence of
of microvascular thrombosis scarce and
brain, heart, and lung imaging studies
show possible microthrombotic injury

complement
upregulation

Evidence of innate immune [5,62-67]
cell activation

[19,42,68-83]
microvascular clotting

Increased incidence of thromboembolism and No evidence for increased [2,24,27,84]
adverse cardiovascular events

macrovascular
thrombosis risk

CCL5, Chemokine (C-C motif) ligand 5; CFS, chronic fatigue syndrome; DVT, deep vein thrombosis; HLA-DR, human leukocyte antigen DR; ME, myalgic
encephalopathy; NET, neutrophil extracellular trap; NETosis, Neutrophil Extracellular Trap formation; PF4, platelet factor 4; PLA, platelet-leukocyte

aggregate; TF, tissue factor; VWF, von Willebrand factor.

3.3 | Platelet-neutrophil phenotype in PASC
Platelet-neutrophil interplay is a key mechanism of immuno-
thrombosis in animal models and has been proposed as an important
mechanism in acute COVID-19 coagulopathy [12,85,86]. Al-Aly et al.
[27] found a HR of >3 for thrombocytosis, ie, platelet counts
>400.000/pL in subjects after COVID. This could reflect reactive in-
creases in platelet counts observed after other infections and could
also predispose to thrombotic sequelae [45]. A small study reported
hyperactive platelets, forming microclots, as the predominant finding
in patients with PASC, and Martins-Goncalves et al. [47] reported
persistent platelet hyperreactivity in survivors of COVID-19 [46,48].
In a cohort of 21 patients with PASC, microfluidic assays revealed a
significant increase in platelet binding to VWF and collagen, which
correlated with increases in circulating VWF antigen levels [87].
Similarly, neutrophils in PASC show a distinct profile: the number

of low-density granulocytes is increased, CD10 is downregulated, and

neutrophils from patients with PASC are more prone to neutrophil
extracellular trap formation than controls with no residual symptoms
after COVID-19 [51]. In addition, platelet-neutrophil aggregate for-
mation is also increased in individuals with PASC [51,52]. In a subset
of patients with severe COVID-19, persistent interstitial lung changes
correlated with elevated neutrophil counts and plasma proteome
changes, indicating neutrophil activation and increased Neutrophil
Extracellular Trap formation [53]. These limited studies outline an
immunothrombotic platelet-neutrophil phenotype very similar to that
observed in acute SARS-CoV-2 infection [11,13,14,54].

3.4 | Microvascular thrombosis as a potential
mechanism of PASC

Given these markers of thromboinflammation, is there evidence

for microvascular thrombosis as a driver of PASC pathophysiology?
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D

circulating VWF
T increased FVIII
increased thrombomodulin
circulating endothelial colony-forming cells

ADAMTS13 levels
ADAMTS13:vWF ratio

C Hypercoaguability

[

thrombin generation

l decreased plasma fibrinolysis

Post-acute sequelae (PASC)
and long COVID

B Platelet and neutrophil
hyperactivation

CD62P elevation

Platelet hyperreactivity

increased PNA formation

Thrombocytosis

Thromboinflammation

D Microvascular thrombosis

- sustained increases in D-dimers

- pulmonary microthrombosis with functional
impairment and perfusion defects

- evidence of ongoing myocardial inflammation

1 reduction in brain grey matter thickness

E Macrovascular thrombosis

T increased incidence of thromboembolism and
acute CV events

l therapeutic interference with anticoagulation?

FIGURE 1 Clinical and experimental evidence for thromboinflammation in patients with long COVID. Persistent vascular dysfunction (A)
with an imbalance of pro- and antithrombotic mediators, an overall neutrophil and platelet state skewed toward hyperactivation (B) as well as
plasmatic upregulation of thrombogenic and downregulation of fibrinolytic mediators (C) contribute to PASC- and long COVID-associated
thromboinflammation. Together, these factors sustain a prothrombotic state that leads to micro- (D) and macrovascular thrombosis (E).
Created with BioRender (www.biorender.com). IFN, interferon; NET, neutrophil extracellular trap; PASC, post-acute sequelae of COVID-19.

