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Abstract: The lipid nanoparticle (LNP)-enclosed mRNA-containing COVID-19 vaccines were used
successfully to vaccinate billions of people during the COVID-19 pandemic. However, as with all
medicines, Comirnaty and Spikevax can also cause adverse events (AEs) and complications.
Although such events occur in less than 0.5% of vaccinated individuals, the huge scale of global
vaccination means that the number of "vaccine injuries” could reach millions worldwide. These AEs
have a uniquely broad spectrum affecting multiple organs, with most cases being associated with
inflammatory and autoimmune processes. Yet, the clinical significance of AEs is debated, and their
cellular and molecular mechanisms are poorly understood. The present review surveys the
distinctive structural and functional features of these vaccines linking them to secondary immune
effects causing unusual AEs/complications. The discussed unique mRNA-LNP properties include the
ribosomal synthesis of the spike protein (SP) fundamentally transforming antigen processing and
presentation; the multiple chemical modifications of the mRNA, increasing its stability and
translation efficacy; toxicity of the SP casing multiorgan damage; immune stimulation and mRNA
transfection by LNP; reduced stability of vaccine nanoparticles in water; immune reactivity and
immunogenicity of PEG on the LNP surface; stabilization of the SP by enrichment with proline; and
contaminations of the vaccine with plasmid DNA and inorganic elements or complexes. The
considered collateral immune effects that may theoretically underlie the AEs are: diversification of
the processing and presentation of the SP, innate immune activation, T-cell and antibody-mediated
cytotoxicities, dissemination of virus/vaccine hybrid exosomes, somatic hypermutation, reverse
transcription, insertion mutagenesis and frameshift mutation. Highlighting these potential processes
may help update the risk/benefit ratio of the currently used formulations and make future products
of the mRNA-LNP technology platform safer.

Keywords: LNP; lipid nanoparticles; COVID-19 mRNA vaccines; Comirnaty; Spikevax; vaccine
complications; adverse events; gene therapy; immunotherapy; pandemics.

1. Introduction

Since the introduction of mRNA-based COVID-19 vaccines in December 2020, Pfizer-BioNTech's
Comirnaty and Moderna's Spikevax, >5 billion doses have been administered globally. This success
has accelerated the adoption of mRNA-containing lipid nanoparticle (mRNA-LNP) technology for
developing novel therapies against infectious diseases, metabolic disorders, cancer and many other
diseases. However, aside from their remarkable success and promise, mRNA vaccines also face
challenges, such as the emergence of an unusually broad spectrum of adverse events (AEs) and long-
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term complications, collectively referred to as "post-vaccination syndrome" (PVS) [1-6]. A fraction of
these AEs, referred to as AEs of “Special Interest,” has been distinguished by the “Brighton
Collaboration,” an international team of vaccine experts, as being also typical of COVID-19 and post-
COVID syndrome [7-11]. Hence, these mostly severe AEs are often referred to as “Brighton-case
AEs,” but this review, based on the commonalities with the mechanism of SARS-CoV-2 infection,
makes the nomenclature clearer and calls them “Covid-like” vaccine AEs. Hundreds of studies
address the clinical picture, statistics, and the mechanism of Covid-like vaccine AEs, and the issue
polarizes opinions far beyond the scientific problem. Many studies focus on a key role of the spike
protein (SP) as a common denominator in the virus and vaccine pathology [12-30], but there are much
more factors contributing to the problem. There is clearly a need to further investigate the root causes
that may explain all Covid-like AEs, broadening the scope to include potential conceptual challenges.

