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To clot or not to clot? Ad is the question—Insights on
mechanisms related to vaccine-induced thrombotic

thrombocytopenia

Abstract

Vaccine-induced immune thrombotic thrombocytope-
nia (VITT) has caused global concern. VITT is charac-
terized by thrombosis and thrombocytopenia following
COVID-19 vaccinations with the AstraZeneca ChAdOx1
nCov-19 and the Janssen Ad26.COV2.S vaccines. Patients
present with thrombosis, severe thrombocytopenia de-
veloping 5-24 days following first dose of vaccine, with
elevated D-dimer, and PF4 antibodies, signifying plate-
let activation. As of June 1, 2021, more than 1.93 billion
COVID-19 vaccine doses had been administered world-
wide. Currently, 467 VITT cases (0.000024%) have been
reported across the UK, Europe, Canada, and Australia.
Guidance on diagnosis and management of VITT has been
reported but the pathogenic mechanism is yet to be fully
elucidated. Here, we propose and discuss potential mech-
anisms in relation to adenovirus induction of VITT. We
provide insights and clues into areas warranting investi-
gation into the mechanistic basis of VITT, highlighting the
unanswered questions. Further research is required to

help solidify a pathogenic model for this condition.

1 | INTRODUCTION: WHAT IS KNOWN
ABOUT VACCINE-INDUCED IMMUNE
THROMBOTIC THROMBOCYTOPENIA?

The novel, and rare, syndrome termed vaccine-induced im-
mune thrombotic thrombocytopenia (VITT), or thrombotic
thrombocytopenic syndrome (TTS), has caused global concern
among physicians, researchers, and the public. VITT is charac-
terized by thrombosis and thrombocytopenia occurring follow-
ing COVID-19 vaccinations and, so far, only reported following
treatment with the AstraZeneca ChAdOx1 nCov-19 and the
Janssen Ad26.COV2.S vaccines. The clinical features of VITT
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include thrombosis, commonly cerebral venous sinus thrombo-
sis (CVST; but many patients had other non-CVST thromboses
with several exhibiting concurrent thromboses at other sites),l'2
and severe thrombocytopenia (median platelet counts 20,000-
30,000) developing 5 to 24 days following the first dose of the
vaccine, together with elevated D-dimer. A hallmark of VITT pa-
tients is the presence of antibodies specific to platelet factor
4 (PF4), signifying platelet activation. This autoimmune element
in VITT mimics autoimmune heparin-induced thrombocytopenia
(aHIT),® also known as HIT/T* or HIT, a thrombocytopenic disor-
der caused by the formation of immunoglobulin G (IgG) antibod-
ies against PF4 upon exposure to heparin®® or more precisely
“spontaneous/autoimmune HIT” where there is no prior heparin
exposure.”8

Previous work has shown that aHIT patients express several
classes of anti-PF4 antibodies. Group 1 only weakly binds to the
PF4/heparin complex and is not capable of causing aggregation and
activation of platelets. Group 2 can aggregate PF4 in complex with
heparin, leading to platelet activation via Fcy-receptor IIA (FcyRIla).
Group 3 binds most strongly and can aggregate PF4 in the absence
of heparin or other polyanions.9 It has been observed that non-
platelet-activating anti-PF4/heparin antibodies occur in COVID-19
patients despite no prior heparin treatment.’° However, VITT pa-
tients reported to date all tested positive for a particularly strong
antibody type capable of binding to PF4 in the absence of heparin,
mimicking aHIT.X® The kinetics of PF4 antibodies in VITT compared
to HITT is currently unknown and requires further studies. Thus
far, the suggested treatment paradigm has been to treat VITT sim-
ilarly to HIT. This involves discontinuing heparin-based therapies
and switching to an alternative, non-heparin-based, anti-thrombin
inhibitor. Treatment with high dose intravenous immunoglobulin
(IVIG), which acts as a competitive inhibitor of IgG associated with
FcyRlla on the platelet surface, has also been used in VITT patients,
with positive outcomes, reducing platelet activation and coagula-
tion. ISTH guidance on diagnosis and management of VITT has been
reported.!!

It is difficult to determine the exact incidence of this adverse ef-
fect but thus far it remains extremely low. As of June 1, 2021, more
than 1.93 billion COVID-19 vaccine doses had been administered
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worldwide.'? Currently, a total of 467 VITT cases (0.000024%) have
been reported across the United Kingdom (UK), Northern Europe,
Canada, and Australia; however, more cases are continuing to be re-
ported.***8 As of June 1, 2021, the estimated incidence rate of VITT,
based on the total number of first-dose vaccinations (not exclusively
AstraZeneca), is approximately 0.00086%, 0.000127%, 0.00028%,
and 0.000087% in the UK, Canada, Australia, and central Europe, re-
spectively.’®? Recent work has shown, robustly, that that incidence
rate of VITT in recipients of the ChAdOx1 vaccine is in excess of the
general population, and that similar effects are not seen in recipi-
ents of the BioNTech mRNA vaccine,?° although thrombocytopenia
(without thrombosis) has been shown with BNT162b2.2! Whether
similar incidence rates are observed in other populations with differ-
ent genetic backgrounds remains to be seen.