Over an extended study period, assessing patients at up to 16 months
postinfection, one study confirmed these abnormalities and identified
elevated D-dimer as a marker of ongoing fibrin formation as well as
elevated interleukin (IL)-6 indicating systemic inflammation in some
patients [68]. Townsend et al. [69] confirmed sustained D-dimer in-
creases in 150 patients at a mean of 80.5 days after acute disease,
which was also observed in 29% of subjects who did not require
hospitalization for COVID-19. In a meta-analysis of 15 publications
describing 47 910 adults, fibrin degradation product D-dimer was
elevated in 20% of patients (95% Cl, 6-39), which was more pro-
nounced than inflammatory markers (CRP in 8%; 95% ClI, 5-12; IL-6 in
3%; 95% Cl%, 1-7). This points toward persistent coagulation acti-
vation in a substantial amount of patients [88]. D-dimer elevation
could be linked to symptomatic PASC in some studies [70,71]. How-
ever, diagnosis, management, and pathophysiology of microvascular
thrombosis remain poorly defined [72]. Nevertheless, some of the

features observed in PASC could be linked to small-vessel occlusion.
For example, in patients with PASC having dyspnea, signs of air
trapping and ground-glass opacities, indicating ongoing inflammation
was prevalent on CT scans, independent of initial COVID-19
severity [73]. Air trapping in the small airways can be caused by
bronchiolitis obliterans and fibrosis, which might reflect vessel
occlusion [73]. In support of this hypothesis, case reports have high-
lighted individuals with severe dyspnea after COVID-19, in whom
ventilation/perfusion imaging by single-photon emission computed
tomography showed clear peripheral perfusion defects despite no
structural correlate [74-76]. The authors argue that small-vessel clots
could explain these findings. In line with this hypothesis, Prasannan
et al. [77] were able to show that patients with PASC and impaired,
objectively assessed exercise capacity were 4 times more likely to
present with an elevated VWF Antigen/ADAMTS-13 ratio than pa-
tients who were not affected, linking persistent lung dysfunction to a
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prothrombotic phenotype. Long-term evidence of myocardial inflam-
mation on magnetic resonance imaging (MRI) scans of patients with
long COVID could also indicate microvascular injury and/or throm-
bosis [42,26].

As neurologic symptoms dominate the clinical picture of PASC,
researchers have focused on identifying measurable correlates in the
brain. Qin et al. [78] identified cerebral blood flow and white matter
microstructural changes assessed using MRI scans 3 months after
disease onset, which correlated with acute COVID-19 severity and
markers of inflammation. Along these lines, a pre/post comparison of
brain MRI in nonhospitalized patients confirmed a reduction in gray
matter thickness compared with controls [79]. Mechanistically,
microvascular thrombosis and complement activation have been
described in acute COVID-19 and might extend to PASC pathophys-
iology [82-83].

3.5 | Macrovascular thrombosis risk

In addition to microvascular dysfunction, does PASC cause macro-
vascular thrombotic events? Interestingly, arterial and venous
vascular events are not a leading manifestation of PASC [89].
Nevertheless, large cohort studies have highlighted an increased HR
for thromboembolism and adverse cardiovascular events after acute
COVID-19, which correlates with initial disease severity [24,27,84].
Xie et al. [90] report that individuals with COVID-19 are at increased
risk of cerebrovascular disorders, arrhythmias, ischemic and non-
ischemic heart diseases, pericarditis, myocarditis, heart failure, and
thromboembolic disease beyond the first 30 days after infection. A
smaller study confirmed high 90-day postdischarge rates of arterial
and venous thrombotic events, ameliorated in patients discharged
with anticoagulation regimens after COVID-19 hospitalization [91]. In
a population-based study, the HR for arterial thrombosis and venous
thrombotic events was 1.34 (95% ClI, 1.21-1.48) and 1.80 (95% ClI,
1.50-2.17) during weeks 27 to 49, respectively, after COVID-19
infection [92]. The role of vaccination in preventing cardiovascular
sequalae is also insufficiently addressed. In summary, the link to
macrovascular thrombosis is incompletely understood, specifically
how it relates to the abovementioned prothrombotic phenotype and
PASC symptom burden.