2. COVID-19 mRNA-LNP Vaccines: Collateral Immune Effects Beyond
Antiviral Defense

The mRNA-LNPs represent a significant milestone in combining nanotechnology with genetic
engineering. Unlike traditional vaccines, which initiate an immune response following immunization
with protein or peptide antigens, using LNPs as delivery vehicles for the mRNA vaccines deliver the
genetic code for the antigen, specifically, the SP of the SARS-CoV-2 virus. These lipid nanoparticles
(NPs) ensure efficient cellular uptake of the mRNA, while stabilizing and protecting it from
enzymatic degradation. Once the mRNA-LNPs are captured by antigen-presenting cells (APCs) and
escape the endo-lysosomes, the mRNA is translated by ribosomes into the SP, which triggers the anti-
viral immune response. This response is amplified relative to other pathogens’” immunogenicity
through enhanced and extended production of the antigen, due to the mRNA modification and the
LNP’s super-adjuvant, pro-inflammatory actions. Beyond these innovations in immunogenicity, it is
not widely recognized that mRNA-LNPs can have further unique immune effects specific to this
vaccine, which may sometimes play a role in causing PVS.

One of the potential extra capabilities of mRNA vaccines is the extension of the antiviral immune
response against uninfected host cells that also express the SP, which may cause autoimmune AEs.
The latter effect is achieved through rapid distribution of the mRNA-LNP over the body and
nonspecific transfection of cells that are accessible for LNP fusion. Yet another extra immune activity
is a coincidental immune reactivity and immunogenicity of the LNP, itself [31], due to the presence
of PEG on the nanoparticle surface. This lends an intrinsic pathogenicity to the mRNA-LNPs. Perhaps
the most surprising potential additional action of mRNA-LNPs is the generation of a simplified
version of the SARS-CoV-2 virus through the secretion of mRNA-containing SP-expressing exosomes
by all mRNA-LNP-transfected secretory cells. These “pseudo-viruses” may potentially spread the
infection just like the parent virus. All these extra features make Comirnaty and Spikevax vaccines
combo immune modifier nanoparticles with multiple functions beyond the antiviral protection.

Realization of this complexity led some to question the accuracy of reference to COVID-19
mRNA-LNPs as vaccines in the traditional sense, since traditional vaccines do not cause so many
different immune effects. Accordingly, alternative terminologies for mRNA vaccines have surfaced,
such as “mRNA therapeutics” [32-34], however, this term disregards the complex nanoparticle nature
the vaccine, as the mRNA is not the only active pharmacological ingredient. The widespread “genetic
vaccine” expression also has a glitch in logic, since these vaccines are only partially products of genetic
engineering, the LNP component is a creation of nanotechnology. The term "Prophylactic immuno-gene
therapy [35] is based on the use of mRNA vaccines in immunotherapy [36] and the overlapping AEs
with those of the immune therapies [37-39]. The expression highlights the fact that these vaccines are
immune function modifiers via genetic manipulation, with a unique benefit of reducing the severity
of COVID-19 when the infection with the real virus occurs.
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3. The Symptoms, Incidence and Prevalence of Adverse Events and Deaths:
Limitations of Statistics

Supplementary Table S1 lists the Covid-like AEs classified by affected organ systems, also giving
a non-exhaustive list of related references. The compilation demonstrates the uniquely broad
spectrum of symptoms impacting nearly all organ systems.

Regarding the incidence and prevalence of AEs, defined as the number of AE events or reactors
related to the overall number of vaccine shots given, while prevalence is the cumulative number of
AEs during a certain time-window, a recent snapshot of the Vaccine Adverse Event Reporting System
(VAERS) in the United States [40] showed 1,656,138 AE reports of COVID-19 vaccine-related one or
more symptoms through November 29, 2024, out of a total of approximately 2.6 million (M) AE
reports in the system. This implies that, in less than four years, COVID-19 vaccines accounted for
about 63% of all AEs reports registered in VAERS since its inception in 1990. Importantly, in the U.S.,,
99.9% of administered COVID-19 vaccines were mRNA-based, specifically Comirnaty and Spikevax.
However, the VAERS does not give information on the number of vaccine shots, which is provided
by another public database, the “Our World in Data (OWID)” [41,42].

