Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

Review

Antigen presentation of mRNA based and viral vector corona
vaccines

Ger T. Rijkers 12 *, Nynke Weterings 3, Andres Obregon-Henao ¢, Michaéla Lepolder 3, Tara Dutt ¢, Frans J. van
Overveld 3 and Marcela Henao-Tamayo *

1 Science Department, University College Roosevelt, Middelburg, The Netherlands; g.rijkers@ucr.nl

2 Microvida Laboratory for Medical Microbiology and Immunology, St Elizabeth Hospital, Tilburg, The
Netherlands; g.rijkers@etz.nl

3 Science Department, University College Roosevelt, Middelburg, The Netherlands; n.weterings@ucr.nl ;
m.lepolder@ucr.nl ; f.vanoverveld@ucr.nl

¢ Department of Microbiology, Immunology and Pathology, Colorado State University, Fort Collins, CO 80523,
United States; Andres.Obregon@ColoState.edu ; taru.Dutt@colostate.edu ;
Marcela.Henao Tamayo@ColoState.edu

* Correspondence: g.rijkers@ucr.nl ; Tel.: +31 (0)118 655 500

Abstract: Infection with Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) causes
Coronavirus Disease 2019 (COVID-19), which has reached pandemic proportions. A number of effective
vaccines have been produced, including mRNA vaccines and viral vector vaccines, which are now being
implemented on a large scale in order to control the pandemic. The mRNA vaccines are composed of
the Spike S1 protein encoding mRNA, incorporated in a lipid nanoparticle, stabilized by polyethylene
glycol (PEG). mRNA vaccines are novel in many respects, including cellular uptake, the intracellular
routing, processing, and secretion of the viral protein. Viral vector vaccines have incorporated DNA
sequences encoding the SARS-CoV-2 Spike S1 protein into (attenuated) adenoviruses. The antigen
presentation routes in MHC class I and class II, in relation to induction of virus neutralizing antibodies
and cytotoxic T-lymphocytes will be reviewed. In rare cases, mRNA vaccines induce unwanted immune
mediated side effects. mRNA based vaccines may lead to an anaphylactic reaction. This reaction may be
triggered by PEG. The intracellular routing of PEG, and potential presentation in the context of CD1 will
be discussed. Adenovirus vector based vaccines have been associated with thrombocytopenic
thrombosis events. The anti-platelet factor 4 antibodies found in these patients could be generated due
to conformational changes of relevant epitopes presented to the immune system.

Keywords: mRNA vaccine; viral vector vaccine; Spike protein; antigen presentation; polyethylene
glycol; platelet factor 4; thrombosis

1. Introduction

The high morbidity and mortality rate of coronavirus disease of 2019 (COVID-19) has
triggered the rapid development of vaccines against its causative agent, Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2). Vaccines are the most effective way to
eliminate and control the virus [1, 2]. Most of the vaccines developed for COVID-19 have
shown very high level of protection. Within one year after the outbreak of the pandemic and
identification of the genomic structure of SARS-CoV-2, a number of highly effective vaccines
were approved and used globally, as over 2.5 billion vaccine doses have been administered
[3](dated June 25, 2021; World Health Organization). The two major categories of SARS-CoV-
2 vaccines are mRNA based vaccines and viral vector vaccines, both targeting the Spike
Slprotein of the virus [4]. World-wide, the most used mRNA vaccines are those of
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Pfizer/BioNTech (BNT162b2, brand name Comirnaty) and of Moderna (mRNA-1273, brand
name COVID-19 Vaccine Moderna). Most used adenovirus vector vaccines are the ones of
Oxford/AstraZeneca (ChAdOx1 nCoV-19, brand names Vaxzevria and Covishield) and
Jansen/Johnson and Johnson (Ad26.COV2.S, brand name Janssen COVID-19 Vaccine).

Both mRNA vaccines for SARS-CoV-2 as well as viral vector based vaccines have turned
out to be highly effective in protection against mild and severe COVID-19. After vaccination,
high titers of IgG and IgA antibodies against the S1 Spike protein are generated, which in vitro
show virus neutralizing capacity, and cytotoxic T cells are activated [5-7].

The aim of this review is to delineate the molecular pathways, outside and inside of the
cell, which ultimately lead to presentation of Spike S1 peptides to the immune system. Both
the classical antigen presentation routes via MHC class I to CD8+ T cells and via MHC class
I to CD4+ T cells, as well as the antigen presenting routes for presentation to non-
conventional T cells will be reviewed and discussed.

While SARS-CoV-2 vaccines are protecting from the severe illness and deaths due to
COVID-19, after large scale implementation rare, immune mediated side-effects became
apparent. Especially anaphylactic reactions and various thrombotic/abnormal bleeding have
raised concern [8, 9]. These side effects may be due to abnormal handling and/or presentation
of the vaccine, or vaccine additives to the immune system of which the potential scenarios
will be discussed.

2. SARS-CoV-2 antigen presentation

2.1. Presentation of SARS-CoV-2 antigens during COVID-19

SARS-CoV-2, like the other coronaviruses (e.g. SARS and MERS) are enveloped, positive
sense, single stranded RNA viruses of ~30kB. The life cycle of the virus within the host consist
of 5 steps: (1) attachment, (2) penetration, (3) replication, (4) maturation and (5) release.
Attachment occurs through the binding of a virus to host receptors, penetration occurs
through the endocytosis of membrane fusion. Once the virus enters the host cytoplasm, viral
contents are released and enter the nucleus for replication. The virus takes over the host’s
protein synthesizing mechanisms to produce viral proteins (replication), which are
subsequently produced (maturation) and released [10].

Coronaviruses consists of four structural proteins: spike (S), membrane (M), envelope (E)
and nucleocapsid (N). In the mechanism of infection, the Spike protein is one of the key
players [10](Yuki et al., 2020). On a mature coronavirus, Spike protein is present as a trimer
with three receptor-binding S1 heads sitting on top of a trimeric membrane fusion S2 stalk
[11]. These two functional subunits have different functions: the S1 subunit binds to the host
cell receptor and the 52 subunit is responsible for the fusion of viral and cellular membranes
[10]. The SARS-CoV-2 S1 unit contains a receptor binding domain (RBD) that specifically
recognizes angiotensin-converting enzyme 2 (ACE2) as its receptor. To fuse membranes, the
Spike protein needs to be proteolytically activated at the S1/S2 boundary so that the SA1
dissociates and S2 undergoes a structural change [11]. Together with host derived factors such
as the cell surface serine protease TMPRSS2 (Transmembrane protease, serine 2) the viral
uptake and cellular fusion with the host membrane is promoted [12].

Once having entered the cytoplasm of the host cell, the virus is uncoated and viral
genomic RNA is released. Translation of the two large open reading frames, ORFla and
ORF1b, of the viral RNA is initiated immediately. These reading frames encode 15-16
nonstructural proteins (nsp) which compose the viral replication and transcription complex
which includes RNA-processing and RNA-modifying enzymes and a proofreading function
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necessary for maintaining the coronavirus genome. ORFs that encode structural and
accessory proteins are transcribed from the 3’ one-third of the genome to form a set of sub
genomic mRNAs (sg mRNAs) [12]. Translated structural proteins transit through the ER-to-
Golgi intermediate compartment (ERGIC). Here the interaction with N-encapsidated, newly
synthesized viral RNA takes place and results in the budding of the lumen of secretory
vesicular compartments. Completed virions are secreted from the infected cells by exocytosis
[12].

Throughout the viral infection cycle, the infected cells present viral peptides within major
histocompatibility complex (MHC) class I antigens. Class I presented viral peptides will lead
to activation of CD8+ T cells, which are capable of lysing virus-infected tissue cells [13, 14].
CD8+ T cells become activated, proliferate and differentiate into virus-specific effector and
memory T cells. In the early stages of infection, professional antigen-presenting cells
(dendritic cells, macrophages,and also B-lymphocytes) present viral peptides to CD4+ T cells
through the MHC class II molecules (Figure 1) [14].
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Figure 1. Schematic presentation of conventional and non-conventional antigen presenting molecules
Major Histocompatibility Complex (MHC) class I and class Il molecules are shown with (different) Spike
S1 peptides in the antigen presenting groove. MHC class I related molecules A and B (MICA, MICB)
and CD1 are non-conventional antigen presenting molecules consisting of a single a chain. The light
blue domain in the MICA, MICB a chain can be cut by metalloproteases resulting in soluble MICA and
MICB. CD1 is composed of an a chain, associated with 2 microglobulin. CD1 can present lipid antigens
and (potentially) lipid bound polyethylene glycol (PEG).

2.2. mRNA vaccines

Nucleic acid vaccines containing antigens encoded by either DNA or RNA and are
delivered through the use of viral vectors (such as adenoviruses) or non-viral delivery
systems (e.g. electroporation or lipid nanoparticles) [15]. These types of vaccines offer
solutions for issues caused by more traditional vaccines, such as the risk of a reversion to a
virulence in live-attenuated vaccines or the need for additional adjuvants [16]. Nucleic acid
vaccines can also be very effective, as they mimic a live, in situ infection by expressing
antigens after immunization. This primes both B and T cell responses and builds an adaptive
immune response directed towards the encoded target antigen [15].

Within RNA vaccines, two general classes of mRNAs are commonly used as vaccine
vectors: non-replicating and self-amplifying mRNA [16]. Although both utilize the host cell
translational machinery for the production of antigen target and launch of an adaptive
immune response, non-replicating mRNA only encodes protein antigen(s) of interest, while
self-amplifying mRNA is also capable of encoding proteins allowing for RNA replication [17].
The current COVID-19 mRNA vaccines are non-replicating vaccines.
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mRNA vaccines against SARS-CoV-2 Spike protein were developed by Moderna and
Pfizer/BioNtech in record time, with initial vaccinations occurring less than a year after this
novel coronavirus was sequenced [18-21]. Even though mRNA vaccines appear to be simple
(consisting of a lipid envelop surrounding mRNA molecules encoding for the protein of
interest), the foundation to optimize their safety and efficacy profiles was previously
established through the pioneering work of multiple individuals, in part enabling this success
story. Four key technical aspects will be briefly discussed below in the context of antigen
uptake and presentation.

2.2.1. mRNA.

The mRNA molecule in both vaccines consists of the following elements: 5" Cap attached
to the 5" UTR, followed by the coding sequence for SARS-CoV-2 Spike protein, a 3’ UTR and
a long poly-A tail [22, 23]. In general, elements within the mRNA were optimized to increase
its stability, maximize protein translation and reduce unwanted side effects due to innate
immune activation. However, side-by-side comparison of each company’s individual
approach will be possible once currently undisclosed information becomes available upon
protection of intellectual property rights. Importantly, ‘minor” variations in mRNA elements
impacting mRNA stability, translation and Spike protein expression efficacy, could
potentially explain differences in immunogenicity profiles described for both vaccines, as
discussed below. The following is a description of the methodology to optimize some mRNA
elements and is based on references cited in publications reporting initial results for SARS-
CoV-2 vaccine trials.

In both vaccines, the mRNA is synthesized by in vitro transcription of a DNA fragment
encoding for all elements, except the 5" Cap. A Cap1 structure is covalently attached to the 5
UTR either co- or post-transcriptionally via different capping enzymes used by
Pfizer/BioNTech and Moderna, respectively [22, 24]. Thereafter, the final product is purified
using affinity chromatography on oligo-dT, in order to remove impurities generated during
transcription (such as double-stranded RNA), which could potently activate the innate
immune response [25]. Moderna optimized the 5 UTR using machine learning techniques
trained on ribosomal loading profiles of a reporter gene library in which the 5 UTRs
contained completely random sequences [26]. This was further tested and validated on
thousands of human 5 UTR and variants associated with diseases in humans. BioNTech also
used a library to optimize the 3’ UTR [27]. Specifically, the reporter gene was linked at the 3’
end to random cDNAs obtained by reverse-transcription of fragmented mRNA isolated from
human dendritic cells. Surprisingly, upon several rounds of enrichment for highly expressing
constructs, the most effective 3’ UTR corresponded to a mitochondrial, non-coding rRNA.
Adding a second 3" UTR from a different gene further enhanced mRNA stability and protein
expression. Finally, BioNTech optimized the poly-A tail to 120 bp in length by testing levels
of a reporter protein expressed from mRNAs differing in poly-A tail length [28]. This study
also characterized an idoneous poly-A tail as being unmasked, i.e.,, no other nucleotides
except adenines should be present in the 3’ end [28].

