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ABSTRACT

Vaccines to prevent acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection elicit an immune
neutralizing response. Some concerns have been raised regarding the safety of SARS-CoV-2 vaccines, largely
based on case-reports of serious thromboembolic events after vaccination. Some mechanisms have been sug-
gested which might explain the adverse cardiovascular reactions to SARS-CoV-2 vaccines. Different vaccine
platforms are currently available which include live attenuated vaccines, inactivated vaccines, recombinant
protein vaccines, vector vaccines, DNA vaccines and RNA vaccines. Vaccines increase the endogenous synthesis
of SARS-CoV-2 Spike proteins from a variety of cells. Once synthetized, the Spike proteins assembled in the
cytoplasma migrate to the cell surface and protrude with a native-like conformation. These proteins are recog-
nized by the immune system which rapidly develops an immune response. Such response appears to be quite
vigorous in the presence of DNA vaccines which encode viral vectors, as well as in subjects who are immunized
because of previous exposure to SARS-CoV-2. The resulting pathological features may resemble those of active
coronavirus disease. The free-floating Spike proteins synthetized by cells targeted by vaccine and destroyed by
the immune response circulate in the blood and systematically interact with angiotensin converting enzyme 2
(ACE2) receptors expressed by a variety of cells including platelets, thereby promoting ACE2 internalization and
degradation. These reactions may ultimately lead to platelet aggregation, thrombosis and inflammation mediated
by several mechanisms including platelet ACE2 receptors. Whereas Phase III vaccine trials generally excluded
participants with previous immunization, vaccination of huge populations in the real life will inevitably include
individuals with preexisting immunity. This might lead to excessively enhanced inflammatory and thrombotic
reactions in occasional subjects. Further research is urgently needed in this area.

1. Introduction

prevent SARS-CoV-2 infection are considered the most promising
approach for curbing the pandemic.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
rapidly spread across the world and killed more than 2.9 million in-
dividuals globally, with 137 million cases being confirmed by laboratory
tests (April 16 2021, https://covid19.who.int/). Thus, there is an
ongoing search for therapeutics finalized to block the transition from
infection to severe forms of coronavirus disease 2019 (COVID-19).

Different therapeutic strategies are under scrutiny which include
blockade of SARS-CoV-2 from binding to human cell receptors, pre-
vention of the viral ribonucleic acid (RNA) synthesis and replication, the
restoration of the host’s innate immunity, and the modulation of the
host’s specific receptors or enzymes [1]. Nevertheless, vaccines to

To date, a total of seven SARS-CoV-2 vaccines are available across
three different platforms [2-4] and as of 16 April 2021, a total of
734.121.870 vaccine doses have been administered (https://covid19.
who.int/).

However, some concerns regarding the safety of SARS-CoV-2 vac-
cines have been recently raised, mostly based on scattered reports of
thromboembolic events [5-8].

To this regard, we aimed to summarize main mechanisms of SARS-
CoV-2 vaccines and their potential interactions with the cardiovascu-
lar system.
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Table 1

Different platforms used to develop vaccines for SARS-CoV-2. For each platform,
advantages and limitations are also reported.
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Table 2
Main features of COVID-19 vaccines. From ref. [2, 9-11, 18, 19] and www.
clinicaltrials.gov.

Platform Development Advantages Limitations Vaccine Developer Platform Doses Efficacy**
Inactivated Chemically Stable; immune Integrity of the
vaccine inactivated virus response immunogenic BNT162b2* Pfizer/BioNTech mRNA 2(3 95%
targeting the particles must be weeks
Spike protein and  maintained apart)
other components
of the virus mRNA-1273* Moderna mRNA 24 94%
weeks
Live Genetically Stimulate Reversion to or apart)
attenuated weakened humoral and recombination with
vaccine versions of the cellular immunity  the wild-type virus Ad26.COV2.S* Janssen/Johnson DNA 1 67%
wild-type virus to multiple (nucleotide &Johnson Adenovirus
components of substitution during vector
the whole viral replication)
attenuated virus CVnCoV CureVAC mRNA 24 NA
weeks
Recombinant Composed of viral Safe; no live Memory is to be apart)
protein proteins that have components of tested
vaccines been expressed in the virus ChAdOx1nCoV- AstraZeneca/ DNA 2(4/8 70%
one of various 19* University of Adenovirus to 12
systems Oxford/Serum vector weeks
Institute of India apart)
Viral vector Replication- Robust immune Potential integration
vaccine incompetent or response of the viral genome NVX-CoV2373 Novavax Recombinant 2@ 89%
replication- into the host genome protein weeks
competent viral apart)
vector expressing
the target viral Gam-COVID-Vac Gamaleya DNA 2(3 92%
protein (Sputnik V) Institute Adenovirus weeks
vectors apart)