According to OWID, 654 M doses of mRNA COVID-19 vaccines were administered in the U.S.
as of August 10, 2024 (~402+252 M Pfizer + Moderna) [43]. Assuming 2 vaccinations for all vaccinee,
this number of shots suggests ~327 M mRNA vaccine recipients. Disregarding the 4 months’ sampling
time difference, the overall AE incidence rate is approximately 0.5 %, or 1 AE in ~200 vaccine
recipients. Applying this rate to the 327 M vaccine recipients, an estimated 1.6 M people developed
more or less severe AEs in the USA. For the 27 countries of the European Union (EU), using the
prevalence rate established for the USA and approximately 826.2 M vaccine doses [43] the cumulative
total number of AE-inflicted people in the EU is roughly 2.1 M.

Regarding the suspected lethal outcomes of all Covid-19 vaccines, the VAERS reported 37,544
deaths between 1990 and 2024 April, vs 10,760 cases caused by all other vaccines at the same time, a
>3-fold increase [44]. However, comparing only with flu, the increase was >200-fold [35] (see below).

A further consideration is that the VAERS does not stratify the AE reports according to severity,
and the symptoms can vary over a broad range from transient inconvenience to death [45]. From a
medical aspect, however, it is important to distinguish the severe, chronic, occasionally disabling
COVID-19 like AEs among all AEs, contributing to the clinical picture of PVS. According to a statistic
from the Paul Erlich Institute in Germany, the incidence of severe AEs is about 0.02 % of all COVID-
19 vaccine doses [46], which brings down the prevalence of COVID-like severe AEs by a factor of 25,
i.e., ~66,000 and ~83,000 in the US and Europe, respectively.

It should be pointed out regarding the above VAERs-based calculations that there are at least 3
critical, yet uncertain factors influencing these estimations. One is the variation of AE incidence rates,
depending on vaccine version, batch, and timing of administration. For example, the VAERS-
reported rate was 0.03% as of March 2021, that rose to 0.17% as of May 2023 [35], and further to 0.5%,
as mentioned above for November 2024. A second is the ratio of vaccinated people to the
administered vaccine doses, in the range of 1 and 1/4. The 0.5% incidence rate estimate used %%, i.e., 2
vaccines for all vaccinees. A third uncertainty is the underreporting factor (URF) in VAERS. Studies
have shown different sensitivities for detecting different AEs, varying between 12% and 76% with
URFs ranging from 1.3 to 8.3. For COVID-19 vaccines, the UEF was estimated much higher;
specifically, 41. For all these uncertainties, the above Figures should be viewed as rough estimates.
What they prove is that COVID-19 vaccines, due to the immense number of injections, can be
associated with a very high number of AEs in non-COVID-19 infected, mostly healthy people.

One of the greatest challenges in analyzing statistics for vaccine doses, which account for
roughly 65% of the global population [5.3/8.2 B], is that the small percentage of incidence rates and
the vast prevalence Figures are beyond what can be reasonably comprehended. In particular, it is not
possible to see whether these AEs are expectable, implying tolerability, or unusual, implying extra
risk. For this reason, a comparison of mRNA vaccine AE incidence with that of flu vaccines, also used
again a coronavirus in billions of people, may be more relevant. Such analysis was recently performed
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by comparing the cumulative AE reports for mRNA vaccines over the past 4 years with that of 12 flu
vaccines combined [35]. The data revealed an average 26-fold increase in AEs associated with Covid-
19 mRNA vaccines, the disparity being particularly significant, >100-fold in the case of Covid-like
AEs. For example, the mRNA-LNP-associated rise of myocarditis, thrombosis, death, myocardial
infarction, tachycardia, dyspnea and hypertension were 1,152x, 455x, 226x, 218x, 162x, 152x), and
131x, respectively, where "x" means x-fold higher incidence rate with mRNA vaccines compared to
flu [35].