Perhaps the most important aspect of mRNA vaccine optimization, consisted of
replacing pseudouridine (W) or N1-methyl-W for uridine during in vitro transcription. Karikd
and co-workers correctly hypothesized that unmodified nucleotide bases, such as those
present in RNA transcribed in vitro, were responsible for RNA's strong activation of the innate
immune system [29]. In contrast to the ubiquitous presence of modified bases in mammalian
RNA (excluding mitochondrial RNA), innate immune mechanisms evolved to detect and
become activated upon encounter with RNA containing unmodified bases [29]. Indeed,
significant reduction in dendritic cell activation was observed when transfected with RNA
transcribed in vitro in the presence of ¥ or N1-methyl-¥, instead of uridine [30, 31]. Similar
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results were observed in vivo in animals injected parentally with mRNA synthesized in the
presence of modified bases [32, 33]. Furthermore, higher and longer expression levels for the
protein of interest were observed in animals injected with mRNA containing modified bases.
As recently reported, higher translation efficacy could result from stable secondary structures
occurring in mRNAs containing N1-methyl-W [34], as well as greater ribosomal density
associated to modified mRNA [35].

2.2.2. Protein sequence.

BNT162b2 and mRNA-1273, Pfizer/BioNtech and Moderna anti-SARS-CoV-2 mRNA
vaccines respectively, both encode for the full length Spike protein consisting of a signal
sequence, S1 and S2 domains (comprising the large extracellular domain including the RBD),
followed by a short transmembrane and cytoplasmic domain [19, 22]. Pfizer/BioNtech
additionally performed clinical trials with BNT162b1, a secreted, truncated version of the
Spike protein consisting of the RBD region [21]. Despite eliciting a potent humoral and cellular
immune response [21, 36], BNT162b1 is not currently used due, in part, to more frequent side
effects [19]. Furthermore, BNT162b2 encoding the full length Spike protein had the added
benefit of including additional epitopes potentially targeted by the immune response. Upon
ribosomal translation, the signal sequence targets the protein to the ER where it starts
undergoing significant post-translational modifications. Besides removal of the signal
sequence, glycosylation (both N and O-type), as well as disulphide bond formation occur in
this organelle. As it continues through the secretory pathway en route to the cell membrane,
the first of two activating proteolytic events occurs: a furin-dependent cleavage not present in
the related SARS-CoV-1 Spike protein [37]. To stabilize the vaccine’s pre-fusion conformation
upon furin cleavage and maximize eliciting antibodies against the native viral Spike protein,
two mutations for proline residues were engineered in the vaccine’s S2 subunit [22, 38]. The
end product in host cells expressing these mRNA vaccines is a surface-exposed, membrane-
anchored, glycosylated and trimerized Spike protein resembling the 3-D structure of the
native viral Spike protein, to the extent that interacts with its cognate receptor, hACE2 [22].

2.2.3. Lipid nano particle (LNP).

In order for translation of exogenous mRNA to occur in the cytoplasm of the target cell,
it first has to cross the barrier imposed by the hydrophobic, lipid cell membrane. Lipid
nanoparticles (LNPs) are the most commonly used platforms for mRNA delivery and are
mainly composed of ionizable cationic lipids, cholesterol, phospholipids (such as
distearoylphosphatidylcholine) and polyethylene glycol (PEG)-lipid [39, 40]. Ionizable
cationic lipids participate in nanoparticle packaging by interacting with negatively charged
mRNA molecules [41]. Moreover, the amine head group plays a key role mediating
endosomal uptake. Specifically, increased LNP uptake and mRNA translation was observed
when LNPs included ionizable cationic lipids derivatized with amine head groups having
pKa 6.6-6.8 [42]. Interestingly, efficient mRNA translation was shown to be associated with
rab7-dependent late endosomes and their association with mTOR signaling [43]. Even though
these formulations of LNPs + mRNA accumulated in late endosomes, only a small, yet
sufficient percent of the vaccine’s mRNA was translocated to the cytoplasm for translation
[43]. Thus, further work is required to precisely define the mechanism wherein endosomally-
localized mRNAs are shuttled cytoplasmically. Finally, the amine head group present in
ionizable cationic lipids was closely associated with LNP pharmacokinetics in vivo [42]. Upon
administration, biodegradable LNPs that were rapidly cleared from injected tissues were less
likely to induce inflammation and tissue damage [44], while, importantly, conserving
adequate mRNA translation levels [42].
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2.2.4. Immune response.

To determine the fate of mRNA vaccines upon in vivo administration, some studies used
fluorescently labeled LNPs carrying mRNA encoding for a fluorescent or luminescent
reporter proteins [45]. Using a previous iteration of LNPs, Moderna showed leukocyte
migration to the site of LNP injection, but not upon control injections with PBS. Vaccine
formulations were efficiently uptaken at the site of injection by phagocytic cells such as
neutrophils and different types of monocytes/macrophages, however macrophages
represented the major vaccine cell type at the draining lymph nodes. Interestingly, not all
transfected leukocytes efficiently translated the target protein and a clear dissociation
between high vaccine uptake, yet low protein expression was observed for neutrophils [45].

Further studies evaluated how mRNA vaccines induced a potent humoral response.
Upon vaccination of non-human primates, germinal centers were observed in draining lymph
nodes and, importantly, antigen-specific follicular helper T (Tfh) cells were detected within
these structures [46]. Collectively, this represents an ideal niche conducive to B cell activation,
antibody isotype switching and affinity maturation, leading to long lived memory B cells and
plasma cells. Indeed, a major goal of Covid-19 mRNA vaccines consisted of eliciting high titers
of high affinity antibodies against Spike protein/RBD, capable of neutralizing SARS-CoV-2
infection [18, 19].

Using overlapping peptide pools covering the Spike protein, additional subsets of
antigen-specific T cells were reported in humans upon vaccination with Moderna and
Pfizer/BioNTech Covid-19 mRNA vaccines [24, 47]. CD4+ T cells responded to peptides from
both the S1 and S2 subunits, validating the decision to use mRNA encoding the full length
Spike protein instead of a secreted RBD. Furthermore, based on cytokine profiles, the vaccine
skewed helper CD4+ T cells to Thl [24, 47], an ideal scenario to circumvent Th2 responses
responsible for vaccine-associated enhanced respiratory disease (VAERD) [48]. Intriguingly,
whereas both vaccines induced helper CD4+ T cells, CD8+ T cells were only reported for
Pfizer/BioNTech vaccine [24, 47]. The significance of this result remains to be determined as
both vaccines elicited comparable levels of protection (~95%) against SARS-CoV-2 strains
circulating at the time clinical trials were performed. However, this could have important
repercusions against emerging viral variants with higher virulence and/or transmissibility.
Pfizer/BioNTech recently characterized in greater detail human CD8+ T cell responses in a
small cohort of vaccinated individuals. Interestingly, CD8+ T cells responding to peptides
from the S2 subunit were identified in some unvaccinated individuals, possibly crossreacting
to epitopes shared with seasonal coronaviruses [24]. Furthermore, some overlap was
observed for epitopes recognized by CD8+ T cells upon vaccination and natural infection.
Clearly, additional epitope mapping is required to understand how mRNA vaccines elicit
cellular immune responses.

The mechanism of action of an mRNA vaccine is very similar to the mechanism of viral
infection. Prior to vaccination, in vitro transcribed (IVT) mRNA is produced from a linear
DNA template or PCR products using a T3, T7 or Sp6 phage RNA polymerase. The resulting
product optimally contains an open reading frame (ORF) that encodes the antigen of interest,
5 and 3’ untranslated regions (UTRs), a 5’ cap and a poly-A tail [17]. Efficient mRNA delivery
and endocytosis to cells is critical in order for mRNA vaccines to achieve therapeutic
relevance. All components of the LNP are thought to facilitate and promote the endosomal
escape of mRNA [40]. By means of the translational machinery of the host cells, the mRNA is
translated into proteins. These proteins may undergo post-translational modification and
either function within the cell or are secreted. Proteasomes degrade cytoplasmic proteins, thus
generating antigenic peptide epitopes that are transported to the ER and loaded onto MHC
class I molecules (Figure 2). The MHC class I can present these peptides on the surface of the
cell to specific CD8+ T cells. Alternatively, the secreted exogenous proteins can be taken up
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by professional antigen presenting cells, processed, and presented in MHC class II [17]. In
mRNA vaccinated individuals (BNT162b1), T-cells can be detected secreting interferon-y
upon in vitro restimulation with SARS-CoV-2 peptides, which confirms the induction of CD4+
Th-cells through MHC class II [36]. Professional antigen presenting cells also can present
exogenous antigens, which is processed via an alternative intracellular routing and presented
via MHC class I (cross-presentation) [49, 50].
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Figure 2. Uptake, processing, and MHC class I presentation of Spike proteins, encoded by mRNA
vaccine.

The mRNA of the Pfizer and Moderna vaccines encodes for the Spike protein of the virus.
This viral protein is essential for attachment to membrane ACE 2 receptors and subsequent
invasion of host cells. Therefore, a vaccine directed against the Spike protein prevents the
proliferation and spread of SARS-CoV-2 [51]. Liu and co-workers predicted that the
population coverage for the SARS-CoV-2 subunit vaccines encoding the Spike protein could
generate at least 6 peptides for high affinity binding to MHC class I and class Il in respectively
99.4 and 96.4% of the population [52, 53].

There are multiple advantages of the use of mRNA-based vaccines over traditional
approaches. As mentioned before, mRNA vaccines, at conceptual level, combine the
simplicity, safety and focused immunogenicity of subunit vaccines with the favorable
immunological properties of live viral vaccines. mRNA vaccines are molecularly defined to
encode only the specific antigen of interest and no other excess information. This means, that
in case of a SARS-CoV-2 vaccine, the mRNA does not encode the entire virus, but only the S-
protein. This greatly reduces complications associated with biological vaccine production
(such as genetic variability). A downside of mRNA vaccines always has been that, because of
ubiquitous RNases, the RNA would be rapidly degraded [54]. The use of modified
pseudouridine was a breakthrough discovery circumventing this major obstacle [30, 55]. An
important benefit of RNA based vaccines is the enormous flexibility of vaccine design and
production. The antigen encoding sequence (the ORF) can be easily modified at specific
locations and/or codon-optimized to improve translation or engineered to guide the antigen
to the desired intracellular compartments to improve antigen presentation [56]. Modifications
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such as point mutations, deletions or removal of glycosylation sites could all potentially affect
antigenicity, immunogenicity and overall vaccine efficacy [56-58]. Moreover, next to additions
to the coding sequence, the half-life of mRNA, the pharmacokinetics of protein expression
(such as magnitude and duration), and immunogenicity are all available for fine tuning via
modifications of for example the 5" and 3" UTRs and optimization of the length of the poly-A
tail [56]. The mRNA could also be tailored in such a way to provide potent adjuvant stimuli
to the innate immune system by direction activation of RNA-specific receptors, which may
reduce the need for additional adjuvants [54].

2.3. Adenoviral vector vaccines

A relatively new group of vaccines are those based on viral vectors [59]. This type of
vaccine gained importance for vaccination against pathogens that did not yield sufficient
immune responses in the past when approached by conventional vaccines. After initial
success of adenoviral vector-based therapeutic drugs in clinical settings [60-62], vaccines
based on viral vectors were developed for the prophylaxis of infectious diseases as Ebola and
malaria. The choice for adenoviruses as vectors is obvious, because this group of viruses is
widespread and usually they do not lead to serious infections and related pathology [63].
Technologically, adenoviruses are easy to grow and multiply in tissue cultures. They are
thermostable, have a broad tropism, which means they can infect a wide range of cells, and
administration of these adenovirus vector-containing vaccines is easy to perform without any
hurdles in muscular and mucosal tissue. Adenoviruses are non-enveloped and have double
stranded DNA and their medium-sized genome is about 26-48 Kbp. This size is still acceptable
for easy manipulation. Adenoviruses are widespread, species-specific and many serotypes
are known, and still novel serotypes are regularly described (http://hadvwg.gmu.edu). In
humans, the more than 80 serotypes are divided into seven species A to G [64, 65]. Most
serotypes belong to species D.

