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Abstract

Following on from the devastating spread of COVID-19, a major global priority has
been the production, procurement, and distribution of effective vaccines to ensure
that the global pandemic reaches an end. However, concerns were raised about worry-
ing side effects, particularly the occurrence of thrombosis and thrombocytopenia after
administration of the Oxford/AstraZeneca and Johnson & Johnson’s Janssen COVID-
19 vaccine, in a phenomenon being termed vaccine-induced thrombotic thrombocy-
topenia (VITT). Similar to heparin-induced thrombocytopenia (HIT), this condition has
been associated with the development of anti-platelet factor 4 antibodies, purportedly
leading to neutrophil-platelet aggregate formation. Although thrombosis has also been
a common association with COVID-19, the precise molecular mechanisms governing
its occurrence are yet to be established. Recently, increasing evidence highlights
the NLRP3 (NOD-like, leucine-rich repeat domains, and pyrin domain-containing
protein) inflammasome complex along with IL-18 and effete neutrophils producing
neutrophil extracellular traps (NETs) through NETosis. Herein, we propose and discuss
that perhaps the incidence of VITT may be due to inflammatory reactions mediated
via IL-18/NLRP3 inflammasome activation and consequent overproduction of NETSs,
where similar autoimmune mechanisms are observed in HIT. We also discuss avenues
by which such modalities could be treated to prevent the occurrence of adverse events
and ensure vaccine rollouts remain safe and on target to end the current pandemic.

for angiotensin-converting enzyme 2 for viral entry into the cell.

The developmental stage of the COVID-19 vaccine saw various

Ever since COVID-19, caused by SARS-CoV-2, was declared by
the World Health Organization (WHO) as a global pandemic, the
leading global strategy against this disease has been the effective
development, procurement, and distribution of vaccines. Indeed,
many vaccines have been authorized by global regulatory authorities
since December 2020.12 Coronaviruses are large single-stranded
positive-sense RNA viruses with a helical nucleocapsid (N) and an
envelope composed of matrix protein (M), an envelope protein (E),
and spike protein (S). The spike protein is the receptor-binding site

approaches, all of which utilize S protein as the immunogen: recom-
binant vaccines using viral vectors; nucleic acid vaccines or mRNA
vaccines; inactivated vaccines; nanoparticle or virus-like particle
vaccines; protein subunit vaccines; and live attenuated vaccines.>*
However, as one would expect from vaccines developed at such an
unprecedented pace, several side effects have been reported termed
adverse events of special interests (AESI). Variable AESIs observed
include acute myocardial infarction, hemorrhagic/nonhemorrhagic

stroke, deep vein thrombosis, pulmonary embolism, Bell's palsy,
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transverse myelitis, Guillain-Barre syndrome, immune thrombo-
cytopenia, disseminated intravascular coagulation (DIC), anaphy-
laxis, encephalomyelitis, narcolepsy, pericarditis, cerebral venous
sinus thrombosis (CVST), splanchnic vein thrombosis (SVT), and
appendicitis.>~/ There is an immediate need to elucidate whether
these AESIs and vaccines share a causal relationship to further opti-
mize vaccine protocols, provide therapeutic strategies, and reduce
public fear and hesitancy over the vaccines.® It should, however, be
emphasized beforehand that the vaccines are largely safe, as AESIs
are exceptional findings, and the benefits of receiving the vaccine far
outweigh any potential risks.

Reports of thrombosis in atypical locations, particularly CVST and
SVT, with concomitant thrombocytopenia following immunization with
the adenoviral ChAdOx1 nCoV-19 AstraZeneca and Ad26.COV2.S
Janssen vaccines resulted in these vaccines being temporarily with-
drawn in Europe and the United States, respectively. Upon further
testing and being declared efficacious and safe, these vaccines were
re-authorized for use. Elucidating the mechanisms and investigating
potential therapeutic strategies have been the subject of intense study
ever since. The temporal coincidence of thrombosis and thrombo-
cytopenia following vaccine administration suggested a mechanism
resembling that of heparin-induced thrombocytopenia (HIT), with
the term vaccine-induced thrombotic thrombocytopenia (VITT) being
coined to refer to this clinical entity. This was further strengthened by
the demonstration of anti-platelet factor 4 (PF4) antibodies in the sera
of patients afflicted with VITT.?-11