4 | POTENTIAL MECHANISMS THAT DRIVE
THROMBOINFLAMMATION IN LONG COVID

Collectively, there is ample evidence for thromboinflammatory dys-
regulation in a subset of patients with long COVID, which prompts
questioning of the underlying mechanisms. Three important, poten-
tially intertwined hypotheses that might contribute to a hypercoagu-
lable state have been identified: (1) lasting structural changes, most
prominently endothelial damage, caused during initial infection, (2) a
persistent viral reservoir, and (3) immunopathology driven by a

misguided immune system (Figure 2).

jth--
4.1 | Lasting structural changes

Multiple findings support the notion that lasting structural changes in
the vasculature, including endotheliopathy, have some role in PASC.
For example, multiple sequelae, including lung function defects and
cardiac injury, correlate with initial disease severity and ameliorate
over time in most patients [25,29,53]. In this scenario, the vasculop-
athy maintains a procoagulant state through multiple mechanisms
implicated in acute COVID-19, which lags behind viral clearance
[93,94]. This could explain persistent changes in the vasculature and
related platelet hyperreactivity in the absence of viral persistence in
the endothelium. Along these lines, the SARS-CoV-2 omicron sub-
lineage that now dominates infection incidence is known to cause less
severe disease and lower respiratory tract involvement, which cor-
relates with decreases in long COVID [95].

42 | Viral persistence

Another important potential mechanism is viral persistence in the
body [96]. In a landmark study, SARS-CoV-2 nucleic acids and
immunoreactivity were detected in the small bowel of 7 of 14
asymptomatic individuals 4 months after infection [97]. In routine
colonoscopies in patients with inflammatory bowel disease, 24 of 46
patients showed SARS-CoV-2 RNA persistence after mild COVID in
gut mucosa biopsies, and this correlated with reported long COVID
symptoms [98]. In an autopsy study of subjects with COVID-19
infection, SARS-CoV-2 was detected in multiple organs, even in mild
cases, up to 230 days after infection, further underlining the notion of
viral persistence [99]. Another indicator that a direct viral effect might
play a role in thromboinflammatory PASC is that vaccinations lower
incidence of long COVID at least to some extent [100,101]. If this is
the major mechanism, one would expect similar drivers of throm-
boinflammation in PASC as observed in acute COVID-19 [18]. While
some similarities have been detected, most notably endothelial
dysfunction (see above), others—like changes in platelet and neutro-
phil phenotypes—show distinct changes or remain understudied. Also,
it is worth noting that the studies reporting SARS-CoV-2 RNA
persistence were not able to demonstrate viable virus, but rather
detected either spike protein or viral nucleic acids [98]. Therefore, it is
possible that they describe noninfectious traces of the virus
throughout the body.

4.3 | Dysregulated immune response

A third potential driver could be a dysregulated immune response
caused by acute infection, which then fails to return to baseline due to
unknown mechanisms—potentially in conjunction with viral persis-
tence or structural changes as reported above. Immunophenotyping of
peripheral blood mononuclear cells in recovering patients revealed
ongoing perturbations on a transcriptional level for up to 6 months

after infection, with patients with long COVID showing a distinct
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FIGURE 2 Potential mechanisms driving thromboinflammation in long COVID. Three main mechanisms are thought to contribute as
constant triggers sustaining long COVID-associated thromboinflammation: persistent endotheliopathy and irreparable damage after acute
SARS-CoV-2 infection causing organ dysfunction; a proinflammatory, dysfunctional state of the immune system with long-lasting
hyperactivation; and persistence of (possibly live) virus across various organs. Created with BioRender (www.biorender.com). PNA, platelet-

neutrophil aggregate; VWF, von Willebrand factor.