DNA vaccine

RNA vaccine

Plasmid DNA that
contain
mammalian
expression
promotors and the
target gene

mRNA encoding
for target viral
proteins

High stable

No interactions
with the
recipient’s DNA

Low immunogenicity

To be maintained at
very low
temperatures

Legend: DNA= deoxyribonucleic acid; RNA= ribonucleic acid; mRNA=mes-
senger ribonucleic acid.

2. Brief overview of approved vaccines in Europe

Vaccines for SARS-CoV-2 are being developed using several different
platforms (Table 1). They include live attenuated vaccines, inactivated
vaccines, recombinant protein vaccines, vector vaccines (replication-
incompetent vector vaccines, replication-competent vector vaccines,
and inactivated virus vector vaccines), deoxyribonucleic acid (DNA)
vaccines, and RNA vaccines (Table 1).

Main features of SARS-CoV-2 vaccines, including those approved by
the European Medical Agency (EMA), are reported in Table 2.

As detailed below, two main types of coronavirus disease (COVID-
19) vaccines are approved for emergency use (messenger ribonucleic
acid [mRNA] technology with lipid nanoparticle delivery systems and
DNA technology with non-replicating recombinant adenovirus vector

systems).

2.1. ChAdOx1nCoV-19

COVID-19 Vaxzeria (previously COVID-19 vaccine AstraZeneca) is a

monovalent vaccine composed of a single recombinant, replication-
deficient chimpanzee adenovirus (ChAdOx1) DNA vector encoding the
S glycoprotein of SARS-CoV-2 (ChAdOx1-S, AZD1222) [2, 3]. The
SARS-CoV-2 S immunogen in the vaccine is expressed in the trimeric
pre-fusion conformation; the coding sequence has not been modified in
order to stabilize the expressed S-protein in the pre-fusion conformation
[2, 3].

Legend: *= vaccines authorised for use in the European Union (https://www.
ema.europa.eu/en/human-regulatory/overview/public-health-threats/coronav
irus-disease-covid-19/treatments-vaccines/covid-19-vaccines); **= efficacy
against symptomatic/moderate/severe COVID-19 (see references for details);
mRNA=messenger ribonucleic acid.

The Vaxzevria vaccination course consists of two separate doses of
0.5 ml each. The second dose should be administered between 4 and 12
weeks after the first dose. Individuals who have received the first dose of
COVID-19 Vaxzevria vaccine should receive the second dose of the same
vaccine to complete the vaccination course. Each dose (as suspension for
injection) of this vaccine contains not less than 2.5 x 10® infectious units
of ChAdOx1-S. It is for intramuscular injection only, preferably in the
deltoid muscle of the upper arm.

According to EMA indications, protection from COVID-19 starts from
approximately 3 weeks after the first dose of Vaxzevria vaccine and
individuals may not be fully protected until 15 days after the second
dose is administered.

The clinical efficacy of Vaxzevria vaccine has been evaluated by an
interim analysis of data from four ongoing blinded, randomised,
controlled trials done across the UK, Brazil, and South Africa [9]. Par-
ticipants aged 18 years and older were randomly assigned in a 1:1 ratio
to ChAdOx1 nCoV-19 vaccine or control (meningococcal group A, C, W,
and Y conjugate vaccine or saline).

The studies excluded participants with severe and/or uncontrolled
cardiovascular, gastrointestinal, liver, renal, endocrine/metabolic dis-
ease, and neurological illnesses, as well as those with severe immuno-
suppression, pregnant women and participants with a known history of
SARS-CoV-2 infection [9].