Recently, neutrophil extracellular traps (NETs) have gained trac-
tion as being key in mediating thrombotic events characterizing severe
COVID-19 and various auto-immune conditions, including HIT.12-1°
Accordingly, in this article, we detail the similarities and differences
in the pathogenesis of HIT and VITT, discuss how the different com-
ponents of NETs facilitate thrombosis, elucidate how NET produc-
tion could occur in the setting of COVID-19 vaccine administration to
subsequently mediate thrombosis and thrombocytopenia, and provide
questions that should be addressed by future research to scrutinize the
validity of this hypothesis. Last, we briefly review validated therapeutic
strategies reported thus far and suggest drugs that could prove to be
efficacious by inhibiting NETs. Elucidating whether NETs play a major
or minor role in VITT should be the focus of future studies as this could
have significant therapeutic implications far beyond the treatment of
VITT; further, NET inhibitors could represent viable options to mitigate

VITT as well as numerous other prothrombotic disorders.

2 | COVID-19 VACCINATION AND
THROMBOCYTOPENIA

The Oxford/AstraZeneca vaccine gained rapid emergency approval
and clearance for use following confirmation of efficiency (76-80%),
and despite exceptional cases of thrombosis being reported, the
vaccine was considered safe by both the European Medicines Agency
and the WHO. The efficacy of other vaccines in comparison is variable,

with the Johnson & Johnson’s (J&J) Janssen vaccine (66%) showing

lower efficacy, and Moderna and Pfizer exhibiting efficacies higher
than 90%.1¢ By March 18, 2021, close to 20 million doses had been
administered in Europe and the United Kingdom. Soon, however,
an increasing number of cases reporting “embolic and thrombotic
events” after taking the AstraZeneca vaccine began to be reported,
predominantly in females aged between 20 and 50 years. A total of
269 thrombotic events (45 fatalities) were reported, with CVST and
SVT being disproportionately prevalent.l”

An article reported 11 patients, aged 22-49 years and 9 of whom
were female, who experienced thrombotic events beginning 5-16 d
postvaccination with the ChAdOx1 vector vaccine.” All patients
studied developed thrombosis, with the most common site being CVST,
and tested positive for anti-PF4 antibodies and in a PF4-enhanced
platelet activation test independent of heparin, demonstrating that
thrombosis was mediated by activation of platelets via auto-antibodies
against PF4.18 Accordingly, the clinical criteria for the diagnosis of
VITT include?® exposure to the AstraZeneca or Janssen COVID-19 vac-
cines 4-30 d before presentation,? thrombosis,® thrombocytopenia,
and* positive for anti-PF4 antibodies on a standard ELISA. Besides
positive anti-PF4 antibodies, other important lab findings reveal an
elevated D-dimer, normal or low fibrinogen levels, and DIC leading to a
consumption coagulopathy with consequent hemorrhage.”? Because
the pathophysiology seemed to mimic that of HIT, the term VITT was

coined to refer to this clinical entity.

3 | INFLAMMASOMES, NETS, AND VITT

Neutrophils are the most abundant type of circulating cell in the body,
and are critical components of the innate immune response against
infectious and noninfectious disease pathogenesis.'® Recently, the
expulsion of chromatin by neutrophils to form specialized structures
known as NETs has gained attention in describing the function of
neutrophils in health and disease.'? These unique, web-like structures,
are composed of DNA, histones, and enzymes, which are released
from neutrophils as they undergo a specialized type of cell death
called “NETosis.”20 Although the primary function of NETs is to trap
microbes and associated debris, an uncontrolled proliferation of NETs
from neutrophils culminates in alveolar damage, endothelial injury and
coagulopathy (Fig. 1). Importantly, NETs are now also increasingly asso-
ciated with central roles in COVID-19 infection and pathogenesis.2°
Although the role of neutrophils in thrombosis is currently
poorly understood, neutrophils are among the first cells that are
recruited at inflammation or infection sites,?! and promote coagu-
lation via fibrin deposition to prevent microbial spread.?? Excessive
activation or dysregulation of neutrophils in blood vessels results
in coagulopathy,?® suggesting the potential importance of NET-
mediated thrombosis regulation.!? Indeed, NETs form scaffolds,
which trap platelets, RBCs, and platelet adhesion molecules such as
fibrinogen, VWF, and fibronectin,?* which may not only provide the
structural basis for thrombosis, but also can potentially induce coag-
ulation through its various constituents by activation of platelets.?