Due to the abundant presence of adenoviruses in the human population, humoral and
cellular immunity against these viruses is generally present [66, 67], and initially this was
considered a drawback that needed to be solved [68-70]. The strategies to follow are
modification of the antigenic epitopes on the viral capsid of human Ad5. One way is the
chemical modification by PEGylation to improve the vaccine efficacy via shielding or hiding
of the epitopes [71]. Other useful techniques are insertion of peptides or other types of
modification of the capsid proteins. As an alternative, rare human adenoviral serotypes such
as Ad26 and Ad35 [72], or chimpanzee adenoviruses can be used [68, 73]. In addition, all these
viruses need to be genetically modified to prevent replication when administered to humans.
Normally, adenoviruses attach to membrane receptors. Ad5 will bind to the so-called
coxsackievirus and adenovirus receptor CAR, which belongs to the Ig superfamily of proteins,
is present at nearly every human cell, and which normal function is just being discovered [74].
Via clathrin-coated pits the virus is taken into the cells and after rupture of the endosome,
viral particles are dispersed into the cytoplasm. The E1 gene is transcribed in the immediate
early phase, and it is this gene which is removed to prevent viral replication when the
adenovirus is used as a vector.

Replication-deficient adenovirus vectors need to be produced in cells that do contain the
E1 gene for their replication. Originally, human embryonic kidney (HEK293) cells, a cell line
derived from a female fetus, were used as important cell for the Ad5 viral vector replication
[75]. Later different cell lines with and without transfection of particular genes were also
explored for other adenoviral vectors [63, 76].

The working mechanism of the adenoviral vector vaccines is based on the cellular
introduction of a recombinant viral genome (cDNA) containing a promotor sequence, the
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gene encoding the antigen and a poly-A tail. Upon intramuscular administration, muscle cells
get infected and will subsequently present processed antigen via MHC class I and start to
secrete viral antigen to induce an immune response by activating antigen presenting cells. The
advantage of this mode of action is that both the innate and adaptive immune system are
activated, and a humoral and cellular response will result.

Currently, the vectors of choice for Sars-CoV-2 and suitable candidates for long-term
protective immunity are both human and primate adenoviruses [77, 78]. At the moment there
are four approved adenovector vaccines available: Ad26.CoV2.S (Janssen-Johnson & Johnson;
brand name Janssen COVID-19 Vaccine), ChAdOx1 nCoV-19 or AZD1222 (Astra-Zeneca;
brand names Vaxzevria and Covishield), Gam-COVID-Vac (Gamaleya National Research
Centre for Epidemiology and Microbiology; brand name Sputnik-V), and Ad5-nCOV
(CanSino Biologics; brand name Convidecia).

The first one makes use of the human non-replicating vector Ad26, encoding a full length
SARS-CoV-2 Spike protein (cDNA), which demonstrated to be efficient in inducing both
humoral and cellular immune responses after just one administration [79, 80].

The second vaccine is based on the chimpanzee-derived E1-deficient adenoviral vector
ChAdY25, which was demonstrated to have a low human seroprevalence [81]. Also this
vaccine expressed the SARS-CoV-2 Spike protein and induced an efficient immune response
[82, 83].

The third adenoviral vector vaccine, Gam-COVID-Vacg, is a recombinant non-replicating
two-vector vaccine (rAd26 and rAd5, respectively) with expression of full length Spike
protein, which is introduced intramuscularly with an interval of 21 days. Also with this
vaccine a high efficiency was obtained [84].

The fourth vaccine is based on the modified non-replicating Ad5 vector with the full
Spike protein expressed. Also this vaccine is able to induce a significant immune response
[85].

Many other viral vector vaccines are currently being developed [86], but in addition
vaccines making use of other techniques are also under investigation, as there are future
vaccines to be expected from amongst others the REGA institute of the Catholic University
Leuven (weakened virus, based on the yellow fever vaccine), GSK-Sanofi (adjuvanted
recombinant protein-based vaccine), and Medicago (a (tobacco) plant-based virus-like particle
vaccine).

3. Presentation of Corona vaccine additives

3.1. Unconventional T lymphocytes, such as NKT cells, yo T cells

To date, three classes of unconventional T cells have been described. The common
denominator to classify these T cells as unconventional is that they lack the classical af3 T cell
receptor and, maybe as a consequence, they do not recognize peptides presented by MHC
class I or class II. In total these unconventional T cells represent no more than 10% of
peripheral T cells. However, upon activation they rapidly respond with cytokine production
and cytotoxic activity. Based on these properties unconventional T cells also are described as
innate-like T cells [87, 88].

The three classes of unconventional T cells are 1) CD1d restricted natural killer T cells
(NKT cells), 2) MR-1 restricted, mucosal-associated invariant T cells (MAIT cells) and 3)
gamma-delta T cells (Y0 T cells).
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NKT cells express an invariant Vap TCR and can be activated by glycolipid antigens
including a-galactocylceramide. Upon activation, NKT cells produce large amounts of Th1,
Th2, as well as Th17 cytokines. NKT cells play a role in cancer immunotherapy [89], and are
also implicated in controlling the outcome of viral infections, as demonstrated in animal
models as well as in humans [90]. A number of papers have analyzed NKT cells during
COVID-19. Zingaropoli et al. find a major reduction of peripheral blood NKT cell numbers in
severe COVID-19 [91]. Jouan showed that NKT cells, as well as MAIT cells and y0 T cells all
decrease during severe COVID-19 [92]. Probably there is more.

MAIT cells have a specificity for microbial riboflavin-derived antigens when presented
by the major histocompatibility complex (MHC) class I-like protein MR1 [87, 93]. These cells
express TCRs with limited diversity but broad specificity. MAIT cells have antibacterial and
antifungal properties, but also are activated during viral infections, including SARS-CoV-2
[94]. Indeed, during COVID-19, MAIT cells are activated and (subsequently) depleted from
peripheral blood [95, 96].

Y0 T cells Yo T cells express a T cell receptor made up of a y- and a d-chain, both of which
have a V segment repertoire less restricted than that of a and 3 TCR genes [97]. In peripheral
blood they form a small population within the T cell compartment, but at mucosal sites such
as the gastrointestinal and respiratory tract the numbers may be substantially higher [97]. Out
of the total number of yd T cells, Vy9Vd2 cells are the dominant population in adults. In the
elderly this is more variable, with some individuals Vy9V02 are almost lacking, while in
others all virtual all yd T cells are Vy9Vd2 [98]. It has been shown that Vy9Vd2 T cells have a
so-called polycytoxic profile [98]. Indeed, this subset of Y0 T cells also has been implicated in
influenza, as well as in corona virus infections [98, 99]. Poccia et al. previously found a
selective expansion of the Vy9Vd2 T cell population in peripheral blood of health care workers
who survived a SARS-CoV-1 infection during the 2003 outbreak [100]. We have described that
SARS-CoV-2 hospitalized patients who do not survive have lower numbers of Vy9Vd2 T cells
than COVID-19 survivors [101]. ¥0 T cells do not recognize antigens presented by classical
MHC molecules but use the alternative antigen presenting molecules such as BIN3A [99, 102]
and MHC class I-related molecules MICA and MICB [103] (Figure 1).

It is attractive to postulate that NKT cells (as well as the other unconventional T cells)
migrate to the lungs during the most active phase of the disease [104]. Because of the
involvement of unconventional T cells in COVID-19 it is also important to consider the role
of unconventional antigen presentation routes of SARS-CoV-2, the virus as well as the
vaccines.

3.2. Unconventional antigen presentation molecules, i.e. CD1

In paragraph 2.1, the classical routes of antigen presentation of peptide antigens, in MHC
class I and II to CD8+ (cytotoxic T cells) and CD4+ (T helper cells), respectively, has been
described. The B cell receptor (membrane immunoglobulin) can recognize and interact with
either soluble or cell-bound antigens, but does not require antigen presentation in MHC class
I or II. However, the antibody response of B cells to protein antigens is dependent on T helper
cells, in particular follicular helper T cells [105].

In the allergic reactions to mRNA vaccination, which occur as a rare but serious adverse
event, IgE antibodies to PEG have been implicated. Although rare, cases of anaphylaxis or
possible anaphylactic reactions have been reported following injection of the different
COVID-19 vaccines. The frequency of anaphylaxis after injection is approximately 11.1 in 1
million for the Pfizer/BioNTech vaccine [9]. The CDC in the USA reported 21 cases of
anaphylaxis out of 1.8 million doses administered. For the Moderna vaccine the CDC reported


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

2.5 cases per million doses administered [106]. AstraZeneca has also shown some cases of
anaphylaxis. According to the European Medicines Agency, 41 out of 5 million people
vaccinated with AstraZeneca showed possible signs of anaphylaxis. Jansen has also shown
few hypersensitive reactions [107].

Thus, even though the Pfizer/BioNTech and Moderna vaccines are mRNA vaccines, and
AstraZeneca and Janssen/Johnson and Johnson are viral vector vaccines, all COVID-19
vaccines in rare cases can induce a severe allergic response. The mechanisms behind these
anaphylactic reactions are still unknown, however a hypersensitivity reaction to either
polyethylene glycol (PEG) in the mRNA vaccines or to polyoxyethylene-sorbitan-20-
monooleate (polysorbates 80) in the viral vector vaccines could be the vaccine components
triggering the hypersensitive reaction.

Previous studies on vaccine-associated anaphylaxis showed that additives such as
gelatine, egg protein, latex or polysorbate 80 all can elicit hypersensitive reactions in
susceptible persons [108]. Case studies have shown that patients with a known allergy for
PEG also can be hypersensitive to polysorbate based on cross reactivity between the two
compounds [109]. The (cross) reaction occurs by the induction of degranulation of mast cells
or basophils, but is not mediated by IgE or other immunoglobulin classes. Polysorbate 80 has
however also been shown to cause IgE-mediated anaphylactic reactions.

In the mRNA vaccines the nucleoside-modified RNA is formulated in lipid
nanoparticles, which contain PEG. PEG seems to be the most likely cause of hypersensitivity
since the components of the mRNA-based vaccines do not include any substances that are
known to cause hypersensitivity and the mRNA is introduced for the first time to the body
and therefore the body is not sensitized to this specific component. Many people also have
had previous exposure to PEG since it can be found in many household products, medications
and food products, therefore opening the possibility of prior sensibilization.

3.3. Hypersensitivity and PEG antigen presentation

It is difficult to understand why some people have an allergic response to PEG and why
others do not. Previous studies have indicated that induction of hypersensitivity does depend
on the dosage, the route of administration, as well as the molecular weight of PEG used [110].
Numerous cosmetic products, such as toothpaste, contain PEG and therefore everyone is
continuously exposed to PEG. Many drugs are conjugated to PEG (PEGylated) to increase
half-life and efficacy [111]. It has been shown that PEGylated drugs can lead to
hypersensitivity reactions, especially in case of high molecular weight PEG administered
intravenously [112]. An example of a PEGylated drug is doxil, PEGylated doxorubicine, a
chemotherapeutic for leukemia and lymphomas, mamma carcinoma and other forms of
cancer. Doxil can lead to hypersensitivity reactions in up to 40 percent of patients [113].
Anaphylactic reactions can occur in patients who have been treated with high doses of
PEG3350 or 4000 to empty the colon before a colonoscopy [108]. In above patient categories
who could be sensitized to PEG, a skin prick test with PEG can yield a positive result.
Remarkably, Sellaturay et al. describe a patient, with a known hypersensitivity to PEG, who
developed a severe allergic reaction after being vaccinated with the Pfizer mRNA vaccine.
Skin prick testing was done with the vaccine and a range of PEG with increasing MW. Only
PEG4000, but not lower or higher MW PEGs, nor the vaccine, gave a clear positive response
[114]. Other patients with an allergic reaction to the Pfizer mRNA vaccine may show negative
skin prick tests to a wide range of PEGs, underscoring the need but also the difficulty of
allergy testing for PEGs and mRNA vaccines [114, 115].
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In athymic nude mice, IgM anti-PEG antibodies can be induced by intravenous
immunization with PEGylated liposomes [116]. On the other hand, the induction of IgM anti-
PEG by Pegfilgastrim, PEGylated-G-CSF or by PEGylated ovalbumin have been shown to be
T cell dependent process [117, 118]. It should be kept in mind that these studies in mice are
restricted to IgM antibodies. IgG anti-PEG antibodies are not formed in mice, and IgE has not
been investigated.