The pathogenic mechanism of VITT remains to be verified,
but thus far all evidence suggests a role for the vaccine material.
Experimentation has demonstrated that the IgG antibodies that
recognize PF4 activate platelets through FcyRIIA. This has been
validated by ELISA testing.>®'® However, it remains unclear what
triggers production of these antibodies. The fact that VITT, so far,
has been described only in association with adenoviral vector--based
DNA virus vaccines, but not mRNA/lipid-based vaccines, raises the
question of whether the syndrome is linked to the vector or other
constituents in the vaccine preparation.

Herein, we discuss and analyze adenovirus immunogenicity and
its interaction with platelets and other host proteins. We review
aspects of the respective adenoviruses to provide clues on areas
warranting investigation into the mechanistic basis of VITT, highlight
several unanswered questions, and discuss the potential pathogenic
mechanisms involved.

2 | ADENOVIRUS AS A POPULAR
CANDIDATE FOR COVID-19 VACCINATION

Adenovirus has been a popular and powerful therapeutic as a gene
delivery vehicle. However, its value is restricted by the limited du-
ration of transgene expression, typically 7 to 10 days. The intense
overexpression of transgene, resulting in robust antigen-specific
response522; ease of manipulation of their double stranded DNA ge-
nome compared to RNA viruses; and the ability to scale up capacity
to high titers?® make it an attractive candidate as a vaccine platform.

Despite the broad phylogenetic tree of human adenoviruses,
preclinical and clinical development of adenoviruses have focused,
largely, on just one serotype—the species C serotype 5 (Ad5). Ad5 is
known to induce potent antigen-specific T cell responses against the
delivered transgenes, which makes it a compelling candidate as a vac-
cine.?* However, clinical trials of Ad5-based vaccines have a checkered
history with limited evidence that their use results in protective im-
munity.2>2¢ The results of the Ad5-based human immunodeficiency
virus (HIV) STEP trial indicated that widespread pre-existing anti-Ad5
immunity in the population, among other variables, was associated
with lack of efficacy from the vaccine.?” These studies indicate how

high seroprevalence hampers efficacy of Ad5-based vaccines. This
prompted a switch toward exploring the diversity within the human
adenovirus phylogenetic tree, as well as adenoviruses of non-human
origin, to develop efficacious adenovirus-based vaccines with low or
zero seroprevalence rates in the human population.

From the diverse phylogenetic tree, encompassing >100 human
adenoviruses, and >100 closely related members including those
of simian origin (http://hadvwg.gmu.edu/), two have emerged
as leading candidates, critical in curtailing the 2019 SARS-CoV-2
pandemic—namely that based on species D human adenovirus se-
rotype 26 (Ad26, developed by Janssen Ltd) and that derived from
the chimpanzee adenovirus isolate Y25 (developed by the Jenner
Institute), also termed ChAdOx1, which is phylogenetically close to
Ad4, though the hexon and fiber proteins display homology to their
counterparts in species D and C, respectively. Both vaccine plat-
forms have been widely clinically evaluated, for several indications,
prior to the 2019 SARS-CoV-2 pandemic and demonstrated a robust
ability to induce T cell and antibody responses against a wide range
of antigens.?®?? In terms of side effects, early phase clinical trials of
both viral vector backbones have generally shown mild/moderate
adverse events (AEs), limited to transient local and systemic events,
with no serious vaccine-related AEs reported.30’31

This positive safety profile coupled with their ability to induce
durable and robust antibody and T cell responses have made both
Ad26 and ChAdOx1 obvious front runners in the race to develop
SARS-CoV-2 vaccines to mitigate the COVID-19 pandemic.