The primary efficacy analysis included symptomatic COVID-19 in
previously seronegative participants with a nucleic acid amplification
test-positive swab more than 14 days after a second dose of vaccine.

The overall efficacy was 70.4% (95% confidence interval [CI]:
54.8-80.6) in preventing symptomatic COVID-19 (131 confirmed
COVID-19 cases among over 11,000 participants; 30 in the vaccine
group and 101 in the control group) [9].

Starting from the 21th day after the first dose, 10 patients were
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Fig. 1. Schematic mechanism of action of mRNA and adenoviral vector DNA vaccines and their potential cardiovascular interactions throughout the activation of the
immune system and the interaction between free-floating Spike proteins and ACE2 (see text for details).
Legend: All=angiotensin 2; A;;=angiotensinl,7; ACE2=angiotensin converting ezyme 2 receptor; DNA= deoxyribonucleic acid; RNA= ribonucleic acid;

mRNA=messenger ribonucleic acid.

hospitalized for COVID-19, all in the control arm. COVID-19 was severe
in two of these patients and one patient died [9].

Similar results were obtained in a randomized, double-blind, pla-
cebo-controlled multicentre phase III trial assessing the safety, efficacy,
and immunogenicity of AZD1222 compared to placebo for the preven-
tion of COVID-19. Data from 32,449 participants across 88 trial centres
in the US, Peru and Chile showed a vaccine efficacy against symptomatic
COVID-19 equal to 76%; vaccine efficacy rose to 100% and 85% against
severe or critical disease and hospitalization, and against symptomatic
COVID-19 in participants aged 65 years and over, respectively [10].

2.2. BNT162b2

One dose of the Pfizer/BioNTech vaccine (0.3 mL) contains 30 mi-
crograms of COVID-19 single-stranded, 5'-capped messenger RNA
(mRNA) produced using a cell-free in vitro transcription from the cor-
responding DNA templates, encoding the viral Spike protein of SARS-
CoV-2 [2]. Specifically, the mRNA is embedded in lipid nanoparticles.
It codes for membrane-anchored, full-length Spike protein with two
point mutations within the central helix. Mutation of these two amino
acids to proline locks Spike protein in an antigenically preferred pre-
fusion conformation [2]. This vaccine should be administered intra-
muscularly after dilution and the preferred site is the deltoid muscle of
the upper arm [2].

In an ongoing multinational, placebo-controlled, observer-blinded,
pivotal efficacy trial, subjects 16 years of age or older are randomized in
a 1:1 ratio to receive two doses, 21 days apart, of either placebo or the
BNT162b2 vaccine candidate [11].

Briefly, a total of 43,548 participants underwent randomization, of
whom 43,448 received injections (21,720 with BNT162b2 and 21,728
with placebo). Overall, there were 8 cases of COVID-19 with onset at
least 7 days after the second dose among participants assigned to receive
BNT162b2 and 162 cases among those assigned to placebo (95% of ef-
ficacy, 95% credible interval: 90.3 to 97.6) [11]. Similar vaccine efficacy
was also observed across subgroups defined by age, sex, race, ethnicity,
baseline body-mass index, and comorbidities. The incidence of serious
adverse events was low and was similar in the vaccine and placebo
groups [11].

Of note, some observational investigations from various countries
showed similar results [12-16].

2.3. mRNA-1273

The vaccine mRNA-1273 manufactured by Moderna is a lipid
nanoparticle-encapsulated, nucleoside-modified mRNA based vaccine
that encodes the SARS-CoV-2 S-2P antigen, consisting of the SARS-CoV-
2 glycoprotein with a transmembrane anchor and an intact S1-S2
cleavage site [17]. The lipid nanoparticle capsule composed of four
lipids was formulated in a fixed ratio of mRNA and lipid. The
mRNA-1273 vaccine was provided as a sterile liquid for injection at a
concentration of 0.5 mg per milliliter. Normal saline was used as a
diluent to prepare the doses administered [17].