3.3.1. Antigen presentation of PEG

PEG, obviously not a peptide, would have to be presented through an alternative, non-
MHC, pathway. A possible pathway would be CD1 antigen presenting. CD1 is a protein
(family) related to the non-polymorphic and MHC class I molecules. CD1 proteins are able to
present (self and foreign lipid antigens) to T lymphocytes. Group 1 (CD1la-c) and 2 (CD1d)
CD1 proteins are expressed on the cell surface and function as antigen presenting molecules.
Group 3 (CD1e) is only expressed extracellularly and is involved with processing and editing
of lipids for presentation by the other CD1 isoforms [119]. Although structurally related (see
Figure 1), a difference between MHC class I and CD1 is that the inner surface of CD1 is
covered with hydrophobic residues and the a helices differ as well, there is a deeper antigen-
binding groove in CD1 (which differs per CD1 isoform). CD1 molecules are expressed by
monocytes, B lymphocytes and dendritic cells. CD1a, b, c and d are assembled and folded in
the ER where they associate with 2 microglobulin, capture endogenous self-lipids and move
to the cell surface [120]. The different CD1 isoforms take different intracellular paths, which
enables them to sample lipid antigens from different intracellular compartments. Exogenous
lipid antigens, which are taken up by endocytosis, can associate with CD1 in endosomes and
re-exposed on the cell surface of the antigen presenting cell [119]. For example, CD1b c and d
use tyrosine residues in their cytoplasmic tails to navigate through the endosomes. CD1b and
¢ bind to p-subunits of adaptor protein 2 complexes [121]. These AP-2 complexes are used to
internalize the contents in clathrin-mediated endocytosis. The several CD1 isoforms thus
allow for a wide range of non-protein antigens to be presented and recognized by T
lymphocytes.

Very limited data are available about the potential role of BIN3A in presentation of
SARS-CoV-2 antigens to the immune system. A search on PubMed (June 4, 2021) with BIN3A
and SARS-CoV-2 yielded zero hits. Also for presentation of SARS-CoV-2 antigens by MHC
class 1 related genes A and B (MICA and MICB), scarce data are available at the moment. In
a study from Brazil, not yet published in a peer reviewed journal, Castelli et al analyzed 86
discordant Brazilian couples where one partner was infected and symptomatic while the
partner remained asymptomatic and seronegative despite sharing the same bedroom during
the infection. The authors found only a minor impact of classical MHC class I and class 11
genes associated with resistance. However, individuals producing higher amounts of MICA
and low amounts of MICB were more susceptible to SARS-CoV-2 infection [122]. While these
are preliminary data, which need to be confirmed, it is interesting from the perspective that
MICB can serve as an antigen presenting molecule for yd T cells.

3.4. Thrombosis and (V) ITP

Vaccines have some mild to moderate side effects, some seen in clinical trials of COVID-
19 vaccine development, in which thousands of volunteers have participated, and some rare
cases of anaphylaxis occurred [1]. The thrombotic side effects were initially reported for
recombinant genetic vaccines and have raised concerns about the safe use and development
of vaccines. One of the severe events in COVID-19 infection is coagulopathy leading to various
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thrombotic complications and even death [123]. Similar to COVID-19/SARS-CoV-2 infection-
induced immune thrombocytopenia (ITP) [124], ITP post-vaccination is a possible adverse
effect. ITP has also been previously reported with a number of other vaccines, such as flu,
poliomyelitis, pneumococcal, hepatitis, MMR, and rabies vaccines [125]. ITP - is an
autoimmune condition characterized by low platelet counts, spontaneous purpura,
hematosis, or fatal sub-arachnoid, and internal bleeding [124].

The first reports of abnormal blood clot/thrombosis/thrombocytopenia/ITP post-
vaccination were described after administering the ChAdOx1 nCoV-19 (AstraZeneca) and
Ad26.CoV2.S (Janssen/Johnson and Johnson), followed by mRNA-1273 (Moderna) and
BNT162b2 (Pfizer-BioNTech) vaccines [126]. An extensive evaluation/assessment of the
adverse effects of thromboembolism associated with vaccines against SARS-CoV-2 was
conducted and documented by different health organizations worldwide. Of thirty-one cases
of post-vaccination thrombocytopenia, 17 cases were not associated with pre-existing
thrombocytopenia. Fourteen cases with bleeding signs were reported from the Centers for
Disease Control and Prevention (CDC). The vaccine adverse event reporting system (VAERS)
has documented over 160 cases (June 2021) of thrombosis or thrombocytopenia as an adverse
effect of mRNA vaccines [127]. Since the onset of VAERS, no cases of CVST (cerebral venous
sinus thrombosis) with thrombocytopenia have been reported amongst the recipients of
mRNA-based vaccines (mMRNA-1273 and BNT162b2). However, some cases of cerebral
venous sinus thrombosis (CVST) with thrombocytopenia have been reported in recipients of
Ad26.CoV2.S vaccine in the US. These reports are similar to the cases reported post-
vaccination with ChAdOx1 nCoV-19 in the UK, as both vaccines are adenoviral vector
vaccines that encode the Spike glycoprotein of SARS-CoV-2 [128]. The European Medicines
Agency (EMA) has reported at least 169 cases (June 4, 2021) of cerebral venous sinus
thrombosis (CVST) and 53 cases of splanchnic vein thrombosis (SVT) among 34 million
recipients of the ChAdOx1 nCoV-19 vaccine. Thirty-five cases of central nervous system
thrombosis among 54 million recipients of the BNT162b2 mRNA vaccine, and 5 cases of
cerebral venous sinus thrombosis among 4 million recipients of the mRNA-1273 mRNA
vaccine, 6 cases of cerebral venous sinus thrombosis (with or without splanchnic vein
thrombosis) have been reported amid the 6.85 million recipients of the Ad26.COV2.S
adenoviral vector vaccine [1, 107].

According to a study from Oxford University, there is a five in a million chance of
abnormal blood clotting for recipients of the ChAdOx1 nCoV-19 vaccine, followed by four
per million for recipients of mRNA-1273 and BNT162b2 vaccines, while the chances of an
abnormal blood clot are way higher in individuals infected with SARS-CoV-2 that is 39 per
million [129]. The risk of blood clots through ITP related to the COVID-19 vaccines is now
well known. The increasing numbers of rare adverse events are not surprising as vaccination
numbers are constantly increasing. However, the pathogenesis/etiology of these adverse
effects is not completely clear. We therefore present some possible mechanisms of vaccine-
induced ITP, partly based on abnormal antigen processing and/or presentation.
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Figure 3: Possible etiological scenarios of vaccine induced immune thrombocytopenia

3.4.1. Possible mechanisms/etiology of vaccine-induced ITP

3.4.1.1. Molecular mimicry

Vaccines may induce ITP by several mechanisms; however, molecular mimicry has been
considered the classic mechanism for vaccine-induced ITP [130]. It has been suggested that
the antibodies produced can potentially cross-react with surface antigens of platelets or
megakaryocytes of the host instead of the virus [125]. These autoantibody-bound platelets or
megakaryocytes undergo reticuloendothelial phagocytosis or opsonization or apoptosis or
direct lysis by cytotoxic T-cells, all of these mechanisms leading to thrombocytopenia. Several
pathogens can induce ITP besides SARS-CoV-2, especially Helicobacter pylori, influenza virus,
dengue virus, among others.

3.4.1.2. Molecular mimicry between SARS-CoV-2 Spike protein and angiotensin-I

Another possible mechanism of vaccine-induced ITP is from molecular mimicry between
viruses and human peptides [131], as there are similarities (~45%) between SARS-CoV-2 Spike
glycoprotein and the human protein angiotensin-I. The rationale behind this is that post-
infection, immune responses raised against the pathogen can cross-react with human
proteins, which share peptide sequences with the pathogen, leading to autoimmune
responses or ITP [132, 133]. The data relating to SARS-CoV-2 associated diseases favor
molecular mimicry between hexa- and -heptapeptide of SARS-CoV-2 Spike glycoprotein and
human peptides [134].

3.4.1.3. Translation and antigen presentation by MHC class I by platelets

Platelets have the potential for mRNA translation and protein synthesis intracellularly
[135]. Platelets also present peptides via MHC class L. If SARS-CoV-2 infects platelets, mRNA
translation is possible, and subsequent synthesis of Spike protein may arise. Alternatively,
platelets might present SARS-CoV-2 Spike peptides in the context of MHC class I. These
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mechanisms can lead to direct lysis of platelets by cytotoxic T cells and/or natural killer cells,
causing a decrease in platelet count and thrombocytopenia.

3.4.1.4. PF4 complex

In most of the thrombotic events reported post-vaccination, findings were consistent
with antibodies against platelet factor 4 (PF4) complex. In these cases, higher platelet-
activating antibodies were identified by enzyme-linked immunosorbent assay (ELISA). PF4
complex is the antigen in heparin-induced thrombocytopenia (HIT), an unusual autoimmune
reaction seen after administering the anticoagulant heparin. Thus in thrombotic events, post-
vaccination, platelet-activating antibodies against PF4 clinically mimic heparin-induced
thrombocytopenia [136]. In addition, a detailed study found that anti-PF4 antibodies form a
complex with the CXCL4 platelet factor and bind to the Fcy-receptor Ila on thrombocytes.
This platelet consumption leads to thrombocytopenia/ITP [8, 137] (Figure3).

3.4.1.5. FcyRlla polymorphism

Fc receptors for IgG are expressed by many immune cell types and are involved in
executing and regulating antibody-mediated immune responses. Human platelets specifically
express FcyRlIla, known as CD32a which is an activating receptor with low affinity for
monomeric IgG but a high affinity for IgG opsonized immune complexes (ICs). FcyRlla is
polymorphic and expresses two different allelotypes FcyRIla-H131 (Histidine), with a higher
affinity for human IgG2 and IgG3, while FcyRIIa-R131 (arginine) has a lower affinity towards
ICs. This polymorphism is due to a single base substitution of adenine to guanine at
nucleotide position 494 [138, 139]. Thus, individuals expressing H131 allelic form of FcyRlla
receptors on their platelets could be more susceptible to ITP via HIT, autoantibodies, or IC-
mediated activation. It should be noted that the association of FcyRIla H131 with platelet
activation was found in SLE [140], but not in HIT[141].

3.4.1.6. Tissue plasminogen activator (tPA)

tPA is a serine protease found on endothelial cells, catalyzing the plasminogen to plasmin
reaction and helps break down blood clots. ChAdOx1 nCoV-19 vaccine contains a leader
sequence for tPA to create a boosting effect on Spike protein production, tailored to induce a
more robust immune response [142]. However, the ChAdOx1 nCoV-19 vaccine has been
shown to induce more blood clot-related issues, as mentioned before. We hypothesize that
this could be partly due to the enhanced production of tPA, which can lead to
hyperfibrinolysis and cause an increase in bleeding or vascular permeability.

3.4.1.7. Human proteins/peptides present in vaccines

Post-vaccination ITP can also be elicited by other elements like trace amounts of proteins
from the culture media, adjuvants, preservatives, and formulation carriers. Accordingly, as
reported previously, it can be presumed that antibodies against those other elements can
attach many platelets and/or other immune cells and trigger a cross-reaction like a natural
infection can [143, 144].