3 | ADENOVIRUS TRIGGERS PLATELET
ACTIVATION AND PROMOTES BLOOD
CLOTTING

Adenovirus--platelet interactions deserve close attention due to
the thrombocytopenia consistently reported following intravenous
administration, while noting that thromboembolic events have not
been observed previously and that COVID-19 vaccine is adminis-
tered intramuscularly.3?3* Experimental data show that thrombo-
cytopenia occurs 5 to 24 h following intravenous administration of
adenovirus to mice.*® Thrombocytopenia is a well-known complica-
tion of various viral infections in humans. Multiple mechanisms have
been proposed. These include increased nonspecific destruction of
platelets caused by the deposition of circulating immune complexes
on their surface, the appearance of specific antiplatelet antibod-
ies, a decrease in platelet production, a direct effect of viruses on
megakaryopoiesis, or a direct interaction between platelets and
viruses.®®%” These interactions may be a part of platelets’ complex
role in host defense processes. It is plausible the host defense role
requires platelets to be activated to remove microbes, because acti-
vated platelets are cleared from circulation by the reticuloendothelial
system.3®%? The addition of adenovirus to platelet rich plasma (PRP)
in vitro leads to spontaneous ADP- and ristocetin-induced platelet
aggregation, and P-selectin and CD41a expression on the platelet

surface. The latter are two markers of platelet activation.*%4!
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Increased P-selectin in platelet and leukocyte-derived micro-
particle release is also observed following intravenous adenovirus
(Ad5) injection in mice. This in turn triggers the formation of platelet-
-leukocyte aggregates that adhere and roll on the endothelium.®”
A rucial role of von Willebrand factor (VWF) in mediating thrombo-
cytopenia was shown during in vivo experiments. This role is based
on the high levels of VWF seen in the plasma and the appearance
of ultra-large molecular weight VWF multimer (UL-VWF) following
adenovirus injection in mice®® and in Rhesus macaques.34 This is fur-
ther supported by the fact that thrombocytopenia was not signifi-
cant when the virus was injected into VWF knock-out mice.?®

Adenovirus infection can stimulate a series of platelet responses,
including platelet binding and internalization. However, the kinetics
of the platelet activation and which components of platelets are in-
volved in the internalization process remain unclear. Virus particles
were found in association with the cell surface and are localized to
the open canalicular system as shown by electron microscopy.*°
Ad5 attachment to the cell surface requires binding of the fiber
knob protein to Coxsackie and adenovirus receptor (CAR)*? but it
is unclear if this is a requirement for platelet attachment. One study
indicated that ~3.5 + 1.9% of resting human platelets express CAR,
which is dominantly localized within intracellular aggregates at sites
of cell--cell contacts.*® This indicates that CAR expression might be
upregulated in response to platelet activation.*® In addition to CAR,
adenoviruses use a number of proteins and adhesion molecules that
act as “co-receptors” and facilitate cell internalization. It has been
shown that Ad5 interacts with members of the aV-integrin family—
aVp3** and aVp5*°—via the RGD-motif containing penton base
protein.*® Dual inhibition of allbp3 and «aVp3 by Kistrin, a potent
protein inhibitor of platelet aggregation and fibrinogen endocytosis,
does not prevent adenovirus platelet coupling or virus internaliza-
tion in vitro,*® indicating additional receptor binding partners may
be able to facilitate internalization.*’ Despite unchanged internal-
ization, the use of Kistrin leads to a decrease in platelet activation. A
possible explanation is the existence of two independent processes,
one leads to platelet activation following adenovirus administration
and the other to virus uptake. One can speculate that adenovirus--
platelet binding does not always result in virus internalization with
its subsequent clearance from the bloodstream. This hypothesis is
supported by the fact that very little platelet-associated virus was
found in vivo in the blood of cancer patients treated intravenously
with oncolytic adenovirus, and in vitro experiments in which whole
blood was incubated with the studied adenoviruses.*® It is possible
that activation is a prerequisite for platelets to play their role in the
host defense process.

It is important to note the above effects apply to blood-borne,
replicating, viruses, rather than replication-incompetent vectors
such as in the vaccines. While adenovirus-based vaccinations are
generally delivered intramuscularly, rather than intravenously, it
would seem likely that small quantities of vector will enter the
blood via leaky vasculature or capillary injuries at the injection site.
Therefore, it is plausible that some adenovirus vector might be able
to interact with blood and endothelial cells.
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4 | ADENOVIRUS INTERACTIONS WITH
HOST PROTEINS

The chimpanzee Y25 isolate, now known commonly as the ChAdOx1
vector, maps phylogenetically as closely related to the human ad-

E.49

enovirus species The sole human adenovirus member of this

species, Ad4, is highly homologous to ChAdOx1, and is thought to
have crossed over from chimps in a zoonotic event in the past.’®>!
Adenovirus zoonosis events appear to be exceptionally rare, though
they do have precedent. Cross-species transmission of Titi monkey
adenovirus was observed to cause infection in at least two humans,
of which one was an animal handler.’? Adenovirus, especially Ad4,
has been associated with occasional but serious outbreaks among
military recruits,®® and as such an unattenuated, replication compe-
tent, Ad4 vaccine has been delivered orally—a non-pathogenic route
of delivery for this vector.>*>> Replication competent Ad4 vectors
have also been evaluated in Phase 1 clinical testing as oral/intrana-