Excess mortality in the fully vaccinated, developed countries over the past 4 years is one of the
most contentious issues regarding the COVID-19 vaccine campaigns, debating on the question
whether mRNA vaccines contributed to this phenomenon. There are many estimates in this regard
[47-51], but in the absence of stratifying the post-vaccination death reports according to age and
comorbidity, it is very difficult, if possible at all, to establish direct causality. As with the AE
prevalence, an alternative, more palpable quantitative indicator of the vaccine’s lethality is the ratio
of VAERS-listed COVID-19 vaccine-related death (~37,400) to that caused by all other vaccines over
the past 4 years, which ratio is, according to Rhodes et al., [52], 28-fold. As mentioned above, the
average increase of incidence rate of all AEs of COVID-19 vaccines compared to flu, was 26-fold. This
remarkable coincidence with the 28-fold increase of death rate highlights the correlation between AEs
and fatal outcome of vaccination, also providing indirect support for a causal relationship between
vaccine-induced AEs and excess death.

4. Unique Structural Features of Comirnaty and Spikevax

In January 2020 Chinese scientists released the genetic sequence of SARS-CoV-2, and both
Comirnaty and Spikevax were developed and achieved emergency use authorization in the same
year. They have essentially similar dense spherical LNPs in the 60-120 nm diameter range, and in
both, the payload mRNA codes for the full-length, prefusion-stabilized SP of the virus. Nevertheless,
their final formulations are not identical [53]. In particular, the proprietary ionizable lipid
components (e.g., ALC-0315 in Comirnaty and SM-102 in Spikevax) differ in their pKa and
hydrophobic tail length and saturation, which impact their stability and, hence, storage requirements.
In the PEGylated lipids, the PEG chain is covalently attached to a proprietary lipid (ALC-0159) in
Comirnaty, while in Spikevax, the PEG is attached to 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMG), a natural phospholipid. The buffer systems also differ: Comirnaty
uses a phosphate-based buffer, while Spikevax uses a tromethamine-based buffer. These formulation
differences may influence the stability and metabolism of these vaccines. However, the most
important difference is likely the mRNA dose. Spikevax contains 3.3 times more mRNA (100 pg)
compared to Comirnaty (30 pg in adult doses), which is likely the most important cause of differences
in efficacy and toxicity between the two vaccines.

Focusing on Comirnaty, its nanoscale structure, like that of Spikevax, has several unique
properties. Unlike bilayer liposomes, the outer coat of the vaccine nanoparticles is variable. Some
studies show monolayers, others one or multiple bilayers [54], and yet others intermittent mono and
bilayers [55]. Moreover, the LNPs tend to acquire a dual-lobed appearance due to bleb formation
[54,56,57], a sign of partition of internal content. This variability implies instability, one cause of AEs,
as discussed later.

The discontinuous outer phospholipid lipid layer with its loosely bound PEG lipid may be major
factors lending instability to the mRNA-LNPs, which is reflected in the short shelve-live of injectable
water-diluted stock (12 h) on room temperature, and the need for ultra-low temperature (-90°C to -
60°C) for up to 1.5-year storage. Consistent with the instability, an AFM study showed Comirnaty to
contain soft, highly compliant unstable nanoparticles [55]. The possible role of instability in AEs will
be discussed later.