A phase 3 randomized, observer-blinded, placebo-controlled trial
was conducted at 99 centers across the United States [18]. Overall, 30,
420 subjects were randomly assigned in a 1:1 ratio to receive two
intramuscular injections of mRNA-1273 (100 pg) or placebo 28 days
apart. The primary end point was prevention of COVID-19 illness with
onset at least 14 days after the second injection in participants who had
not previously been infected with SARS-CoV-2 [18].

Symptomatic COVID-19 illness was confirmed in 185 participants in
the placebo group and in 11 participants in the mRNA-1273 group
(vaccine efficacy: 94.1%, 95% CI: 89.3 - 96.8%) [18].

Severe Covid-19 occurred in 30 participants, with one fatality; all the
30 cases were in the placebo group. Moderate, transient reactogenicity
after vaccination occurred more frequently in the mRNA-1273 group.
Serious adverse events were rare, and the incidence was similar in the
two groups [18].

2.4. Ad26.COV2.S

The Janssen COVID-19 vaccine is a recombinant, replication-
incompetent adenovirus serotype 26 (Ad26) vector (DNA) encoding a
full-length and stabilized SARS-CoV-2 Spike (S) protein. The vaccine
was derived from the first clinical isolate of the Wuhan strain (Wuhan
2019; whole genome sequence, NC_045512) [19].

A Phase 1-2a trial [19] included healthy adults (N=805) aged be-
tween 18 and 55 years (cohort 1) and >65 years (cohort 3) who were
randomly assigned to receive the Ad26.COV2.S vaccine at a dose of 5 x
10'° viral particles (low dose) or 1 x 10" viral particles (high dose) per
milliliter or placebo in a single-dose or two-dose schedule [19].
Neutralizing-antibody titers against wild-type virus were detected in
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90% or more of all participants on day 29 after the first vaccine dose. A
second dose provided an increase in the titer by a factor of 2.6 to 2.9
[19].

As reported by the Food and Drug Administration (FDA) [20], in a
phase Il efficacy trial recruiting 40,000 study participants aged 18 years
and older, this vaccine was given as a single dose. It showed 66.9% ef-
ficacy (95% CI: 59.0-73.4) in preventing moderate, severe or critical
COVID-19 (464 cases of which 116 in the vaccine group and 348 in the
placebo group). Vaccine efficacy started at 28 days after vaccination and
it was similar to that after 14 days [20].

3. Differences between platforms in perspectives

Vaccines currently approved or under scrutiny for human use have
been developed using different advanced technologies (Table 1) [3, 4].
As aforementioned, vaccines currently approved by EMA use two
different platforms (namely, non-replicating DNA viral vectors, and
mRNA).

The main differences between these platforms are depicted in Fig. 1.

The non-replicating viral vectors (a chimpanzee adenovirus for
ChAdOx1nCoV-19) are carriers of a double-stranded gene coding for the
viral Spike protein (Fig. 1, right panel). DNA is not as fragile as RNA, and
the adenovirus’s tough protein coat helps protecting the genetic mate-
rial inside. Once inside the infected cell, the viral vector enters the nu-
cleus where it produces the antigen through multiple mRNA molecules,
without making copies of itself. The mRNA leaves the nucleus of the cell
and begins assembling Spike proteins. Some of the Spike proteins which
are produced in the cytoplasma along with a variable amount of Spike
proteins broken into fragments migrate to the surface of the cell [3, 4].

The protruding Spike proteins are recognized by the immune system
that triggers an immune response. Adenovirus vector elicits a specific
immune response by the host. Nonetheless, the use of animal adenovirus
may decrease the preexisting vector immunity observed using a human
viral vector [4]. The early innate response to Adenovirus vector gener-
ally starts 1-3 hours to 1 day post-vaccination through cytokines/che-
mokines and immune cells, with final enhancement of the immune
reactions against Spike proteins [21].

Furthermore, the viral vector vaccines also contain inherent adju-
vant properties. Following injection, adenoviruses target innate immune
cells (i.e. dendritic cells) and macrophages and stimulate innate immune
responses by engaging multiple pattern-recognition receptors to induce
type I interferon secretion with consequent delivery of both an antigenic
and inflammatory signal to T cells in lymphonodes draining the injection
site (activating T cells and mobilizing adaptive immunity) [22].