Indeed, NET-specific markers are significantly elevated in COVID-19
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FIGURE 1 Schematic summary indicating the proposed pathophysiology underlying the role of NETosis in thrombosis. damage-associated
molecular patterns (DAMPs), platelets, and complement receptor engagement trigger nonlytic neutrophil extracellular trap (NET) formation,
allowing NETing neutrophils to retain basic phagocytic and chemotactic functions. Nonlytic NETosis directly activates PAD-4, which converts
arginine to citrulline on histones, causing loss of positive charges of histones and disrupting electrostatic attractions between histones and DNA.
The result is decondensation of chromatin. Subsequently, chromatin and associated proteins are lost via blebbing of the nuclear envelope, which is
resealed afterward. NETs provide a structural basis for thrombosis and promote platelet aggregation and coagulation, manifesting as a
pro-thrombogenic state. Additionally, NETs can lead to the production of ANCA, leading to ANCA-associated vasculitis which has been noted in

severe cases of COVID-19

patient sera, whereas Interestingly, COVID-19 patient sera trig-
gered NET production in healthy control-derived neutrophils,1326-2?
and COVID-19 neutrophils exhibited significantly higher levels of
NETs at baseline.2? Although NET release during infections is pre-

dominantly considered to be physiologically beneficial, perhaps

excessive NET production is harmful, resulting in tissue injury and
thrombosis.21:30

Although NETosis is physiologically beneficial, when excessive, NETs
are key in propagating thrombosis and thrombocytopenia characteriz-

ing various disorders, as well as being implicated in the pathogenesis of



KASHIR ET AL.

JOURNAL OF
728 JLB LEUKOCYTE

BIOLOGY

TABLE 1 Causes of acquired thrombocytopenia with shortened platelet survival

Acquired thrombocytopenia with shortened platelet survival

Associated with bleeding

Acute Immune thrombocytopenic purpura (ITP)

Drug-induced thrombocytopenia
Chronic ITP

Most other causes

Associated with thrombosis

Thrombotic thrombocytopenic purpura

Disseminated intravascular coagulation (DIC)

Heparin- induced thrombocytopenia (HIT)

Vaccine-induced prothrombotic immune thrombocytopenia

TABLE 2 Summary of causes of thrombocytopenia associated with thrombosis, alongside recommended treatment pathways

Disorder

Thrombotic thrombocytopenic purpura
Disseminated Intravascular coagulation

(DIC)

Heparin-induced thrombocytopenia

Vaccine-induced thrombotic

Pathogenesis

Defective regulation of VWF activity by a
circulating metalloprotease ADAMTS13%%

Increased thrombin generation, suppression of the
physiologic anticoagulant pathways, impaired
fibrinolysis and activation of the inflammatory
pathways®?

Formation of IgG antibodies against the platelet
factor 4 (PF4)/heparin complex leading to the
creation of an immunocomplex which will
activate platelets and monocytes.®®

Not known; postulated as associated with PF4

Recommended treatments

Treat the cause and Plasma therapy either Fresh
frozen plasma or plasmapheresis

1. Treatment of cause
2. Replacement therapy (platelets,
cryoprecipitate, fresh frozen plasma)3.
Sometimes heparin

Immediate cessation of heparin and initiation of
alternative anticoagulation treatment, for
example, danaproid, lepirudin and argotraban.

l.v.immunoglobulin (IVIG) and high dose steroids.

thrombocytopenia
(NETS).10'14'15'18’36

auto-immune diseases such as systemic lupus erythematosus, rheuma-
toid arthritis, and HIT.3%32 Moreover, early data on COVID-19 sug-
gested that neutrophils were the primary immune cell type recruited
during SARS-CoV2 infection, mediating direct damage to resident cells
through the production of reactive oxygen species and NETs.33:34

NETs, as a consequence of their fibrous structure, constitute a plat-
form onto which platelets, fibrin, and RBCs are deposited, thereby pro-
viding a structural basis for thrombosis.243>3¢ Furthermore, certain
NET components, including cell-free DNA, histones, and tissue factor
are well-established inducers of coagulation. Histones cause platelet
and endothelial cell activation via TLR 2 and 4, the latter of which leads
to cell vacuolization and subsequent cell death, which precipitates
a prothrombotic state.2#3537:38 Activated platelets interacting with
neutrophils can also induce NETosis through binding via P-selectin and
high mobility group box 1. NET expulsion in turn facilitates the adhe-
sion and activation of more platelets (Table 1). Therefore, neutrophil-
platelet interactions constitute a feed-forward loop that exacerbates
thrombosis.3740