3.4.2. History of autoimmune disorders and (v)ITP

Autoimmune disorders cause abnormal activity of the immune system, rather low or
high. In highly active or overactive autoimmune disorders the body attacks self tissues or cells
[145]. VAERS and EMA were also reported from case studies, many of those with severe
vaccine effects have a history of autoimmune disorders, including Type-1 diabetes,
rheumatoid arthritis, hyper or hypo thyrodism.
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Individuals having chronic autoimmune inflammatory diseases (AIIDs) have concerns
about vaccination. However, COVID-19 could trigger AIID flares and is linked to
autoimmune disorders and their consequences [146]. In genetically susceptible individuals,
autoinflammatory dysregulation and other autoimmune mechanisms such as epitope
spreading, antigen presentation, cytokine production, polyclonal activation of B cells, and
bystander activation might also contribute to severity linked to COVID-19 vaccines [147].
According to some cases reported in VAERS, severe thrombocytopenia in some patients may
have been induced by enhancing macrophage-mediated clearance or impaired platelet
production as part of a systemic inflammatory response to COVID-19 vaccination [126, 130].

The benefits of vaccination in preventing COVID-19 must be emphasized, and WHO,
EMA and MHRA assured that the benefits of the vaccine far outweigh the thrombotic risks
[148]. However, we cannot deny the possibility that COVID-19 vaccines can trigger ITP,
though reported rarely. Furthermore, it is hard to distinguish between the events of accidental
ITP and post vaccination ITP. Thus, concentrated monitoring will be needed to identify the
true incidence of ITP post-vaccination [126], and the primary emphasis should be to study
patients with severe thrombotic events. A better understanding of how the vaccines induce
these abnormal autoimmune responses may provide insight into vaccine duration and risk of
reoccurrence of thrombosis, thereby improving vaccine design.

4. Conclusions

Both mRNA based as well as viral vector vaccines with the genetic information for the
SARS-CoV-2 Spike protein have turned out to induce an efficient humoral and cellular
immune response. The design of these vaccines ensures that the antigens are presented to
CD4+ T cells in MHC class II and to CD8+ T cells in MHC class I. The role of unconvential T
cells, and presentation of vaccine antigens to these unconventional T cells is incompletely
understood at the moment. In rare cases, immune mediated side-effects are observed, in
particular hypersensitivity reactions, including anaphylaxis, and the combination of
thrombosis and thrombocytopenia. Delineation of the molecular mechanisms underlying
these adverse effects will be required to reduce the incidence and to develop adequate testing
and treatment modalities.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Author Contributions: Conceptualization, G.R., F.v.O. and M.H-T.; writing—original draft
preparation, G.R,, NNW.,, A.O-H, M.L,, T.D,, Ev.O. and M.H-T.; writing—review and editing,
GR., NW, A.O-H, ML, T.D,, F.v.O. and M.H-T. All authors have read and agreed to the
published version of the manuscript.

1. Cines, D. B., and J. B. Bussel. "SARS-CoV-2 Vaccine-Induced Immune Thrombotic Thrombocytopenia.” N Engl |
Med 384, no. 23 (2021): 2254-56.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Scully, M., D. Singh, R. Lown, A. Poles, T. Solomon, M. Levi, D. Goldblatt, P. Kotoucek, W. Thomas, and W.
Lester. "Pathologic Antibodies to Platelet Factor 4 after Chadox1 Ncov-19 Vaccination." N Engl | Med 384, no. 23
(2021): 2202-11.

World Health Organization. "WHO Coronavirus (Covid-19) Dashboard." https://covid19.who.int (accessed June
17, 2021).

Prii, B. M. "Current State of the First Covid-19 Vaccines." Vaccines (Basel) 9, no. 1 (2021).

Rogliani, P., A. Chetta, M. Cazzola, and L. Calzetta. "Sars-Cov-2 Neutralizing Antibodies: A Network Meta-
Analysis across Vaccines." Vaccines (Basel) 9, no. 3 (2021).

Stamatatos, L., J. Czartoski, Y. H. Wan, L. J. Homad, V. Rubin, H. Glantz, M. Neradilek, E. Seydoux, M. F.
Jennewein, A. J. MacCamy, J. Feng, G. Mize, S. C. De Rosa, A. Finzi, M. P. Lemos, K. W. Cohen, Z. Moodie, M. J.
McElrath, and A. T. McGuire. "Mrna Vaccination Boosts Cross-Variant Neutralizing Antibodies Elicited by Sars-
Cov-2 Infection." Science (2021).

Bisgin, A., A. D. Sanlioglu, Y. E. Eksi, T. S. Griffith, and S. Sanlioglu. "Current Update on Severe Acute
Respiratory Syndrome Coronavirus 2 Vaccine Development with a Special Emphasis on Gene Therapy Viral
Vector Design and Construction for Vaccination." Hum Gene Ther 32, no. 11-12 (2021): 541-62.

Wolf, M. E,, B. Luz, L. Niehaus, P. Bhogal, H. Béazner, and H. Henkes. "Thrombocytopenia and Intracranial
Venous Sinus Thrombosis after "Covid-19 Vaccine Astrazeneca" Exposure." ] Clin Med 10, no. 8 (2021).

Kelso, J. M. "Anaphylactic Reactions to Novel Mrna Sars-Cov-2/Covid-19 Vaccines." Vaccine 39, no. 6 (2021): 865-
67.

Yuki, K., M. Fujiogi, and S. Koutsogiannaki. "Covid-19 Pathophysiology: A Review." Clin Immunol 215 (2020):
108427.

Shang, J., Y. Wan, C. Luo, G. Ye, Q. Geng, A. Auerbach, and F. Li. "Cell Entry Mechanisms of Sars-Cov-2." Proc
Natl Acad Sci U S A 117, no. 21 (2020): 11727-34.

V'Kovski, P., A. Kratzel, S. Steiner, H. Stalder, and V. Thiel. "Coronavirus Biology and Replication: Implications
for Sars-Cov-2." Nat Rev Microbiol 19, no. 3 (2021): 155-70.

Shah, V. K,, P. Firmal, A. Alam, D. Ganguly, and S. Chattopadhyay. "Overview of Immune Response During Sars-
Cov-2 Infection: Lessons from the Past." Front Immunol 11 (2020): 1949.

Azkur, A. K., M. Akdis, D. Azkur, M. Sokolowska, W. van de Veen, M. C. Briiggen, L. O'Mahony, Y. Gao, K.
Nadeau, and C. A. Akdis. "Immune Response to Sars-Cov-2 and Mechanisms of Immunopathological Changes in
Covid-19." Allergy 75, no. 7 (2020): 1564-81.

Ulmer, J. B., and A. ]J. Geall. "Recent Innovations in Mrna Vaccines." Curr Opin Immunol 41 (2016): 18-22.
Iavarone, C., T. O'Hagan D, D. Yu, N. F. Delahaye, and J. B. Ulmer. "Mechanism of Action of Mrna-Based
Vaccines." Expert Rev Vaccines 16, no. 9 (2017): 871-81.

Wadhwa, A., A. Aljabbari, A. Lokras, C. Foged, and A. Thakur. "Opportunities and Challenges in the Delivery of
Mrna-Based Vaccines." Pharmaceutics 12, no. 2 (2020).

Jackson, L. A., E. ]J. Anderson, N. G. Rouphael, P. C. Roberts, M. Makhene, R. N. Coler, M. P. McCullough, J. D.
Chappell, M. R. Denison, L. J. Stevens, A. J., et al. "An Mrna Vaccine against Sars-Cov-2 - Preliminary Report." N
Engl | Med 383, no. 20 (2020): 1920-31.

Walsh, E. E., R. W. Frenck, Jr., A. R. Falsey, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart, K. Neuzil, M. J.
Mulligan, R. Bailey, et al. "Safety and Immunogenicity of Two Rna-Based Covid-19 Vaccine Candidates." N Engl |
Med 383, no. 25 (2020): 2439-50.

Polack, F. P., S. J. Thomas, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart, J. L. Perez, G. Pérez Marc, E. D.
Moreira, C. Zerbini, et al. "Safety and Efficacy of the Bnt162b2 Mrna Covid-19 Vaccine." N Engl | Med 383, no. 27
(2020): 2603-15.

Mulligan, M. J., K. E. Lyke, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart, K. Neuzil, V. Raabe, R. Bailey, K. A.
Swanson, P. Li, et al. "Phase i/li Study of Covid-19 Rna Vaccine Bnt162b1 in Adults." Nature 586, no. 7830 (2020):
589-93.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Corbett, K. S., D. K. Edwards, S. R. Leist, O. M. Abiona, S. Boyoglu-Barnum, R. A. Gillespie, S. Himansu, A.
Schifer, C. T. Ziwawo, A. T. DiPiazza, et al. "Sars-Cov-2 Mrna Vaccine Design Enabled by Prototype Pathogen
Preparedness." Nature 586, no. 7830 (2020): 567-71.

Vogel, A. B., I. Kanevsky, Y. Che, K. A. Swanson, A. Muik, M. Vormehr, L. M. Kranz, K. C. Walzer, S. Hein, A.
Gililer, J. Loschko, M. S. et al. "Bnt162b Vaccines Protect Rhesus Macaques from Sars-Cov-2." Nature 592, no. 7853
(2021): 283-89.

Sahin, U., A. Muik, L. Vogler, E. Derhovanessian, L. M. Kranz, M. Vormebhr, J. Quandt, N. Bidmon, A. Ulges, et al.
"Bnt162b2 Vaccine Induces Neutralizing Antibodies and Poly-Specific T Cells in Humans." Nature (2021). doi:
10.1038/s41586-021-03653-6

Nelson, J., E. W. Sorensen, S. Mintri, A. E. Rabideau, W. Zheng, G. Besin, N. Khatwani, S. V. Su, E. J. Miracco, W.
J. Issa, S. Hoge, M. G. Stanton, and J. L. Joyal. "Impact of Mrna Chemistry and Manufacturing Process on Innate
Immune Activation." Sci Adv 6, no. 26 (2020): eaaz6893.

Sample, P.J., B. Wang, D. W. Reid, V. Presnyak, L. ]. McFadyen, D. R. Morris, and G. Seelig. "Human 5' Utr Design
and Variant Effect Prediction from a Massively Parallel Translation Assay." Nat Biotechnol 37, no. 7 (2019): 803-09.
Orlandini von Niessen, A. G., M. A. Poleganov, C. Rechner, A. Plaschke, L. M. Kranz, S. Fesser, M. Diken, M.
Lower, B. Vallazza, T. Beissert, V. Bukur, A. N. Kuhn, O Tiireci, and U. Sahin. "Improving Mrna-Based
Therapeutic Gene Delivery by Expression-Augmenting 3' Utrs Identified by Cellular Library Screening." Mol Ther
27, no. 4 (2019): 824-36.

Holtkamp, S., S. Kreiter, A. Selmi, P. Simon, M. Koslowski, C. Huber, O. Tiireci, and U. Sahin. "Modification of
Antigen-Encoding Rna Increases Stability, Translational Efficacy, and T-Cell Stimulatory Capacity of Dendritic
Cells." Blood 108, no. 13 (2006): 4009-17.

Kariko, K., M. Buckstein, H. Ni, and D. Weissman. "Suppression of Rna Recognition by Toll-Like Receptors: The
Impact of Nucleoside Modification and the Evolutionary Origin of Rna." Immunity 23, no. 2 (2005): 165-75.
Kariké, K., H. Muramatsu, F. A. Welsh, J. Ludwig, H. Kato, S. Akira, and D. Weissman. "Incorporation of
Pseudouridine into Mrna Yields Superior Nonimmunogenic Vector with Increased Translational Capacity and
Biological Stability." Mol Ther 16, no. 11 (2008): 1833-40.

Kariko, K., H. Muramatsu, J. Ludwig, and D. Weissman. "Generating the Optimal Mrna for Therapy: Hplc
Purification Eliminates Immune Activation and Improves Translation of Nucleoside-Modified, Protein-Encoding
Mrna." Nucleic Acids Res 39, no. 21 (2011): e142.