profile. Observed changes included upregulation of the alarmins
S100A8 and HMGB1, which are mediators and markers of innate
immune activation [102]. Another study also found increased
expression of acute inflammatory markers 9 weeks after acute
infection, which correlated positively with initial COVID-19 severity
[103]. A large study that performed longitudinal, multiomic profiling in
209 subjects revealed risk factors for PASC, which included latent
Epstein-Barr virus reactivation and SARS-CoV-2 RNAemia as well as
autoantibodies [62,104]. Interestingly, they found multiple factors
known to be enriched in severe COVID-19, like cytotoxic CD4+ T
cells, exhausted T cells, and myeloid-derived suppressor cells associ-
ated with PASC. A biomarker study identified persistent elevation of
inflammatory cytokines, including IL-1p, IL-6, and tumor necrosis
factor, potentially released by activated myeloid cells up to 24 months
after acute illness [63]. This points toward ongoing immunopathology,
and another study confirmed changes in circulating myeloid/lymphoid
cells and elevated humoral responses in >200 individuals with long
COVID [62]. Phetsouphanh et al. [64] found evidence of chronic
inflammation with signs of increased monocyte activation and circu-
lating interferons correlating with PASC occurrence, which represents
an immunophenotype reminiscent of acute COVID-19. The observed
immune dysregulation might also contribute to emergence of viral
coinfections, which in turn associates with persistent symptoms after
SARS-CoV-2 infection. In particular, reactivation of latent Epstein-
Barr virus infection or pre-existing HIV infection increases the like-
liness of long COVID symptoms [105].

5 | MANAGEMENT OF THROMBOSIS RISK
IN AND PREVENTIVE MEASURES OF PASC

How should thrombosis risk in PASC be managed clinically? Expert
guidelines do not recommend anticoagulation after discharge unless
prior venous thromboembolism occurred or other indications for
anticoagulation exist [106,107]. Besides primary prevention of infec-
tion by nonpharmacologic interventions, vaccination seems to lower
PASC incidence and remains a crucial component to fight COVID-19
and its consequences [108]. In addition, while the existing data are
somewhat contradictory, there is some evidence that vaccination
could also be efficacious in patients who already experience long
COVID [109]. In a study involving 28 356 participants, receiving
vaccination after SARS-CoV-2 infection decreased PASC incidence
[101,110]. These data support the notion that viral persistence plays a
role in PASC. Potentially, this could also implicate the use of antiviral
drugs like nirmatrelvir and ritonavir (paxlovid) in long COVID, which
has shown promise in case series as well as in primary prevention
[111-113]. Paxlovid will now be evaluated for long COVID in an
interventional trial (NCT05595369). Another large interventional
randomized trial now seeks to identify treatment strategies for PASC:
STIMULATE ICP (ISRCTN10665760) will recruit 4500 patients with
long COVID and evaluate effects of the direct oral anticoagulant
rivaroxaban targeting factor Xa, the anti-inflammatory drug colchi-
cine, and antihistamines on disease course, potentially generating
important pathophysiological insights [114]. It is important to note
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that even if a crucial role of thromboinflammation is confirmed in long
COVID pathophysiology, established antithrombotic therapy might
not be efficacious. For example, in acute severe COVID-19, there is
ample evidence of coagulation activation, but anticoagulation did not
show beneficial effects and was rather associated with harm [115].
The reasons for this remain elusive—it will potentially be necessary to
develop new pharmacologic tools to target immune-triggered throm-
bosis in a specific manner [19].