Furthermore, the release of neutrophil elastase (NE) and myeloper-
oxidase (MPO) leads to endothelial damage, and exposure of VWEF,
which independently activates platelets to cause thrombosis. Extra-
cellular DNA binds various coagulation factors, thereby promoting
thrombin-dependent fibrin formation. NET components such as ser-
ine proteases inhibit tissue factor pathway inhibitor (TFPI), whereas
histones (another NET component) bind thrombomodulin preventing

22,41

thrombomodulin-dependent protein C activation. Furthermore,

antibodies/neutrophil extracellular traps

NETs also augment activation of the coagulation cascade by inhibiting
natural anticoagulants.

The general immunologic sequence culminating in NETosis
involves the initial activation of macrophages secondary to bind-
ing of pathogen-associated molecular patterns or damage-associated
molecular patterns (DAMPs) to pattern recognition receptors, most
commonly NLPR3 monomers, which form an inflammasome complex
through oligomerization.*? The NLPR3 inflammasome promotes
secretion of IL-13, which positively reinforces inflammasome forma-
tion and perpetuates neutrophil recruitment and activation. These
neutrophils undergo NETosis, which, in turn, further drive inflam-
masome formation through DAMPs. This loop circuitry of activation
has been implicated in acute lung injury, acute respiratory distress
syndrome, and organ dysfunction in COVID-19.1327 Accordingly, in
cases of excessive inflammasome activity, seen in conditions such as
COVID-19 and sepsis, consequent NETosis and elevated serum NET
markers, including MPO, elastase, cell-free DNA, and citrullinated
histone H3, are also observed. Indeed, viable SARS-CoV-2 directly
induced NET release, in a manner dependent on levels of angiotensin-
converting enzyme 2, serine protease, virus replication, and Peptidyl
Arginine Deiminase 4 (PAD-4) in COVID-19 patients.*® lliness sever-
ity was directly correlated with plasma MPO-DNA complexes in
COVID-19 patients, with soluble and cellular factors triggering NETs
observed at significantly higher levels alongside NET-containing
microthrombi with neutrophil-platelet infiltration in pulmonary

autopsies.2?
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NETs provably contribute to vaccine immunogenicity and thereby
efficacy. This is due to the use of vaccine adjuvants, which bolster host
defense against the immunogen the vaccine delivers. The common
mechanism of all adjuvants is the recruitment of innate immune
cells, such as neutrophils, dendritic cells, and macrophages, which
activate B- and T-cells to confer long-term immunity. Adjuvants are
generally considered safer than live-attenuated vaccines and, by
increasing vaccine efficacy, they lead to dosage sparing, which
increases global vaccine supply. Examples of common adjuvants
include aluminum salts, saponins, and emulsions, which activate
inflammasomes and proinflammatory cytokines, especially IL-18.4445
The inflammasome targeted by adjuvants is NLRP3, which is induced

through NF-xB signaling.

4 | HIT AND VITT: THE ROLE OF NETS

The temporal association of thrombosis and thrombocytopenia fol-
lowing administration of the Oxford/AstraZeneca vaccine suggested
a phenomenon similar to the pathogenesis of HIT. The pathophysiol-
ogy of HIT involves binding of heparin to PF4, prompting a conforma-
tional change which renders the complex immunogenic that then elicits
the production of IgG heparin-PF4 antibodies (HIT antibodies).*¢ This
heparin-PF4-1gG immune complex (HIT-IC) then activates platelets via
FcyRlla receptors, triggering their activation and releasing prothrom-
botic platelet-derived microparticles, including PF4, thereby precip-
itating a hypercoagulable state. The result is platelet consumption
and eventual thrombocytopenia.*¢*” Importantly, however, individ-
uals have been known to present with a clinical entity resembling
HIT without prior exposure to heparin. In this context, antibodies
were directed against PF4-polyanion complexes, as was the case with
VITT.#847 |t is essential to determine which component of the ChA-
dOx1 nCoV-19 and AD26.COV2.S binds PF4 to further optimize vac-
cine protocols.