Andries, O., S. Mc Cafferty, S. C. De Smedt, R. Weiss, N. N. Sanders, and T. Kitada. "N(1)-Methylpseudouridine-
Incorporated Mrna Outperforms Pseudouridine-Incorporated Mrna by Providing Enhanced Protein Expression
and Reduced Immunogenicity in Mammalian Cell Lines and Mice." | Control Release 217 (2015): 337-44.
Kauffman, K. J., F. F. Mir, S. Jhunjhunwala, J. C. Kaczmarek, J. E. Hurtado, J. H. Yang, M. ]J. Webber, P. S.
Kowalski, M. W. Heartlein, F. DeRosa, and D. G. Anderson. "Efficacy and Immunogenicity of Unmodified and
Pseudouridine-Modified Mrna Delivered Systemically with Lipid Nanoparticles In vivo." Biomaterials 109 (2016):
78-87.

Mauger, D. M., B. J. Cabral, V. Presnyak, S. V. Su, D. W. Reid, B. Goodman, K. Link, N. Khatwani, J. Reynders, M.
J. Moore, and 1. J. McFadyen. "Mrna Structure Regulates Protein Expression through Changes in Functional Half-
Life." Proc Natl Acad Sci U S A 116, no. 48 (2019): 24075-83.

Svitkin, Y. V., Y. M. Cheng, T. Chakraborty, V. Presnyak, M. John, and N. Sonenberg. "N1-Methyl-Pseudouridine
in Mrna Enhances Translation through Eif2a-Dependent and Independent Mechanisms by Increasing Ribosome
Density." Nucleic Acids Res 45, no. 10 (2017): 6023-36.

Sahin, U., A. Muik, E. Derhovanessian, I. Vogler, L. M. Kranz, M. Vormehr, A. Baum, K. Pascal, J. Quandt, D.
Maurus, et al. "Covid-19 Vaccine Bnt162b1 Elicits Human Antibody and T(H)1 T Cell Responses." Nature 586, no.
7830 (2020): 594-99.

Coutard, B., C. Valle, X. de Lamballerie, B. Canard, N. G. Seidah, and E. Decroly. "The Spike Glycoprotein of the
New Coronavirus 2019-Ncov Contains a Furin-Like Cleavage Site Absent in Cov of the Same Clade." Antiviral Res
176 (2020): 104742.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Pallesen, J., N. Wang, K. S. Corbett, D. Wrapp, R. N. Kirchdoerfer, H. L. Turner, C. A. Cottrell, M. M. Becker, L.
Wang, W. Shi, et al. "Immunogenicity and Structures of a Rationally Designed Prefusion Mers-Cov Spike
Antigen." Proc Natl Acad Sci U S A 114, no. 35 (2017): E7348-e57.

Huang, Q., J. Zeng, and J. Yan. "Covid-19 Mrna Vaccines." | Genet Genomics (2021).

Linares-Fernandez, S., C. Lacroix, J. Y. Exposito, and B. Verrier. "Tailoring Mrna Vaccine to Balance
Innate/Adaptive Inmune Response." Trends Mol Med 26, no. 3 (2020): 311-23.

Jayaraman, M., S. M. Ansell, B. L. Muj, Y. K. Tam, J. Chen, X. Du, D. Butler, L. Eltepu, S. Matsuda, J. K.
Narayanannair, et al. "Maximizing the Potency of Sirna Lipid Nanoparticles for Hepatic Gene Silencing in Vivo."
Angew Chem Int Ed Engl 51, no. 34 (2012): 8529-33.

Hassett, K. J., K. E. Benenato, E. Jacquinet, A. Lee, A. Woods, O. Yuzhakov, S. Himansu, J. Deterling, B. M.
Geilich, T. Ketova, C. Mihai, et al. “Optimization of Lipid Nanoparticles for Intramuscular Administration of
Mrna Vaccines." Mol Ther Nucleic Acids 15 (2019): 1-11.

Patel, S., N. Ashwanikumar, E. Robinson, A. DuRoss, C. Sun, K. E. Murphy-Benenato, C. Mihai, O Almarsson,
and G. Sahay. "Boosting Intracellular Delivery of Lipid Nanoparticle-Encapsulated Mrna." Nano Lett 17, no. 9
(2017): 5711-18.

Maier, M. A., M. Jayaraman, S. Matsuda, J. Liu, S. Barros, W. Querbes, Y. K. Tam, S. M. Ansell, V. Kumar, J. Qin,
X. Zhang, et al. "Biodegradable Lipids Enabling Rapidly Eliminated Lipid Nanoparticles for Systemic Delivery of
Rnai Therapeutics." Mol Ther 21, no. 8 (2013): 1570-8.

Liang, F., G. Lindgren, A. Lin, E. A. Thompson, S. Ols, J. Rohss, S. John, K. Hassett, O. Yuzhakov, K. Bahl, L. A.
Brito, H. Salter, G. Ciaramella, and K. Loré. "Efficient Targeting and Activation of Antigen-Presenting Cells

In vivo after Modified Mrna Vaccine Administration in Rhesus Macaques." Mol Ther 25, no. 12 (2017): 2635-47.
Lindgren, G., S. Ols, F. Liang, E. A. Thompson, A. Lin, F. Hellgren, K. Bahl, S. John, O. Yuzhakov, K. J. Hassett, L.
A. Brito, H. Salter, G. Ciaramella, and K. Loré. "Induction of Robust B Cell Responses after Influenza Mrna
Vaccination Is Accompanied by Circulating Hemagglutinin-Specific Icos+ Pd-1+ Cxcr3+ T Follicular Helper Cells."
Front Immunol 8 (2017): 1539.

Anderson, E. J., N. G. Rouphael, A. T. Widge, L. A. Jackson, P. C. Roberts, M. Makhene, J. D. Chappell, M. R.
Denison, L. J. Stevens, A.]. Pruijssers, et al. "Safety and Immunogenicity of Sars-Cov-2 Mrna-1273 Vaccine in
Older Adults." N Engl ] Med 383, no. 25 (2020): 2427-38.

Corbett, K. S., B. Flynn, K. E. Foulds, J. R. Francica, S. Boyoglu-Barnum, A. P. Werner, B. Flach, S. O'Connell, K.
W. Bock, M. Minai, B. M. Nagata, et al. "Evaluation of the Mrna-1273 Vaccine against Sars-Cov-2 in Nonhuman
Primates." N Engl ] Med 383, no. 16 (2020): 1544-55.

Joffre, O. P., E. Segura, A. Savina, and S. Amigorena. "Cross-Presentation by Dendritic Cells." Nat Rev Immumnol 12,
no. 8 (2012): 557-69.

Reche, P. A. "Potential Cross-Reactive Immunity to Sars-Cov-2 from Common Human Pathogens and Vaccines."
Front Immunol 11 (2020): 586984.

Wang, Y., M. Xing, and D. Zhou. "Coronavirus Disease-19 Vaccine Development Utilizing Promising
Technology." Curr Opin HIV AIDS 15, no. 6 (2020): 351-58.

Liu, G,, B. Carter, T. Bricken, S. Jain, M. Viard, M. Carrington, and D. K. Gifford. "Computationally Optimized
Sars-Cov-2 Mhc Class I and Ii Vaccine Formulations Predicted to Target Human Haplotype Distributions.” Cell
Syst 11, no. 2 (2020): 131-44.e6.

Liu, G., B. Carter, and D. K. Gifford. "Predicted Cellular Immunity Population Coverage Gaps for Sars-Cov-2
Subunit Vaccines and Their Augmentation by Compact Peptide Sets." Cell Syst 12, no. 1 (2021): 102-07.e4.
Kramps, T., and ]. Probst. "Messenger Rna-Based Vaccines: Progress, Challenges, Applications." Wiley Interdiscip
Rev RNA 4, no. 6 (2013): 737-49.

Pardi, N., M. . Hogan, F. W. Porter, and D. Weissman. "Mrna Vaccines - a New Era in Vaccinology." Nat Rev Drug
Discov 17, no. 4 (2018): 261-79.

Alameh, M. G., D. Weissman, and N. Pardi. "Messenger Rna-Based Vaccines against Infectious Diseases." Curr
Top Microbiol Immunol (2020).


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Richner, J. M., S. Himansu, K. A. Dowd, S. L. Butler, V. Salazar, ]J. M. Fox, ]J. G. Julander, W. W. Tang, S. Shresta, T.
C. Pierson, G. Ciaramella, and M. S. Diamond. "Modified Mrna Vaccines Protect against Zika Virus Infection."
Cell 168, no. 6 (2017): 1114-25.10.

Dowling, W., E. Thompson, C. Badger, ]J. L. Mellquist, A. R. Garrison, J. M. Smith, J. Paragas, R. J. Hogan, and C.
Schmaljohn. "Influences of Glycosylation on Antigenicity, Immunogenicity, and Protective Efficacy of Ebola Virus
Gp DNA Vaccines." | Virol 81, no. 4 (2007): 1821-37.

Ewer, K. J., T. Lambe, C. S. Rollier, A. J. Spencer, A. V. Hill, and L. Dorrell. "Viral Vectors as Vaccine Platforms:
From Immunogenicity to Impact." Curr Opin Immunol 41 (2016): 47-54.

Wold, W. S, and K. Toth. "Adenovirus Vectors for Gene Therapy, Vaccination and Cancer Gene Therapy." Curr
Gene Ther 13, no. 6 (2013): 421-33.

Lee, C. S, E. S. Bishop, R. Zhang, X. Yu, E. M. Farina, S. Yan, C. Zhao, Z. Zheng, Y. Shu, X. Wu, J. Lei, Y. Li, W.
Zhang, C. Yang, K. Wu, Y. Wu, S. Ho, A. Athiviraham, M. J. Lee, J. M. Wolf, R. R. Reid, and T. C. He.
"Adenovirus-Mediated Gene Delivery: Potential Applications for Gene and Cell-Based Therapies in the New Era
of Personalized Medicine." Genes Dis 4, no. 2 (2017): 43-63.

Crystal, R. G. "Adenovirus: The First Effective in Vivo Gene Delivery Vector." Hum Gene Ther 25, no. 1 (2014): 3-
11.

Gao, ], K. Mese, O. Bunz, and A. Ehrhardt. "State-of-the-Art Human Adenovirus Vectorology for Therapeutic
Approaches." FEBS Lett 593, no. 24 (2019): 3609-22.

Tatsis, N., and H. C. Ertl. "Adenoviruses as Vaccine Vectors." Mol Ther 10, no. 4 (2004): 616-29.

Dhingra, A., E. Hage, T. Ganzenmueller, S. Bottcher, J. Hofmann, K. Hamprecht, P. Obermeier, B. Rath, F.
Hausmann, T. Dobner, and A. Heim. "Molecular Evolution of Human Adenovirus (Hadv) Species C." Sci Rep 9,
no. 1 (2019): 1039.

Shiver, J. W., T. M. Fu, L. Chen, D. R. Casimiro, M. E. Davies, R. K. Evans, Z. Q. Zhang, A.]. Simon, W. L. Trigona,
S. A. Dubey, et al. "Replication-Incompetent Adenoviral Vaccine Vector Elicits Effective Anti-Immunodeficiency-
Virus Immunity." Nature 415, no. 6869 (2002): 331-5.

Shott, J. P., S. M. McGrath, M. G. Pau, J. H. Custers, O. Ophorst, M. A. Demoiti¢, M. C. Dubois, J. Komisar, M.
Cobb, K. E. Kester, P. Dubois, J. Cohen, ]. Goudsmit, D. G. Heppner, and V. A. Stewart. "Adenovirus 5 and 35
Vectors Expressing Plasmodium Falciparum Circumsporozoite Surface Protein Elicit Potent Antigen-Specific
Cellular Ifn-Gamma and Antibody Responses in Mice." Vaccine 26, no. 23 (2008): 2818-23.