6 | OPEN QUESTIONS AND FUTURE
DIRECTION OF RESEARCH

In summary, there is some evidence that macrovascular thrombosis
risk is elevated in PASC and that microvascular thromboinflammation
might be a driver of long COVID pathophysiology. This warrants
further research as the existing data are insufficient to inform diag-
nosis and preventive measures of this heterogenous syndrome
(Table 2). This is due to the fact that most of these studies do not have
a control arm and represent a high selection bias. In particular, large
clinical cohorts with well-characterized participants and clear assess-
ment of symptomatic burden are needed. Many cohorts assessed so
far lack a clear correlation of PASC symptoms and vascular and/or
immunologic changes. One confounder in long COVID research is that
the definition of this disease potentially unites several distinct path-
ophysiological entities, including long-term consequences of initial
organ damage, worsening of pre-existing conditions, and sequelae
caused by virus persistence or immune dysregulation as outlined
above [116]. Again, fine-grained longitudinal studies of patients with
immune phenotyping, assessment of coagulation, vascular function
and platelet/neutrophil parameters in conjunction with detailed in-
formation on pre-existing diseases, COVID-19 disease course, and
findings of imaging/functional studies in the follow-up period are
crucial. The United Kingdom-based Predictors of COVID-19 Out-
comes (PRECIOUS) initiative, which seeks to unite and unify available
data sets to create an anonymous resource to empower outcome, as
well as hypothesis-generating analyses could serve as a starting point
[117]. It is important to bear in mind that platelet and neutrophil
functional analyses require direct execution upon sampling as these
cell types are not viable upon freezing. This complicates large-scale
studies and limits information that can be drawn from ongoing or
completed studies that did not focus on these cell types. Therefore,
specialized studies that investigate components of thromboin-
flammation in well-defined individuals with PASC are critical.

The incidence of postviral syndrome is not new: prior to the
COVID-19 pandemic, some patients presented with long-lasting
health issues after viral infections, a disease condition that was
named myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS). While insights into disease pathophysiology remain limited,
there are some parallels to PASC (Table 1). For example, individuals
with ME/CFS also exhibit evidence of endothelial dysfunction [118].
However, the links to platelet activation and coagulation abnormal-

ities are weak in ME/CFS, and there are no reports on microvascular

jth--

TABLE 2 Open questions and directions for future research.

Clinical management
Could antithrombotic therapy regimens show efficacy in ameliorating
long COVID symptoms?

Which subsets of patients with long COVID are at high(est) risk of
thrombotic complications?

Should patients with long COVID receive anti-platelet therapy or
prophylactic/therapeutic anticoagulation to prevent thrombotic
complications?

Diagnostics

How do markers of thromboinflammation correlate with long COVID
symptoms qualitatively and quantitatively?

Are there specific thromboinflammatory phenotypes associated with
PASC subtypes (ie, pulmonary/neurologic symptoms)?

Can clinical markers of endothelial cell damage (ie, circulating VWF) or
coagulation activation (ie, D-dimer) serve to predict the risk of
macrovascular complications or trajectories of PASC?

Pathophysiology

What is the relative contribution of complement, coagulation
abnormalities, platelet phenotype and neutrophils to long COVID?

Does modification of thromboinflammation ameliorate long COVID
outcomes in animal models?

How are ongoing vascular damage, virus persistence, and disturbances
in immunity related to thromboinflammation?

How are microvascular thrombosis and macrovascular thrombosis
linked mechanistically?

PASC, post-acute sequelae of COVID-19; VWF, von Willebrand factor.

and macrovascular clotting. In summary, further studies directly
comparing these 2 disease entities are needed to outline potentially
shared disease mechanisms. Importantly, with the emergence of novel
variants, it is most likely necessary to constantly update our under-
standing of PASC incidence and pathophysiology. To further confirm
generated hypotheses mechanistically, animal models of PASC are
necessary. Although promising findings were reported in a hamster
model that shows chronic changes after SARS-CoV-2 infection,
further data are needed to clarify to what extent this reflects the
sequelae observed in humans and to investigate if immunothrombotic
changes can be observed [119,120]. After successfully developing
diagnostic, preventive, and therapeutic tools in acute COVID-19, it is
once again necessary for clinicians, scientists, and communities glob-
ally to join forces and decipher this ongoing health crisis in the wake
of the pandemic.
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