In case of viral vectors with DNA, an integration of the viral genome
into the host genome has not been excluded [3].

RNA vaccines (conventional mRNA or self-amplifying mRNA) led to
the expression of encoded proteins [3, 4]. They work on the strategy of
using the host cell transcription machinery to produce the target pro-
teins by making multiple copies of the protein from each mRNA tem-
plate and induce adaptive immunity, eliciting B and T cell immune
response (Fig. 1, left panel). The mRNA can serve as an immunogen,
encoding the viral protein, and adjuvant, owing to intrinsic immunos-
timulatory properties of RNA. More specifically, upon entry into cells,
mRNA is recognized by endosomal and cytosolic innate sensors that
form a critical part of the innate immune response to viruses, resulting in
cellular activation, and production of type I interferon and multiple
inflammatory mediators [23, 24]. Of note, lipid nanoparticle carrier
further protects the mRNA, can target delivery to lymphatics and pro-
mote protein translation in lymphonodes. Once in the lymphonodes, the
lipid nanoparticle carrier is engulfed by dendritic cells, which subse-
quently produce and present the antigen to T cells for activation of the
adaptive immune response [23, 24].

Nonetheless, the modification of the mRNA is needed to increases its
stability [3], and its encapsulation into lipid nanoparticles improves the
cellular delivery; the cytoplasmic localization of the translation and
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non-integration into the host genome are other advantages of the mRNA
vaccine [3, 4]. Another obvious implication is that, compared to viral
vectors which must enter the nucleus of a cell, the mRNA is only present
in the cytoplasm and it is exposed to active RNA degradation systems
(‘RNAase enzymes’) which are the first defense against RNA viruses by
reducing the overall degree of translation procedures.

Like viral-vector vaccines, Spike proteins and their fragments pro-
duced by the infected-cells accommodate on their surface, being rapidly
recognized by the host immune system with subsequent production of
antibodies. Both vaccine types generate significant neutralizing anti-
body and virus-specific T cell responses [25, 26]. Specifically, the ability
of mRNA and viral vector vaccines to promote intracellular production
of Spike protein along with innate immune responses should prime both
CD8+ and CD4+ T cells to differentiate into effector and memory sub-
sets by the production of type I interferon [24, 27].

Furthermore, the second dose of these vaccines is associated with an
enhancement of the inflammatory response deriving from short-term
changes to innate cells like macrophages through a phenomenon
called ‘trained immunity’, and/or from activation of memory T cells and
B cells generated from the initial injection [24, 27]. It is not entirely
clear how these vaccines mobilize the immune response, as well as the
durability of protection [24].

4. Lessons from MERS and SARS-CoV-1

In the last few years, vaccines using DNA or mRNA as platform
technology have generated a considerable interest for their potential
role as health solutions. These types of vaccine induce humoral
(neutralizing antibodies) and cellular immune responses and may avoid
potential health risk of working with inactivated or attenuated patho-
gens. The processes of their development are generally more rapid than
“conventional” techniques [28].

Data regarding the differences between platforms (see previous
section) and their interaction with the host are mainly available from
pre-clinical studies completed with SARS-CoV-1 and the Middle East
Respiratory Syndrome coronavirus (MERS-CoV). Similar to SARS-CoV-
2, the antigenic target for both SARS-CoV-1 and MERS vaccines was
the large surface Spike protein. Several MERS and SARS-CoV-1 vaccine
candidates have been developed and/or tested for efficacy, including
viral vector-based vaccines constructed using viral vectors that express
Spike protein [29-31]. Generally, these vaccine candidates have
demonstrated their ability to induce immune responses and/or
neutralizing antibodies [29-31]. Antibodies binding to the receptor
binding domain (RBD) of the Spike protein showed the potential to
prevent its interaction with the angiotensin-converting enzyme 2
(ACE2) and neutralize the viruses [29-31].

Nevertheless, animal studies of vaccines for SARS-CoV-1 and MERS-
CoV also demonstrated that vaccination induces non-neutralizing anti-
bodies that may mediate enhancement of virus infection (after challenge
with wild-type virus) or cause harmful immune responses, such as
inflammation, enhanced hepatitis, and eosinophilic lung inflammation
[32-35].