56-58 oral vaccine vectors for

sal vaccine vectors for influenza virus,
anthrax®? and intramuscular/intranasal vaccine vectors for HIV.40-62
Ad4 has been shown to utilize CAR receptors to gain cell entry.®®
Previous studies had hinted at this as an entry receptor for ChAdOx1
also,®* but a recent preprint demonstrates, using biological and
structural studies, that ChAdOx1 can engage CAR as a primary cell
attachment receptor, with a binding affinity similar to that of Ad5.%°
In the same study, CD46, a receptor used extensively by species B1
adenoviruses, was observed to be unable to interact with ChAdOx1
fiber knob protein. Interactions involving other major entry recep-
tors such as Desmoglein-2 (DSG-2) or sialic acid bearing glycans have
not yet been excluded as possible receptors. In the future it will also
be important to investigate ChAdOx1's co-receptor usage, such as
integrins.

The major receptor usage of Ad26, a species D adenovirus,
was clouded in controversy for many years. Initial infectivity stud-
ies using peripheral blood mononuclear cells (PBMCs) from mice
and humans suggested that CD46 was the major receptor used by
Ad26.%° However, these conclusions were based upon data drawn
from the transduction of a small number of cells, yielding infection in
only a fraction of cells even at high multiplicities of infection.

Recent structural and biological studies have ruled out CD46
as an entry receptor engaged by the fiber knob protein of Ad26
(although a novel mechanism involving CD46 binding to the hexon
protein has recently been proposed®’). These studies demonstrate
CAR is a receptor for Ad26, though the affinity of this interaction is
reduced, compared to Ad5, by the presence of an extended loop in
the fiber knob protein, which sterically inhibits CAR engagement.“’8
Biologically, it is estimated that this steric clash reduces CAR affinity
by approximately 15-fold compared to Ad5. Ad26 appears to have
evolved a second receptor binding mechanism, attaching to sialic
acid bearing glycans with high affinity.®” This mechanism is tightly
conserved by adenoviruses, like Ad26, that cause epidemic kera-

toconjunctivitis (EKC).”°

An alternative mechanism of cell entry, in-
volving avp3 integrin engagement, has also been proposed,’* though

engagement of integrins as co-receptors by the adenovirus penton
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base protein is well documented across all adenovirus species, with
the exception of enteric species F adenoviruses (Ad40, Ad41).”?

As well as their interactions with cellular receptors and co-
receptors, adenoviruses are well documented to interact with a va-
riety of proteins in the blood. One such interaction involves a high
affinity interaction between the major adenovirus capsid protein,
hexon, and circulating blood clotting factor, FX.”®7 For Ad5, this
is documented as a high affinity, Ca?* dependent interaction, which
is responsible for efficient hepatic gene transfer of adenovirus,
which transduces hepatocytes via heparan sulphate proteoglycan
receptors (HSPGs).”47¢ This interaction can occur independently of
factor X (FX) activation status (i.e., FXa interacts with Ad5 equally
as efficiently as FX), but does not result in the conversion of FX to
FXa—either alone or in the presence of factor VII (FVII) and cells
presenting tissue factor (Figure S1 in supporting information).
Furthermore, while the ability of ChAdOx1 to bind FX has not been
assessed at the time of writing, it is known that Ad26 does not bind
FX by the same mechanism.”*”” Ad5 hexon was shown to bind FVII
in a subtly different way.”® We previously demonstrated that pro-
tein C, FVII, factor IX (FIX), and FX (homologous domains) might bind
and promote Ad5 uptake.79 Prothrombin (factor Il) may also bind
and compete with FX for hexon binding sites, though it lacks an SP
domain, thus preventing interaction with HSPGs, which, for FX, is
known to be mediated by a stretch of basic amino acids within the
FX serine protease (SP) domain,®® which form a putative heparan
binding exosite. FX appears to be the major player in hepatic gene
transfer. It is worth mentioning that FVII and FX may influence in-
nate immunity and fibrosis in hepatic cells.®! In addition to the well-
characterized interactions with blood clotting factors, interactions

1,83

of adenovirus with complement proteins C3.8% and CR as well

as VWF and P-selectin.® have all been described in the literature.

5 | VITT-WHICH VACCINE?

VITT has been observed following vaccination by both AstraZeneca’s
ChAdOx1 nCoV-19 vaccine and the Janssen Ad26.COV2.S vaccine.
At the time of writing, it has not been associated with non-adenoviral
vector vaccinations, such as mRNA vaccines, as confirmed in a re-
cent comparison of thrombotic events in recipients of ChAdOx1
and Pfizer/BioNTech vaccines.?® Information is currently lacking on
whether VITT is observed in recipients of other adenovirus vectored
vaccines, such as the Sputnik V Ad5/Ad26 vaccine regimen admin-
istered, primarily, in Russia, or in recipients of the Ad5 vectored

CanSino vaccine.