McCoy, K., N. Tatsis, B. Korioth-Schmitz, M. O. Lasaro, S. E. Hensley, S. W. Lin, Y. Li, W. Giles-Davis, A. Cun, D.
Zhou, Z. Xiang, N. L. Letvin, and H. C. Ertl. "Effect of Preexisting Immunity to Adenovirus Human Serotype 5
Antigens on the Immune Responses of Nonhuman Primates to Vaccine Regimens Based on Human- or
Chimpanzee-Derived Adenovirus Vectors." ] Virol 81, no. 12 (2007): 6594-604.

Xiang, Z., G. Gao, A. Reyes-Sandoval, C. J. Cohen, Y. Li, ]. M. Bergelson, J. M. Wilson, and H. C. Ertl. "Novel,
Chimpanzee Serotype 68-Based Adenoviral Vaccine Carrier for Induction of Antibodies to a Transgene Product.”
] Virol 76, no. 6 (2002): 2667-75.

Xiang, Z., Y. Li, A. Cun, W. Yang, S. Ellenberg, W. M. Switzer, M. L. Kalish, and H. C. Ertl. "Chimpanzee
Adenovirus Antibodies in Humans, Sub-Saharan Africa." Emerg Infect Dis 12, no. 10 (2006): 1596-9.

Seregin, S. S., and A. Amalfitano. "Overcoming Pre-Existing Adenovirus Immunity by Genetic Engineering of
Adenovirus-Based Vectors." Expert Opin Biol Ther 9, no. 12 (2009): 1521-31.

Geisbert, T. W., M. Bailey, L. Hensley, C. Asiedu, J. Geisbert, D. Stanley, A. Honko, J. Johnson, S. Mulangu, M. G.
Pau, J. Custers, J. Vellinga, ]J. Hendriks, P. Jahrling, M. Roederer, J. Goudsmit, R. Koup, and N. ]. Sullivan.
"Recombinant Adenovirus Serotype 26 (Ad26) and Ad35 Vaccine Vectors Bypass Immunity to Ad5 and Protect
Nonhuman Primates against Ebolavirus Challenge." | Virol 85, no. 9 (2011): 4222-33.

Stanley, D. A., A. N. Honko, C. Asiedu, J. C. Trefry, A. W. Lau-Kilby, J. C. Johnson, L. Hensley, V. Ammendola, A.
Abbate, F. Grazioli, et al. "Chimpanzee Adenovirus Vaccine Generates Acute and Durable Protective Immunity
against Ebolavirus Challenge." Nat Med 20, no. 10 (2014): 1126-9.

Excoffon, K.J.D.A. "The Coxsackievirus and Adenovirus Receptor: Virological and Biological Beauty." FEBS Lett
594, no. 12 (2020): 1828-37.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. "Characteristics of a Human Cell Line Transformed by DNA
from Human Adenovirus Type 5." | Gen Virol 36, no. 1 (1977): 59-74.

Lemckert, A. A. C., J. Grimbergen, S. Smits, E. Hartkoorn, L. Holterman, B. Berkhout, D. H. Barouch, R. Vogels, P.
Quax, J. Goudsmit, and M. J. E. Havenga. "Generation of a Novel Replication-Incompetent Adenoviral Vector
Derived from Human Adenovirus Type 49: Manufacture on Per.C6 Cells, Tropism and Immunogenicity." ] Gen
Virol 87, no. Pt 10 (2006): 2891-99.

Guo, J., M. Mondal, and D. Zhou. "Development of Novel Vaccine Vectors: Chimpanzee Adenoviral Vectors."
Hum Vaccin Immunother 14, no. 7 (2018): 1679-85.

Bezbaruah, R., P. Borah, B. B. Kakoti, I. Na Al-Shar, B. Chandrasekaran, D. M. M. Jaradat, M. A. Al-Zeer, and S.
Abu-Romman. "Developmental Landscape of Potential Vaccine Candidates Based on Viral Vector for Prophylaxis
of Covid-19." Front Mol Biosci 8 (2021): 635337.

Stephenson, K. E., M. Le Gars, J. Sadoff, A. M. de Groot, D. Heerwegh, C. Truyers, C. Atyeo, C. Loos, A.
Chandrashekar, K. McMahan, et al. "Immunogenicity of the Ad26.Cov2.S Vaccine for Covid-19." JAMA 325, no. 15
(2021): 1535-44.

Sadoff, J., M. Le Gars, G. Shukarev, D. Heerwegh, C. Truyers, A. M. de Groot, J. Stoop, S. Tete, W. Van Damme, .
Leroux-Roels, et al. "Interim Results of a Phase 1-2a Trial of Ad26.Cov2.S Covid-19 Vaccine." N Engl ] Med 384, no.
19 (2021): 1824-35.

Dicks, M. D., A.]. Spencer, N. J. Edwards, G. Wadell, K. Bojang, S. C. Gilbert, A. V. Hill, and M. G. Cottingham.
"A Novel Chimpanzee Adenovirus Vector with Low Human Seroprevalence: Improved Systems for Vector
Derivation and Comparative Immunogenicity." PLoS One 7, no. 7 (2012): e40385.

Folegatti, P. M., K. J. Ewer, P. K. Aley, B. Angus, S. Becker, S. Belij-Rammerstorfer, D. Bellamy, S. Bibi, M. Bittaye,
E. A. Clutterbuck, et al. "Safety and Immunogenicity of the Chadox1 Ncov-19 Vaccine against Sars-Cov-2: A
Preliminary Report of a Phase 1/2, Single-Blind, Randomised Controlled Trial." Lancet 396, no. 10249 (2020): 467-
78.

Ewer, K. ], J. R. Barrett, S. Belij-Rammerstorfer, H. Sharpe, R. Makinson, R. Morter, A. Flaxman, D. Wright, D.
Bellamy, M. Bittaye, et al. "T Cell and Antibody Responses Induced by a Single Dose of Chadox1 Ncov-19
(Azd1222) Vaccine in a Phase 1/2 Clinical Trial." Nat Med 27, no. 2 (2021): 270-78.

Logunov, D. Y., I. V. Dolzhikova, D. V. Shcheblyakov, A. I. Tukhvatulin, O. V. Zubkova, A. S. Dzharullaeva, A. V.
Kovyrshina, N. L. Lubenets, D. M. Grousova, A. S. Erokhova, et al. "Safety and Efficacy of an Rad26 and Rad5
Vector-Based Heterologous Prime-Boost Covid-19 Vaccine: An Interim Analysis of a Randomised Controlled
Phase 3 Trial in Russia." Lancet 397, no. 10275 (2021): 671-81.

Zhu, F. C, X. H. Guan, Y. H. Lj, J. Y. Huang, T. Jiang, L. H. Hou, J. X. Li, B. F. Yang, L. Wang, W. ]J. Wang, S. P.
Whu, et al. "Immunogenicity and Safety of a Recombinant Adenovirus Type-5-Vectored Covid-19 Vaccine in
Healthy Adults Aged 18 Years or Older: A Randomised, Double-Blind, Placebo-Controlled, Phase 2 Trial." Lancet
396, no. 10249 (2020): 479-88.

Rawat, K., P. Kumari, and L. Saha. "Covid-19 Vaccine: A Recent Update in Pipeline Vaccines, Their Design and
Development Strategies." Eur | Pharmacol 892 (2021): 173751.

Godfrey, D. I, H. F. Koay, J. McCluskey, and N. A. Gherardin. "The Biology and Functional Importance of Mait
Cells." Nat Immunol 20, no. 9 (2019): 1110-28.

Godfrey, D. I, A. P. Uldrich, J. McCluskey, J. Rossjohn, and D. B. Moody. "The Burgeoning Family of
Unconventional T Cells." Nat Immunol 16, no. 11 (2015): 1114-23.

Webb, T. J., W. Yuan, E. Meyer, and P. Dellabona. "Editorial: Nkt Cells in Cancer Immunotherapy." Front Immunol
11 (2020): 1314.

Diana, J., and A. Lehuen. "Nkt Cells: Friend or Foe During Viral Infections?" Eur | Immunol 39, no. 12 (2009): 3283-
91.

Zingaropoli, M. A., V. Perri, P. Pasculli, F. Cogliati Dezza, P. Nijhawan, G. Savelloni, G. La Torre, C. D'Agostino,
F. Mengoni, M. Lichtner, M. R. Ciardi, and C. M. Mastroianni. "Major Reduction of Nkt Cells in Patients with
Severe Covid-19 Pneumonia." Clin Immunol 222 (2021): 108630.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Jouan, Y., A. Guillon, L. Gonzalez, Y. Perez, C. Boisseau, S. Ehrmann, M. Ferreira, T. Daix, R. Jeannet, B. Francois,
P. F. Dequin, M. Si-Tahar, T. Baranek, and C. Paget. "Phenotypical and Functional Alteration of Unconventional T
Cells in Severe Covid-19 Patients." | Exp Med 217, no. 12 (2020).

Keller, A. N., A.]. Corbett, ]. M. Wubben, J. McCluskey, and J. Rossjohn. "Mait Cells and Mr1-Antigen
Recognition." Curr Opin Immunol 46 (2017): 66-74.

Haeryfar, S. M. M. "Mait Cells in Covid-19: Heroes, Villains, or Both?" Crit Rev Immunol 40, no. 2 (2020): 173-84.
Parrot, T., ]. B. Gorin, A. Ponzetta, K. T. Maleki, T. Kammann, ]J. Emgard, A. Perez-Potti, T. Sekine, O. Rivera-
Ballesteros, S. Gredmark-Russ, et al. "MAIT Cell Activation and Dynamics Associated with Covid-19 Disease
Severity." Sci Immunol 5, no. 51 (2020).

Deschler, S., J. Kager, ]. Erber, L. Fricke, P. Koyumdzhieva, A. Georgieva, T. Lahmer, J. R. Wiessner, F. Voit, J.
Schneider, et al. "Mucosal-Associated Invariant T (Mait) Cells Are Highly Activated and Functionally Impaired in
Covid-19 Patients." Viruses 13, no. 2 (2021).

Zheng, J., Y. Liu, Y. L. Lau, and W. Tu. "T®-T Cells: An Unpolished Sword in Human Anti-Infection Immunity."
Cell Mol Immunol 10, no. 1 (2013): 50-7.

Sant, S., M. R. Jenkins, P. Dash, K. A. Watson, Z. Wang, A. Pizzolla, M. Koutsakos, T. H. Nguyen, M. Lappas, J.
Crowe, T. Loudovaris, et al. "Human I'd T-Cell Receptor Repertoire Is Shaped by Influenza Viruses, Age and
Tissue Compartmentalisation." Clin Transl Immunology 8, no. 9 (2019): e1079.

Blazquez, J. L., A. Benyamine, C. Pasero, and D. Olive. "New Insights into the Regulation of I'd0 T Cells by Btn3a
and Other Btn/Btnl in Tumor Immunity." Front Immumnol 9 (2018): 1601.

Poccia, F., C. Agrati, C. Castilletti, L. Bordi, C. Gioia, D. Horejsh, G. Ippolito, P. K. Chan, D. S. Hui, J. J. Sung, M.
R. Capobianchi, and M. Malkovsky. "Anti-Severe Acute Respiratory Syndrome Coronavirus Immune Responses:
The Role Played by V Gamma 9v Delta 2 T Cells." | Infect Dis 193, no. 9 (2006): 1244-9.

Rijkers, G., T. Vervenne, and P. van der Pol. "More Bricks in the Wall against Sars-Cov-2 Infection: Involvement of
1962 T Cells." Cell Mol Immunol 17, no. 7 (2020): 771-72.

Girard, P., B. Ponsard, J. Charles, L. Chaperot, and C. Aspord. "Potent Bidirectional Cross-Talk between
Plasmacytoid Dendritic Cells and I'dt Cells through Btn3a, Type I/Ii Ifns and Immune Checkpoints." Front
Immunol 11 (2020): 861.

Kim, Y., C. Born, M. Bléry, and A. Steinle. "Micagen Mice Recapitulate the Highly Restricted but Activation-
Inducible Expression of the Paradigmatic Human Nkg2d Ligand Mica." Front Immunol 11 (2020): 960.