These experimental studies for SARS-CoV-1 and MERS-CoV had
raised some concerns regarding an enhancement of the disease and the
induction of virus-enhancing antibody and harmful immune responses
with vaccination [36].

5. Vaccination and immunothrombosis

Some questions regarding the safety of COVID-19 vaccines have been
recently raised and based on sparse reports of thromboembolic events,
fatal in some cases, following Vaxzevria and Johnson & Johnson vaccine
receipt [5-8].

Taking into consideration all currently available evidence, including
the advice from an ad hoc expert group, EMA has recently concluded
that unusual thrombotic events should be listed as a side effect of
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Fig. 2. Effects on platelets of the interaction between ACE2 and free-floating Spike proteins (see text for details).
Legend: All=angiotensin 2; A; ;=angiotensin1,7; ACE2=angiotensin converting enzyme 2 receptor.

Vaxzevria (formerly COVID-19 Vaccine AstraZeneca).

Specifically, the Pharmacovigilance Risk Assessment Committee
(PRAC) of EMA carried out an in-depth review of 62 cases (18 fatal) of
cerebral venous sinus thrombosis (CVST) and 24 cases of splanchnic vein
thrombosis reported in the European Union drug safety database
(EudraVigilance) as of March 22, 2021 [17]. However, the EMA
concluded that “the reported combination of blood clots and low blood
platelets is very rare, and the overall benefits of the vaccine in pre-
venting COVID-19 outweigh the risks of side effects”.

In this context, a recent report of the Danish National Patient Reg-
istry evaluated the incidence of first-time cases of venous thromboem-
bolism in the general adult population recorded from January 1, 2010,
and November 30, 2018 [37]. All incidence rates were calculated by
dividing the number of incident venous thromboembolisms during
follow-up by the sum of person-years during follow-up and reported per
1000 person-years [37]. Subsequently, using these incidence rates for
venous thromboembolism, the Authors estimated the number of cases
that would be expected over the course of 1 week and 1 month,
respectively, in a population with the same size as that having received
the Oxford-AstraZeneca COVID-19 vaccine in Europe by March 10,
2021 [37]. This was done by rescaling the incidence rates to the weekly
(7 days) and monthly level (30.5 days) per individual, and multiplying
them by 5 million (i.e., size matching the approximate number of people
having received the Oxford—AstraZeneca COVID-19 vaccine in Europe
by March 10, 2021).

Incidence rates were calculated for the overall population and for the
subgroup of Danes aged 18-64 years. This 18-64-year age group rep-
resents the age group in which the Oxford-AstraZeneca COVID-19
vaccine has predominantly been used in most European countries
[37]. The incidence rate per 1000 person-years was 1.76 (95% CI: 1.75 —
1.78) for venous thromboembolism among Danes aged 18-99 years, and
0.95 (95% CI: 0.94 — 0.96) among Danes aged 18-64 years [37]. When
restricting to deep vein thrombosis or pulmonary embolism, the inci-
dence rate per 1000 person-years was 1.70 (95% CI: 1.68 — 1.71) among
Danes aged 18-99 years and 0.91 (0.89 — 0.92) for those aged 18-64
years [37].

As detailed by the Authors [37], in a population of 5 million people
this incidence would correspond to approximately 169 expected cases of
venous thromboembolism per week, or 736 expected cases per month if
based on the incidence rate among the 18-99-year-old Danes. Similarly,
if estimated on the incidence rates among 18-64-year-old Danes, one
would expect 91 cases of venous thromboembolism per week, or 398
cases per month.

In other words, these results remark the concept that the reported
number of thromboembolic events among Europeans who have received

the Oxford-AstraZeneca COVID-19 vaccine is not increased relative to
the expected number estimated from incidence rates from the entire
Danish population before the introduction of the vaccination program
[371.

However, as stated by the Authors, the Danish data cannot rule out
the possibility that some venous thromboembolic events reported in
relation to the use of the vaccine are really caused by the vaccine [37].

Similarly, a joint Chronic Disease Center (CDC) and FDA Statement
recommended a pause in the use of this vaccine out of an abundance of
caution for the reported of 6 cases of rare and severe type of blood clot in
individuals after receiving the Johnson & Johnson vaccine [6].