6 | PROPOSED MECHANISMS FOR VITT

The primary and downstream mechanisms underpinning VITT are
not currently understood, but the fact that this side effect is clearly
observed in the adenovirus-based formulations warrants care-

ful consideration and specific investigation. We herein discuss the

potential “smoking guns” in relation to adenovirus induction of VITT.

We provide an illustration of the proposed mechanisms in Figure 1.

6.1 | Direct activation of platelets following
entry of adenovirus into the blood?

Itis likely that small amounts of the adenovirus may enter the blood-
stream through capillary injuries resulting from the injection or leaky
vasculature due to the inflammatory state induced by vaccination.
CAR is an attachment receptor for both ChAdOx1 and Ad26.%? and
has been shown to be expressed on the platelet surface.®>3843 The
aVpB3, and other integrins, are key secondary cell entry receptors to
which adenoviruses can attach and are also present on the platelet
surface.®* Similarly, surface glycans have a strong negative charge
that may be able to passively facilitate adenovirus localization to
the platelet surface.®> Adenovirus binding has been demonstrated
to drive platelet activation, platelet--leukocyte aggregate formation,
and endothelial activation. It is tempting, therefore, to conclude that
this is strong circumstantial evidence for a role of direct adenovirus
binding to platelets in the formation of clots. However, it is known
that once bound by adenoviruses, these platelets are cleared by liver
Kupffer cells.®® This has been observed to result in thrombocytope-
nia in a study of mice treated with intravenous adenovirus at a dose
>7000X higher than the equivalent doses, by body weight, given in
the vaccine.®>38 It should be noted that none of these animals devel-
oped blood clots despite the considerable level of adenovirus in the
blood. A further study performed in Rhesus macaques also observed
thrombocytopenia, but not clotting, and noted that the adenovirus
therapy resulted in longer clotting times.3%%”

Nevertheless, if direct binding to platelets resulted in their activa-
tion and triggered a pro-thrombotic milieu, we might expect patients
to present very shortly following vaccination, rather than after days
to weeks as has been reported. It is well established that replication-
incompetent adenoviruses, such as ChAdOx1 nCoV-19 and Ad26.
COV2.S, are rapidly cleared from the body, as are adenovirus-bound
platelets.®® The earliest VITT event reported so far was 5 days post
vaccination. Therefore, this is an unlikely direct explanation for VITT

based on currently available evidence.

6.2 | Adenovirus binding to coagulation factors and
stimulate clot formation?

It is well established that certain adenoviruses, such as Ad5, bind to
FX”37% This has been shown to facilitate an alternative mechanism of
adenovirus infection via binding to heparan sulfate proteoglycans.”*7¢
Previously unpublished data (now presented in Figure S1) demon-
strate that despite strong binding to the adenovirus, FX does not be-
come activated. It has also previously been demonstrated that Ad26
does not engage FX, and ChAdOx1 does not share any of the key ad-

74,77,88

enovirus/FX binding residues. and is thus unlikely to sequester

FX. Also, as discussed above, a mechanism for VITT that is driven by
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FIGURE 1 The seven “smoking guns” of vaccine-induced immune thrombotic thrombocytopenia (VITT). Possible mechanisms of how
adenoviral vectors may cause rare VITT. 1: Adenovirus leaks into bloodstream following intramuscular injection of the vaccine, directly binds
to platelet via Coxsackie and adenovirus receptor (CAR), and/or secondary receptors present on platelets, inducing platelet activation and
triggering coagulation as well as liver clearance of activated platelets and thrombocytopenia. 2. The binding of adenovirus to coagulation
factors such as factor X (FX), their potential activation thus triggering clot formation. 3. “Vaccine induced COVID mimicry” resulting from
vaccine induced secretion of mis-spliced, C-terminal truncated spike protein into the blood, activating endothelial cells through ACE2. This
initiates vascular inflammation and damage with consequent platelet activation, thrombotic events and platelet factor 4 (PF4) release. 4.
Binding of adenovirus capsid to PF4. The adenovirus/PF4 complex stimulates pre-existing memory B cells against PF4, the IgG/PF4 complex
then binds to Fcy-receptor IIA (FcyRlla) and stimulates platelet activation, and clot formation. 5. PF4-adenovirus complexes are internalized
by B cells that recognize PF4. These B cells present adenoviral peptides via major histocompatibility complex class Il, which are recognized
pre-existing anti-vector CD4" T cells that in turn provide T cell help to B cells, and drive their production of anti-PF4 antibodies that can
stimulate platelets via FcyRlla. 6. Impurities of human or non-structural viral proteins in vaccine preparation triggering autoantibodies such
as anti-PF4m which stimulates platelet activation and clot formation. 7. Acute infection with SARS-CoV-2 following vaccine administration,
modified/atypical COVID-19, presented with thrombosis and thrombocytopenia.
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the presence of adenovirus in the blood would present shortly fol-

lowing vaccination, rather than >5 days later.