Koay, H. F., T. S. Fulford, and D. I. Godfrey. "An Unconventional View of Covid-19 T Cell Immunity." ] Exp Med
217, no. 12 (2020).

Song, W., and J. Craft. "T Follicular Helper Cell Heterogeneity: Time, Space, and Function." Immumnol Rev 288, no. 1
(2019): 85-96.

Shimabukuro, T., and N. Nair. "Allergic Reactions Including Anaphylaxis after Receipt of the First Dose of Pfizer-
Biontech Covid-19 Vaccine." JAMA 325, no. 8 (2021): 780-81.

EMA. "Covid-19: Latest Updates." https://www.ema.europa.eu/en/human-regulatory/overview/public-health-
threats/coronavirus-disease-covid-19/covid-19-latest-updates (accessed June 14, 2021).

Stone, C. A, Jr., Y. Liu, M. V. Relling, M. S. Krantz, A. L. Pratt, A. Abreo, ]J. A. Hemler, and E. J. Phillips.
"Immediate Hypersensitivity to Polyethylene Glycols and Polysorbates: More Common Than We Have
Recognized." | Allergy Clin Immunol Pract 7, no. 5 (2019): 1533-40.e8.

Calogiuri, G., C. Foti, E. Nettis, E. Di Leo, L. Macchia, and A. Vacca. "Polyethylene Glycols and Polysorbates: Two
Still Neglected Ingredients Causing True Ige-Mediated Reactions." ] Allergy Clin Immunol Pract 7, no. 7 (2019):
2509-10.

Sellaturay, P., S. Nasser, and P. Ewan. "Polyethylene Glycol-Induced Systemic Allergic Reactions (Anaphylaxis)."
J Allergy Clin Immunol Pract 9, no. 2 (2021): 670-75.

Park, E. ], J. Choi, K. C. Lee, and D. H. Na. "Emerging Pegylated Non-Biologic Drugs." Expert Opin Emerg Drugs
24, no. 2 (2019): 107-19.

Wenande, E., and L. H. Garvey. "Immediate-Type Hypersensitivity to Polyethylene Glycols: A Review." Clin Exp
Allergy 46, no. 7 (2016): 907-22.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

Chanan-Khan, A, J. Szebeni, S. Savay, L. Liebes, N. M. Rafique, C. R. Alving, and F. M. Muggia. "Complement
Activation Following First Exposure to Pegylated Liposomal Doxorubicin (Doxil): Possible Role in
Hypersensitivity Reactions." Ann Oncol 14, no. 9 (2003): 1430-7.

Sellaturay, P., S. Nasser, S. Islam, P. Gurugama, and P. W. Ewan. "Polyethylene Glycol (Peg) Is a Cause of
Anaphylaxis to the Pfizer/Biontech Mrna Covid-19 Vaccine." Clin Exp Allergy 51, no. 6 (2021): 861-63.

Erdeljic Turk, V. "Anaphylaxis Associated with the Mrna Covid-19 Vaccines: Approach to Allergy Investigation."
Clin Immunol 227 (2021): 108748.

Ishida, T., X. Wang, T. Shimizu, K. Nawata, and H. Kiwada. "Pegylated Liposomes Elicit an Anti-Peg Igm
Response in a T Cell-Independent Manner." | Control Release 122, no. 3 (2007): 349-55.

Elsadek, N. E., S. E. Emam, A. S. Abu Lila, T. Shimizu, H. Ando, Y. Ishima, and T. Ishida. "Pegfilgrastim (Peg-G-
Csf) Induces Anti-Polyethylene Glycol (Peg) Igm Via a T Cell-Dependent Mechanism." Biol Pharm Bull 43, no. 9
(2020): 1393-97.

Mima, Y., Y. Hashimoto, T. Shimizu, H. Kiwada, and T. Ishida. "Anti-Peg Igm Is a Major Contributor to the
Accelerated Blood Clearance of Polyethylene Glycol-Conjugated Protein." Mol Pharm 12, no. 7 (2015): 2429-35.
Van Kaer, L., L. Wu, and S. Joyce. "Mechanisms and Consequences of Antigen Presentation by Cd1." Trends
Immunol 37, no. 11 (2016): 738-54.

Briken, V., R. M. Jackman, S. Dasgupta, S. Hoening, and S. A. Porcelli. "Intracellular Trafficking Pathway of
Newly Synthesized Cd1b Molecules." EMBO ] 21, no. 4 (2002): 825-34.

Moody, D. B., and R. N. Cotton. "Four Pathways of Cd1 Antigen Presentation to T Cells." Curr Opin Immunol 46
(2017): 127-33.

Castelli, E. C., M. V. de Castro, M. S. Naslavsky, M. O. Scliar, N. S. B. Silva, H. S. Andrade, A. S. Souza, R. N.
Pereira, C. F. B. Castro, C. T. Mendes-Junior, et al. "Immunogenetics of Resistance to Sars-Cov-2 Infection in
Discordant Couples." medRxiv 2021.04.21.21255872 (2021).

Salabei, J. K., T. J. Fishman, Z. T. Asnake, A. Ali, and U. G. Iyer. "Covid-19 Coagulopathy: Current Knowledge
and Guidelines on Anticoagulation." Heart Lung 50, no. 2 (2021): 357-60.

Bhattacharjee, S., and M. Banerjee. "Immune Thrombocytopenia Secondary to Covid-19: A Systematic Review."
SN Compr Clin Med (2020): 1-11.

Wise, J. "Covid-19: European Countries Suspend Use of Oxford-Astrazeneca Vaccine after Reports of Blood
Clots." BMJ 372 (2021): n699.

Lee, E. J., D. B. Cines, T. Gernsheimer, C. Kessler, M. Michel, M. D. Tarantino, J. W. Semple, D. M. Arnold, B.
Godeau, M. P. Lambert, and J. B. Bussel. "Thrombocytopenia Following Pfizer and Moderna Sars-Cov-2
Vaccination." Am | Hematol 96, no. 5 (2021): 534-37.

VAERS. "Vaccine Adverse Event Reporting System, USA." https://vaers.hhs.gov/data.html (accessed June 14,
2021).

CDC. "Cases of Cerebral Venous Sinus Thrombosis with Thrombocytopenia after Receipt of the Johnson &
Johnson Covid-19 Vaccine." https://emergency.cdc.gov/han/2021/han00442.asp (accessed June 14, 2021).
Tsirtsakis, A. "Are Blood Clots a Concern with Mrna Vaccines?" The Royal Australian College of General
Practitioners (RACGP), https://www1.racgp.org.au/newsgp/clinical/are-blood-clots-a-concern-with-mrna-
vaccines (accessed June 25, 2021).

Perricone, C., F. Ceccarelli, G. Nesher, E. Borella, Q. Odeh, F. Conti, Y. Shoenfeld, and G. Valesini. "Immune
Thrombocytopenic Purpura (ITP) Associated with Vaccinations: A Review of Reported Cases." Immunol Res 60,
no. 2-3 (2014): 226-35.

Kandugc, D., and Y. Shoenfeld. "On the Molecular Determinants of the Sars-Cov-2 Attack." Clin Immunol 215
(2020): 108426.

Kanduc, D. "Peptide Cross-Reactivity: The Original Sin of Vaccines." Front Biosci (Schol Ed) 4 (2012): 1393-401.
Oldstone, M. B. "Molecular Mimicry: Its Evolution from Concept to Mechanism as a Cause of Autoimmune
Diseases." Monoclon Antib Immunodiagn Immunother 33, no. 3 (2014): 158-65.

Kanduc, D., and Y. Shoenfeld. "Molecular Mimicry between Sars-Cov-2 Spike Glycoprotein and Mammalian
Proteomes: Implications for the Vaccine." Immunol Res 68, no. 5 (2020): 310-13.


https://doi.org/10.20944/preprints202106.0725.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2021 d0i:10.20944/preprints202106.0725.v1

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Weyrich, A. S., H. Schwertz, L. W. Kraiss, and G. A. Zimmerman. "Protein Synthesis by Platelets: Historical and
New Perspectives." | Thromb Haemost 7, no. 2 (2009): 241-6.

Greinacher, A., T. Thiele, T. E. Warkentin, K. Weisser, P. A. Kyrle, and S. Eichinger. "Thrombotic
Thrombocytopenia after Chadox1 Ncov-19 Vaccination." N Engl | Med 384, no. 22 (2021): 2092-101.

Hogan, M., and J. S. Berger. "Heparin-Induced Thrombocytopenia (Hit): Review of Incidence, Diagnosis, and
Management." Vasc Med 25, no. 2 (2020): 160-73.

Qiao, J., M. Al-Tamimi, R. I. Baker, R. K. Andrews, and E. E. Gardiner. "The Platelet Fc Receptor, Fcyriia."
Immunol Rev 268, no. 1 (2015): 241-52.

Pavkovic, M., A. Petlichkovski, O. Karanfilski, L. Cevreska, and A. Stojanovic. "Fc Gamma Receptor
Polymorphisms in Patients with Immune Thrombocytopenia.” Hematology 23, no. 3 (2018): 163-68.

Clancy, R., H. El Bannoudi, S. E. Rasmussen, N. Bornkamp, N. Allen, R. Dann, H. Reynolds, J. P. Buyon, and J. S.
Berger. "Human Low-Affinity Igg Receptor Fcyriia Polymorphism H131r Associates with Subclinical
Atherosclerosis and Increased Platelet Activity in Systemic Lupus Erythematosus." | Thromb Haemost 17, no. 3
(2019): 532-37.

Arepally, G., S. E. McKenzie, X. M. Jiang, M. Poncz, and D. B. Cines. "Fc Gamma Riia H/R 131 Polymorphism,
Subclass-Specific Igg Anti-Heparin/Platelet Factor 4 Antibodies and Clinical Course in Patients with Heparin-
Induced Thrombocytopenia and Thrombosis." Blood 89, no. 2 (1997): 370-5.

Watanabe, Y., L. Mendonga, E. R. Allen, A. Howe, M. Lee, J. D. Allen, H. Chawla, D. Pulido, F. Donnellan, H.
Davies, M. Ulaszewska, et al. "Native-Like Sars-Cov-2 Spike Glycoprotein Expressed by Chadox1 Ncov-
19/Azd1222 Vaccine." ACS Cent Sci 7, no. 4 (2021): 594-602.

Mahévas, M., G. Moulis, E. Andres, E. Riviere, M. Garzaro, E. Crickx, V. Guillotin, M. Malphettes, L. Galicier, N.
Noel, L. Darnige, et al. "Clinical Characteristics, Management and Outcome of Covid-19-Associated Immune
Thrombocytopenia: A French Multicentre Series." Br | Haematol 190, no. 4 (2020): e224-e29.

Althaus, K., I. Marini, J. Zlamal, L. Pelzl, A. Singh, H. Héberle, M. Mehrldander, S. Hammer, H. Schulze, M. Bitzer,
N. Malek, D. Rath, H. Bésmiiller, B. Nieswandt, M. Gawaz, T. Bakchoul, and P. Rosenberger. "Antibody-Induced
Procoagulant Platelets in Severe Covid-19 Infection." Blood 137, no. 8 (2021): 1061-71.

Robinson, J. "What Are Autoimmune Disorders?" WebMD LLC, https://www.webmd.com/a-to-z-
guides/autoimmune-diseases (accessed June 14, 2021).

Galeotti, C.,, and ]J. Bayry. "Autoimmune and Inflammatory Diseases Following Covid-19." Nat Rev Rheumatol 16,
no. 8 (2020): 413-14.

Velikova, T., and T. Georgiev. "Sars-Cov-2 Vaccines and Autoimmune Diseases Amidst the Covid-19 Crisis."
Rheumatol Int 41, no. 3 (2021): 509-18.

Merchant, H. A. "Covid Vaccines and Thrombotic Events: Ema Issued Warning to Patients and Healthcare
Professionals." ] Pharm Policy Pract 14, no. 1 (2021): 32.


https://doi.org/10.20944/preprints202106.0725.v1