Recent research has suggested that the pathogenesis of HIT extends
beyond that of simply involving platelets and implicates NETs, as
evidenced by elevated NET markers in HIT. The HIT-IC has been
shown to activate neutrophils directly through engaging the FcyRlla
receptor and indirectly through activation of platelets by FcyRlla,
which subsequently induce NETosis via P-selectin binding to P-selectin
glycoprotein ligand-1 on the surface neutrophils.'*5 The thrombocy-
topenia is believed to be secondary to enhanced phagocytosis of HIT-
IC-covered platelets by macrophages.3?:50

As stated earlier, NETs could play roles in enhancing vac-
cine immunogenicity through adjuvants that activate the NLRP3
inflammasome.*2°1 Additionally, NET components such as nucleic
acids and various proteins are negatively charged and, therefore,
are capable of binding PF4 on the platelet surface to subsequently
elicit the generation of autoantibodies against PF4-anionic complexes.
Therefore, in the context of VITT, many of the clinically relevant
vaccine adjuvants, such as aluminum salts, saponins, and emulsions,
activate the NLRP3 inflammasome and trigger NETosis.***>°2 Sub-

sequently, NET components bind PF4 and elicit the production of

BIOLOGY

autoantibodies against PF4-polyanionic complexes. A question that
arises in response is why only a few individuals are affected despite
widespread vaccinations? Perhaps genetic factors predisposing indi-
viduals to develop VITT should be considered, although their role in
HIT is considered minimal. The 131RR genotype of the FCG2RA gene
encoding the FcyRlla receptor, polymorphism of the IL-10 microsatel-
lite sequence, and PI*2 variant of GPllla of platelets, have all been
reported to increase the risk of thrombosis in HIT.>3-55 Therefore, a
potential genetic predisposition merits further investigation.

Nevertheless, regardless of whether NETs and VITT share a causal
relationship, it is highly probable that NETs do contribute to the prop-
agation of thrombosis and thrombocytopenia in VITT as established
by extensive research into the role of NETs in thrombosis (Fig. 2). To
elucidate whether NETs play a major role in VITT, first, measuring
serum NET markers, Cf-DNA, MPO-DNA, and citrullinated histone
H3 (Cit-H3) in VITT would show the activity of NETosis. Subsequently,
analyzing whether the degree of NETosis activity correlates with the
clinical course of VITT could, at least to a degree, implicate NETs as
important mediators of VITT.

An intriguing feature of VITT not seen in HIT is the predilection
for causing CVST and/or SVT, the latter encompassing mesenteric and
portal vein thrombosis and Budd-Chiari syndrome.>¢°7 Although the
mechanism behind this remains undetermined, NETs likely form impor-
tant constituents of thrombi in both locations. A recent review article
exploring the role of NETs in different forms of liver disease showed
that liver damage secondary to portal vein thrombi and intravascu-
lar sinusoidal microthrombi in various diseases, including portal hyper-
tension (PHTN) and sepsis, could be mitigated through inhibition of
NETs via sivelstat, an NE inhibitor.3? Likewise, a study analyzing 68
ischemic stroke patients demonstrated the presence of NETs within
these thrombi through immunostaining NE and by measuring serum
NET markers, showing that NET components were a prominent fea-
ture in almost all thrombi. Additionally, ex vivo degradation of retrieved
thrombi was enhanced with the addition of DNase to standard tissue
plasminogen activator (tPA).°¢ Thus, unraveling the role of NETs in the
setting of VITT could yield novel therapeutic strategies that have impli-
cations far beyond VITT, including the treatment of stroke patients
and patients suffering from PHTN. For a start, a similar study aim-
ing to analyze whether NETs constitute a major portion of thrombi in
VITT by immunostaining for NET components and evaluating the effi-
cacy of thrombolysis via DNase against that of conventional throm-
bolytic drugs alone would indicate how involved NETs are in VITT

thrombosis.