6.3 | “Vaccine induced COVID-19 mimicry”—The
role of spike protein splice variants?

It was recently proposed that trace amounts of spike splice vari-
ant transcripts are produced via alternative splicing, resulting in
C-terminally deleted mRNAs. These C-terminally deleted mRNAs
could, if translated, result in soluble alternative spike isoforms being
secreted into the extracellular space and leaked into the blood-
stream.?? As alternative splicing is a DNA-specific phenomenon, this
presents an alternative explanation as to why VITT is observed with
adenovirus vectored vaccines, which encode the transgene as DNA,
and not the lipid vector mRNA vaccines. In this model, the authors
propose that spike protein binding ACE2 on endothelial cells may
initiate vascular inflammation and damage with consequent plate-
let activation, initiating thrombotic events and PF4 release, char-
acteristic of VITT.”® The authors term this effect “Vaccine induced
COVID-19 mimicry.” Because mRNA-based vaccines would, by defi-
nition, not require splicing, this would explain why this side effect
is mediated specifically by adenoviral vectors and not mRNA-based
vaccines. However, a previous study evaluating the transcriptome
of ChAdOx1 nCoV-19 infected A549 and MRC-5 lung cells failed to
show any detectable levels of such a transcript, and it remains to be
clarified whether this alternative transcript is translated into func-
tional, secreted protein.91 This proposed mechanism could be easily
tested in mouse models using either intravenous delivery of SARS-
CoV-2 free spike protein, and/or intramuscular delivery of viral vec-
tors engineered to only express soluble spike protein isoforms, to
evaluate whether such treatments result in a VITT-like syndrome in
human ACE2 transgenic animals. This proposed mechanism may ac-
count for some of the delay observed in the induction of VITT, as it
would take 24 to 48 h for the vaccination to begin producing maxi-
mal quantities of spike protein and the supposed soluble variant.
Presumably the rest of the delay might be accounted for by rarity
of soluble spike being presented on the cell surface long enough to
encounter enough anti-spike antibodies and remain presented long
enough to result in antibody dependent cell cytotoxicity (ADCC), as
the study’s authors propose.®? Further studies should also assess
how long such a C-terminal truncated spike protein can remain at-
tached to the surface of the ACE2 expressing cell, and at what rate
it becomes internalized or degraded. A short half-life on the cell sur-
face would reduce the probability of a pathogenic ADCC response.
This mechanism would presuppose that VITT patients have pre-
existing anti-spike antibodies to trigger ADCC in as early as 5 days
post vaccination, as it would take longer to raise novel anti-spike an-
tibodies without existing B-memory cells.”? However, as previously
discussed, an earlier study failed to demonstrate transcription of
soluble SARS-CoV-2 spike from cells transduced with the vaccine.
Also, this mechanism fails to account for why all tested VITT pa-
tients are expressing anti-PF4 antibodies.® Finally, if this mechanism

can induce clotting it might be expected to be more common than is
observed as it would not seem to require any risk factors and could

occur with equal likelihood in any member of the population.

6.4 | Does adenovirus binding to PF4 promote
misplaced anti-PF4 antibodies leading to (heparin
independent) platelet activation?

Given that patients presenting with VITT appear to also present
with significant anti-PF4 responses, an obvious start would be to
investigate whether there are any interactions between PF4 and
ChAdOx1/Ad26, which might prime a misplaced anti-PF4 response.
Indeed, such a mechanism has been proposed by Greinacher and
colleagues, whose recent transmission electron microscopy experi-
ments suggest a direct interaction between ChAdOx1 and PF4.%%
More recently still, Baker et al. pre-printed the ~4 angstrom reso-
lution structure of the ChAdOx1 viral capsid, and demonstrated
putative binding of tetrameric PF4 between ChAdOx1 hexon pro-
teins using computational simulations.® The authors suggest that
ChAdOx1 capsid retains PF4 when the virus is taken up by mono-
cytes and trafficked to the lymph nodes. They suggest that upon
release of the adenovirus/PF4 complex into the lymph this may
stimulate proliferation of pre-existing memory B cells against PF4,
which have been previously observed in a minority of the popula-
tion, contributing to instances of aHIT.% These strong antibodies, if
released at a sufficient titer, could then aggregate PF4 in a ligand-
independent manner, as shown previously.9 These IgG/PF4 com-
plexes could then bind to FcyRlla and stimulate platelet activation,
and the clotting cascade, in a mechanism similar to aHIT.% In support
of this idea is that VITT patients are known to present with strong,
heparin independent, anti-PF4 antibodies.’ If trafficked by associa-
tion with the adenovirus there would not be any polyanions, such
as heparin, present during B-cell stimulation. Therefore, the only
memory B-cells stimulated would be heparin independent, as ob-
served. Further, this mechanism pre-supposes the existence of anti-
PF4 antibodies, a known phenomenon. This proposal, which remains
to be tested, also accounts for the timing of VITT, as 5 days post
antigen exposure is within the timeframe for secondary antibody
responses. One unanswered question is: Why does VITT seem to
occur only after the first dose and not the second? Further, a definite
association between the adenovirus capsid and PF4 remains to be
conclusively established via surface plasmon resonance and micros-
copy studies. Finally, additional experiments would be required to
prove that an adenovirus/PF4 complex could be trafficked to the
lymph nodes where it could stimulate memory B cell proliferation
and secondary immunity.