A plausible explanation for the combination of thrombotic events
and low blood platelets count (<150,000/microL), observed as serious
adverse event, is the immune response (‘immunothrombosis’) [38]
following vaccination, which resembles a condition similar to the
heparin-induced thrombocytopenia (HIT) [39, 40]. These events could
be related to vaccine-induced autoantibodies against a PF4 platelet an-
tigen (vaccine-induced prothrombotic immune thrombocytopenia), a
reaction occurring 4 to 20 days after vaccination. A positive HIT anti-
body suggests such diagnosis [39, 40]. Most of the cases from Europe
have occurred in women under age 55.

Although these events were very rare, their incidence and the similar
pattern across different individuals raised some concerns for a causality
relation with vaccine. Besides, the pathogenesis of hypercoagulability
after vaccination remains poorly understood. An enhanced immuno-
logical reaction mimicking active COVID-19 may be postulated. Indeed,
immunothrombosis is a peculiar pathogenic mechanism in COVID-19.
As suggested by Bonaventura and co-workers, SARS-CoV-2 infection
induces the activation of neutrophils and monocytes which may interact
with platelets and the coagulation cascade potentially leading to intra-
vascular clot formation in small and larger vessels [38].

6. Free-floating Spike proteins and ACE2 interactions

When a vaccinated cell dies or is destroyed by the immune system,
the debris may release a large amount of Spike proteins and protein
fragments (free-floating Spike proteins).

It is well known that SARS-CoV-2 uses ACE2 as a Trojan horse to
invade target cells. Thus, interactions between free-floating Spike pro-
teins and ACE2 of other cells are highly plausible mechanisms. As
recently demonstrated for adenovirus-vectored vaccines, Spike proteins
produced upon vaccination have the native-like mimicry of SARS-CoV-2
Spike protein’s receptor binding functionality and prefusion structure
[41].

The native-like conformation of the Spike protein produced by
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Free-floating Spike proteins recognized by antibodies but interacting with ACE2 (with inactivation of
its enzymatic activities)

Fig. 3. Use of vaccines with DNA templates or mRNA encoding mutated Spike proteins with conformational change as alternative therapeutic strategy to ameliorate
the potential detrimental effects of the interactions between ACE2 and Spike proteins (see text for details).
Legend: All=angiotensin 2; A; ;=angiotensinl,7; ACE2=angiotensin converting ezyme 2 receptor.

vaccines has the potential to interact with ACE2, promote ACE2 inter-
nalization, and its degradation [42]. Of note, such phenomenon has
been also observed in platelets [43]. Zhang and co-workers found that
SARS-CoV-2 induced a time-dependent decrease in ACE2 levels in
platelets, indicating the degradation of ACE2 upon ACE2 activation
[43]. Spike protein induces a dose-dependent enhancement of platelet
aggregation and adenosine triphosphate (ATP) release [43]. The subuni
1 of the Spike protein, but not subunit 2, is that binds to ACE2 of
platelets thereby triggering platelet aggregation (Fig. 2) [43].

The loss of ACE2 receptor activity from the external site of the
cellular membrane, as mediated by the interaction between ACE2 and
SARS-CoV-2 Spike proteins, leads to less angiotensin II inactivation and
less generation of antiotensin;_; [44, 45]. The imbalance between
angiotensin II overactivity and of antiotensin;_y deficiency may trigger
inflammation, thrombosis, and other adverse reactions (Fig. 1) [44, 45].
In this context, it is not clear whether the interaction between
free-floating Spike proteins and ACE2 may favor such imbalance and
influence the potential adverse events following vaccination (Fig. 1).

Conclusions

SARS-CoV-2 vaccination is now offering the opportunity to come out
of the current phase of the pandemic. Vaccines that elicit a sufficient
neutralizing response should be able to offer protection against COVID-
19 [46]. However, in addition to efficacy, safety is an important issue for
any SARS-CoV-2 vaccine. Despite different platforms are currently

available, most vaccines share the following common features: (a) they
encode SARS-CoV-2 Spike proteins; (b) Spike proteins assembled by the
infected cell migrate to the cell surface; (c) the protruding Spike proteins
have a native-like conformation [41] and are recognized by the immune
system to develop the immune response.