5 | THE ROLE OF VACCINE COMPONENTS IN
NET-INDUCED VITT

With the caveat that detailed vaccine component specifications are
not current available, multiple hypotheses also suggest that perhaps
either specific factors, or even combinations of such factors, present
as vaccine components such as adjuvants may play some kind of role.>®

Indeed, Greinacher et al..>? recently suggested the identification of
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FIGURE 2 Schematic summary of the proposed mechanism of the role played by neutrophil extracellular traps (NETs) in development of
thrombosis and thrombocytopenia in individuals receiving the Oxford/AstraZeneca vaccine, with proposed treatments indicated at relevant
stages. Many clinically relevant vaccine adjuvants (aluminum, emulsions, saponins, among others) activate the NLRP3 inflammasome, releasing
IL18, inducing NETosis. Elevated levels of antibodies platelet factor 4 (PF4)-related immune complexes (IC) in individuals receiving the
Oxford/AstraZeneca vaccine indicates a mechanism similar to heparin-induced thrombocytopenia (HIT), whereby NET production occurs directly
via the FcyRlla receptor on neutrophils, and indirectly via FcyRlla-mediated activation of platelets which in turn stimulate NETosis. Various
components of NETSs, including extracellular DNA, histones, and serine proteases, render them procoagulant. Extracellular DNA is known to bind
and augment activation of proteases of the coagulation cascade. Histones induce endothelial cell damage via TLR2 and 4, precipitating
hypercoagulation. Histones activate platelets via TLR2 and 4, which in turn enhance NET production, establishing a feed-forward loop. Histones
and extracellular DNA bind fibrinogen, VWF, and fibronectin to enhance platelet trapping. Last, histones bind thrombomodulin, preventing
thrombomodulin-dependent activation of protein C. Serine proteases bind tissue factor pathway inhibitor (TFPI), inhibiting inactivation of factor

Xa. All these factors culminate in rendering NETs prothrombotic

multiple cell-culture derived human proteins in the ChAdOx1 nCov-19
vaccine, potentially exposing predisposed individuals to strong alloim-
mune reactions against antigens. The authors also further suggested
that ChAdOx1 nCoV-19 vaccine constituents were able to form
antigenic complexes with PF4, whereas levels of EDTA present in the
vaccine increased microvascular permeability, collectively leading to
acute inflammatory reactions.’? However, other vaccines also contain
a milieu of human proteins, although these are not always specified.
Furthermore, the J&J Janssen vaccine is not reported to contain EDTA,
suggesting that perhaps more multifactorial roles are in play than
expected.

Cases of severe allergic reactions (anaphylaxis) reported follow-
ing the first dose of the Pfizer-BioNTech or Moderna SARS-CoV-2

6

mRNA vaccines®® are perhaps triggered by the PEG or lipid com-

ponents of these vaccines,®? leading to mast cell activation in an
IgE-independent manner as in the complement mediated pseudo-
allergy reaction that has been described in the case of liposo-

61,62

mal carriers, or perhaps via complement activation initiated by

1gG or IgM raised against the PEGylated lipids of these vaccine
formulations.®®

The active component in the ChAdOx1 nCoV-19 vaccine is of course
an adenovirus, which in itself can activate platelets.>¢364 To this
degree, perhaps the replication-deficient adenoviral vector in the ChA-
dOx1 nCoV-19 vaccine contributes toward the release of platelet-
derived PF4, leading to VITT via damage of endothelial cells (eas-
ily transduced following intramuscular injection®?) by the synthesized
spike protein.®8:¢5-67 Recruited platelets could then be activated by the

spike protein bound to endothelial cells,”®¢8

resulting in the formation
of immunogenic PF4.8 Indeed, PF4-immune complexes can be recog-
nized by C1q that binds to the Fc portion of 1gG molecules, leading
to downstream generation of potent proinflammatory mediators and
effectors that can potentiate thromboinflammation similar to those
seen in COVID19 patients.61:67.70

COX enzymes (induced via the spike proteins of coronaviruses) can
catalyze thromboxane A2 (TxA2) production,”? perhaps underlying the

thromboinflammation observed in VITT.”2 Indeed, in mice infected
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with SARS-CoV, TxA2 production was markedly increased in younger
mice compared to middle aged mice,”? in line with the higher risk for
thrombosisin adults aged <60 yr.””2 Intriguingly, platelets from female
mice seem significantly more reactive than from male mice,”® whereas
TxA2 generation, TxA2-platelet interaction, and platelet activation also
seem increased in women compared to men.”*”> All such observa-
tions seem consistent with the apparent increased risk of thrombosis
in women following the AstraZeneca and J&J vaccines.”2 However, it
is important to note that based on the current evidence, specific risk
factors have yet to be confirmed.