6.5 | Do anti-vector T cell responses play a role?

ChAdOx1 and Ad26 were selected based on their very low sero-
prevalence rates in the community. However, it is feasible that



IFORUM

pre-existing, cross-reactive T cell responses against prior adenovirus
infections may provide help to B cells in the generation of anti-PF4
responses, following the formation of PF4--adenovirus complexes.
To provide such helper functions, these T cell responses would be
CD4". Indeed, CD4" T cells against species E chimpanzee adenovirus
63 (ChAd63) were measured at low pre-vaccination frequencies dur-
ing clinical evaluation of ChAdé3 as a malaria vaccine candidate and
were boosted by vaccination.?* Research into HIT suggests T cells
could play such a helper role, with T cells to PF4--heparin complexes

measured in HIT pa\tients,95

and mouse studies demonstrating a
necessary role for CD4" T cells in the generation of PF4/heparin-
specific antibodies in murine HIT.”®

The strong proinflammatory T cell responses induced by vac-
cination could also advantage the anti-PF4 antibody response in
VITT, as IL-10-producing regulatory T cells have been demonstrated
to suppress PF4/heparin-specific antibody responses during HIT in
mice.”” Research suggests HIT in humans has characteristics of both
T-dependent and T-independent antibody production pathways,”®??
with the role of T cells in VITT remaining to be elucidated. Future
studies should aim to examine T cell responses against ChAdOx1:
(1) addressing the extent to which cross-reactive T cell responses
from other adenovirus infections exist in the community, (2) exam-
ining whether they are boosted by vaccination, and (3) evaluating
how they might contribute to VITT. One difficulty in addressing the
latter is the lack of pre-vaccination PBMC specifically from VITT pa-
tients. Importantly, the timing of the T helper contribution fits with
the onset of VITT, with pre-existing anti-vector T cells able to pro-
vide early help to B cells in the generation of anti-PF4 antibodies.
Expanded populations of antigen-specific T cells are also measured
within the first 7 days of vaccination.'°® The potential role of anti-
vector T cells in VITT, however, does not explain why VITT predom-

inantly occurs after the first vaccination.

6.6 | Impurities in vaccine preparations?

Another proposition states that it is possible that impurities of
human proteins in vaccine preparation trigger autoantibodies.
Biochemical and proteomic analysis of the ChAdOx1 nCov-19
showed both human and non-structural viral proteins such as heat-
shock proteins and cytoskeletal proteins.'° This proposal suggests
that adenovirus acts as an adjuvant for the ~50% of human pro-
tein in the preparation, and autoantibodies against human mem-
brane proteins from HEK293 cell contaminants during the process
of adenovirus manufacture might be the source. Hence, it is pos-
sible that the differing frequencies with which VITT is observed
might relate to the relative purities of the preparations in question.
Recent work has shown that SARS-CoV-2 infection itself can also
induce a diverse array of functional autoantibodies in the host.'%!
though their clinical implications are unclear. While in VITT the
cause for platelet activation seems to be the PF4/lgG complexes,

theoretically, any circulating autoantibody can do if in sufficient
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amounts. Thromboembolism remains an extremely rare side effect
of COVID-19 vaccination. In the future, it will be important to pro-
file autoantibody production resulting from SARS-CoV-2 infection
and the proposed autoantibodies resulting from vaccination to es-
tablish any possible links between the presence of autoantibodies
and thromboembolic events.

67 |
VITT?