In this context, viral vector vaccines might trigger a further
enhancement of the immune reactions against Spike proteins by
engaging a stronger innate responses also mediated by cytokines, che-
mokines and immune cells [21]. Such immune reaction appears to
mimic an active COVID-19 disease.

Previous studies dating back to MERS-CoV and SARS-CoV-1 infection
showed that vaccines based on the full-length Spike protein of SARS-CoV
may induce a strong immune inflammatory responses at various levels
including the lung and the liver [29, 32-34].

The picture is complicated by the evidence of an enhanced immune
response to a single dose of SARS-CoV-2 mRNA vaccine in seropositive
persons because of a previous exposure to SARS-CoV-2 [47]. In this
setting, Kramer and co-workers recently evaluated the antibody re-
sponses in subjects with or without preexistent SARS-CoV-2 immunity
(67 seronegative and 43 seropositive participants) who received their
first Spike mRNA vaccine dose in 2020 (Pfizer vaccine or Moderna
vaccine) [47]. Repeated sampling after the first dose indicated that the
majority of seronegative participants had variable and relatively low
SARS-CoV-2 immunoglobulin G (IgG) responses within 9 to 12 days after
vaccination. In contrast, participants with SARS-CoV-2 antibodies at
baseline before the first vaccine injection rapidly developed antibody
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titers 10 to 45 times as high as those of vaccinees without preexisting
immunity [47]. Moreover, the antibody titers of the vaccinees without
preexisting immunity increased by a factor of 3 after the second vaccine
dose, and no increase in antibody titers was observed in the COVID-19
survivors who received the second vaccine dose [47]. Notably, these
Authors extended their analysis by computing the frequency of systemic
reactions including fatigue, headache, chills, muscle pain, fever, and
joint pain after the first dose of vaccine in 148 seronegative and 82
seropositive participants. The vaccine recipients with preexisting im-
munity had a higher frequency and severity of systemic reactions than
those without immunity [47].

These results open a debate on the applicability of clinical trials re-
sults to the real life [48]. Clinical trials which tested the efficacy and
safety of SARS-CoV-2 vaccines [9, 11, 18, 19] generally included sub-
jects who were negative, at entry, to SARS-CoV-2 infection. Indeed, a
new positivity to SARS-CoV-2 infection was an end-point of these trials.
When applying the results of clinical trials to the real life, we cannot
exclude the possibility that the vaccination of a growing number of
subjects from different Countries with preexisting immunity to
SARS-Cov-2 may trigger unexpectedly intense, albeit very rare, inflam-
matory and thrombotic reactions in previously immunized and predis-
posed individuals.

The basic mechanisms involved in the above reactions require
further research. For example, free-floating Spike proteins released by
the destroyed cells previously targeted by vaccines may interact with
ACE2 of other cells, thereby promoting ACE2 internalization and
degradation [42]. This mechanism enhances platelet aggregation [43].
The interaction between ACE2 and free-floating Spike proteins also
enhances the imbalance between angiotensin II overactivity and of
antiotensin;_; deficiency through the loss of ACE2 receptor activity,
which may contribute to trigger inflammation, thrombosis, and other
adverse reactions (Fig. 1).

In this context, protein engineering approaches to identify binders to
viral entry proteins may offer an alternative therapeutic strategy to
ameliorate the potential detrimental effects of the interaction between
ACE2 and Spike proteins (Fig. 3).

It has been suggested that the use of vaccines with DNA templates or
mRNA encoding mutated Spike proteins with conformational change
(from pre-fusion conformation to post-fusion conformation after in-
teractions with ACE2, or change in RBD) might partly lose adherence to
ACE2 receptors [49, 50].

In conclusion, the ideal SARS-CoV-2 vaccine candidate should
possess a high immunogenicity, a well-established ability to induce
effective immune responses through neutralizing antibodies, an almost
complete protection against severe forms of COVID-19 and a good safety
without important harmful responses. Given the high amount of active
research in this area, it is conceivable that newer vaccines with these
features with be developed in a near future.
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