6 | PREVENTION AND TREATMENT OF
NET-INDUCED VITT

Similar to the management approach in the setting of HIT, a high
dose of iv. immunoglobulin (IVIG) of 1 g/kg for 2 d may also be
administered.»?197¢ |njtiating a high-dose steroid therapy with or
without high-dose immunoglobulins has shown to rapidly increase the
platelet count in VITT patients in whom IVIG is delayed or platelet
count is <50 x 10?.77 Low molecular weight heparin should not be used
in these patients as strong reactivity with antibodies could worsen the
condition. Warfarin is also contraindicated as it can potentially worsen
thrombosis. Fondaparinux, danaproid, lepirudin, and argotraban can be
used to treat thrombotic events in these patients.”87?

Many avenues can be considered for the treatment of thrombocy-
topenia associated with thrombosis, all of which can be associated with
varying modes of pathogenesis (Table 2). Considering the body of evi-
dence supporting the role of NETs in VITT, it is perhaps prudent to sug-
gest prophylaxis of low-dose aspirin in populations susceptible to VITT,
which predominantly seems to be females aged 20-50 yr, administered
for 2wk to prevent this potentially dangerous adverse effect. The basis
of this recommendation is the prevention of platelet activations and
platelet aggregation by aspirin. As discussed earlier, a complex inter-
play exists between platelets and neutrophils that induces NETosis
and exacerbates thrombosis. Therefore, by abrogating platelet activa-
tion and aggregation, NETosis can potentially be prevented. Sivelstat,
a neutrophil elastase inhibitor, ameliorates liver damage due to por-
tal vein thrombi and intravascular sinusoidal microthrombi in PHTN
and sepsis, and probably numerous other disorders characterized by
thrombosis.3! A more comprehensive review of various drugs shown
to inhibit NETs can be found here.8® Further work is required to fully
elucidate the therapeutic potential of these drugs in conjunction with
unraveling the role of NETs in various prothrombotic disorders includ-
ing VITT.

7 | CONCLUSION

We propose that NETs could play major roles in VITT, as earlier
research has firmly established NETs as key in precipitating a pro-

thrombotic state characterizing various disorders, including HIT. To

BIOLOGY

this end, we detailed the various components of NETs propagating
thrombosis, and how NET formation in the context of ChAdOx1 nCoV-
19 and Ad26.COV2.S vaccine administration could perpetuate VITT.
We also highlighted currently unaddressed research questions that, if
answered, would not only further our understanding of VITT but also
of a plethora of other thrombotic disorders. Determining if NETs play
a major or minor role in VITT will significantly impact pharmacologic
approaches to treating this disorder as various drugs are known to
inhibit NET formation, or in the early detection of susceptibility to NET-
VITT. Specific biomarkers for NETs in body fluids include cell free DNA,
MPO-DNA, and Cit-H3, which are easily and rapidly detectable using
ELISA-based or strip assays.327:81

Therapeutic options that could be investigated include recombi-
nant DNase-1 (dornase alfa) in combination with tPA for resolution
of thrombi caused by excessive NET production, whereas NET pro-
duction was also blocked using histone deacteylase inhibitors and IL6
blockers.1320-27.82 Amantadine can block viroporins and calcium influx,
which is crucial for PAD-4 activation in NET pathogenesis,1383:84
whereas NET-induced inflammatory tissue damage, coagulopathy,
and vasculitis can be controlled by exogenous administration of
resolvins.1327:85-87 Ankinara is another potential target that poten-
tially disrupts the IL1-3-NET feedback loop.132° Another alternative,
although no changes in survival rates were observed for treatment of
ARDS, includes the neutrophil elastase inhibitor Sivelestat could also
be a potential target to tackle NET-induced VITT.1388

Finally, considering the inflammatory-like conditions presented by
COVID-19, IVIG administration has been examined as a possible route
to reduce proinflammatory markers, with numerous studies now show-
ing that deployment of IVIG within specific dosages would reduce mor-
tality and length of hospitalization of severe COVID-19 patients (refer
to Yaginuddin et al.! for a more detailed review). Furthermore, a strong
correlation was observed between anti-NET IgG and IgM with high lev-
els of circulating NETs, impaired oxygenation efficiency, and high circu-
lating D-dimer, potentially impairing NET clearance and exacerbating
SARS-CoV-2-mediated thromboinflammation.?? To this degree, per-
haps a therapeutic path in treatment of VITT would be high-dose IVIG
administration, which was able to reduce antibody-induced platelet
activation in serum in three patients exhibiting heterogeneous symp-
toms of VITT.70
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