SARS-CoV-2 induced (COVID-19) rather than

Is it possible that some VITT patients would have been infected
with SARS-CoV-2 immediately after adenoviral vectored vaccine
administration and that the immune thrombosis in VITT is an atypi-
cal COVID-19 immune thrombosis? While this theory currently lacks
evidence and is a somewhat remote possibility, it is worth the dis-
cussion. Both SARS-CoV-2 infection and VITT appear to have sev-
eral features in common, with some differences (Table 1). They both
feature platelet activation, thrombocytopenia—although in VITT,
this is much more severe—and thrombosis, with the presence of PF4
antibodies, at least in some COVID-19 patients. VITT presents more
strongly than regular COVID-19. Thrombocytopenia has been docu-
mented in varying levels in COVID-19 and severe thrombocytopenia
was considered a marker of severity of disease and mortality.*¢1°?
The concept of COVID-19-induced coagulopathy (CAC) has helped
understand the pathology and diagnosis of the predominantly proco-
agulant state in COVID-19.10%105 byt the pathological focus was on
thrombin generation—rather than primarily platelet activation—as a
trigger for thrombosis. But perhaps COVID coagulopathy is primarily
triggered by platelet activation that then stimulates thrombin gener-
ation. It is possible that SARS-CoV-2 spike protein binds to the ACE2
receptor on platelets although it is debatable whether platelets
have the ACE2 receptor‘ioé There is also the potential that adenovi-
rus binds to allbf3 via its RGD domain. Antibodies to spike protein
can induce platelet activation in COVID-19 patients in a FcyRIIA-
dependent manner.!®” and blocking of this by COVID-19 plasma
prevented this activation in vitro.!%® Activated platelets release ADP
and PF4 microparticles in COVID-19 patients.? We know all VITT
patients have anti-PF4 antibodies despite no history of heparin ex-
posure.’?11% We also know 0.3% to 5% of the normal population
have anti-PF4 antibodies. High levels of PF4 and anti-PF4 antibodies
were reported in COVID-19 patients.**! An important treatment for
both HIT and for VITT is intravenous IgG (IVIg), a known inhibitor
of FcyRIIA. PCR testing has shown negative SARS CoV2 infection in
many but not all VITT patients. Whether VITT is an atypical form of
COVID-19 requires further studies.

7 | CONCLUDING REMARKS

The primary and downstream mechanisms underlying the VITT

phenomenon remain to be completely elucidated. Here, we have
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TABLE 1 Comparison between COVID-19 and VITT

VITT

Presentation e Acute condition

e 4 to 28 days after receiving adenoviral COVID-19 vaccine

e Stronger
Platelet activation Yes
Thrombosis e Yes

e Venous and arterial sites

e Commonly CVS, splanchnic vein thromboses

COVID-19

e Acute condition
e 2-14 days after exposure to SARS-CoV2 infection
e Less strong

Yes

e Yes
e Venous and arterial sites

e Other sites: DVT, PE, internal jugular, portal, aorto-iliac,

ilio-femoral veins

e Multiple organ thrombi in brain, lungs, and kidneys

PF4 ELISA Positive (all)

Thrombocytopenia e Almost all cases

e Usually severe but variable levels reported

e Acute

D-dimer Markedly elevated
Fibrinogen Reduced
DIC Has not been reported
Multiple organ failure No
Heparin exposure e No

e Should be avoided
IVIg use Yes, first line of treatment

Some are positive

e Notin all cases

e Variable levels

e Usually in severe disease

e Some patients have elevated count

Markedly elevated in severe cases, ARDS, or those
with poor prognosis

e Elevated early
e Reduced later in the disease

Has been reported
Yes

e Yes
e Standard practice

Not likely

Abbreviations: ARDS, acute respiratory distress syndrome; CVS, cerebral venous sinus; DIC, disseminated intravascular coagulation; DVT, deep
vein thrombosis; IVIg, intravenous immunoglobulin G; PE, pulmonary embolism; PF4, platelet factor 4; VITT, vaccine-induced immune thrombotic

thrombocytopenia.

discussed and critiqued the potential mechanisms in relation to ad-
enovirus induction of VITT. While it is not possible yet to pinpoint the
direct pathogenic mechanism(s) underpinning VITT, it is worthwhile
to explore the possible evidence in relation to what is known around
adenovirus immunogenicity and interactions with platelets and other
host proteins, as well as the role of PF4 and platelet activation. We
overviewed these proposed “smoking guns” that could underlie VITT
in Figure 1. While it is challenging to agree on a singular model at this
point, we have attempted to provide clues on areas warranting fur-
ther investigation into the mechanistic basis of VITT and to highlight
the unanswered questions. We appeal for immediate and urgent fur-
ther investigation into each of these questions to solidify a pathogenic
model for this condition. This understanding will facilitate condition-
specific clinical guidance for the treatment of this condition and will
inform how adenovirus-based vaccines might be further developed

and improved to enhance their otherwise impressive safety profile.
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