Regarding the internal, electrodense core of the LNPs [58], the spatial relationship of lipids and
the mRNA has not been conclusively established. The available schematic visualizations of mRNA-
LNPs, often mistaken with the model of small inhibitory (si)RNA-containing LNPs, suggest that the
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polyanionic mRNA binds to the positively charged ionizable lipids (ALC-0315) inside reverted
micelles formed by these bipolar lipids (Figure 1A). Yet, in alternative portrayals, the lipids cover the
undulant mRNA as sheaths (Figure 1B). or the mRNA is randomly “diluted” in a lipid emulsion
(Figure 1 C). However, the mRNA'’s size of ~1,414 kDa consisting of 4,284 nucleotides with an
extended length of ~1,500 nm cannot be reconciled with a linear or undulant polymer; the mRNA
must wind up like thread balls to fit the available internal space of the LNP (Figure 1D). This
requirement is met in a recent alternative Comirnaty structure model (Figure 1E), based on electron
micrographs showing 2-5 nm electron-dense spots in the LNP's interior aligned into strings,
semicircles, or labyrinth-like networks (Figure 1F). It was proposed that ionizable lipid stacks
crosslink the winding mRNA loops in a granular mesh via hydrogen bonds rather than ionic forces
[55]. This proposal was supported Unruh et al. who found Comirnaty LNPs in a “liquid state” [59].
Figure 1G and H show the disintegration of the mRNA-LNPs upon storage, giving rise to a variety
of degradation products including fused and aggregated LNPs and even lipoplexes as they protrude
from the LNPs (Figure 1G and H). Consistent with the transfection capability of the mRNA-LNPs,
the lively, worm- or snake- or sperm-like appearances of these degradation products suggests their
likely involvement in the transmembrane passage of the mRNA. Generally, it can be hypothesized
that disintegration of the mRNA-LNP multiplies the nanoparticle numbers and overall surface, thus
enhancing their proinflammatory and mRNA transfection potential.

Figure 1. Structural and Functional Insights into Comirnaty LNPs. The figure presents schematic models and
transmission electron micrographs (TEM) of Comirnaty lipid nanoparticles (LNPs) to highlight their molecular
structure and dynamic behavior. Panels A-D illustrate conceptual depictions of the spatial relationships between
the lipids and the mRNA in the LNPs. Panel E introduces the hydrogen bond-crosslinked "thread ball" model.
Panels F and H display uranyl acetate-stained TEM images of Comirnaty LNPs. In Panel F, 2-5 nm electron-
dense spots are visible, forming string-like, semicircular, or labyrinthine patterns, which support the thread ball
hypothesis. In Panel G, yellow arrows point to fusion or aggregation events, while white arrows highlight worm-
like “tails” extruding from the LNPs. A closer view of one such extrusion event in Panel H gives the impression
of a sperm-like structure, suggesting its potential role in transfection (the delivery of genetic material), figure

modified from Ref. [55] with permission.
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5. Preclinical Pharmacokinetic, Tissue Distribution and Toxicities

The Pk, biodistribution and toxicity of the mRNA-LNPs were studied well before their use for
vaccination, mostly using luciferase mRNA and different ionizable and PEGylated lipids [60], yet this
information may have not been heavily weighted in the context of human vaccinations. Following
their i.m. injection in mice, LNP-carried luciferase was detected beyond the injection site up to 9 days,
but it was also seen in liver up to 2 days, which disappeared in 48 hours.

Regarding preclinical toxicological studies of mRNA vaccines, it is the two novel lipids in
Comirnaty that was critical for the clinical studies, as prior direct evaluations were not available with
these lipids. ALC-0315 is an ionizable lipid which has positive charge at low pH. It is essential for the
integration of the mRNA to the LNP, and it also plays a key role in the endo-lysosomal escape of
mRNA after entry into the cell. ALC-0315 has numerous toxicities partly due to its immune
stimulating, proinflammatory effects, and partly to its fusogenic effect [61-63]. The other new lipid
used in the Comirnaty formulation is ALC-0159, a 2K-PEGylated lipid (not phospholipid) whose
primary function is to form a protective hydrophilic layer that improves colloidal stability, enhances
solubility, storage stability, and reduces nonspecific binding to proteins [64]. The short 14-carbon
alkyl chains that anchor the molecule to the nanoparticle represent a relatively weak attachment,
which is in keeping with the substantial divergence of the clearance of ALC-0315 and ALC-0159: the
plasma t% of ALC-0159 and ALC-0315 in rats were 73 h and 139 h, respectively [65]. Nevertheless, it
remains unknown how they are transported in plasma, i.e., whether they bind to plasma proteins or
lipoproteins.

As for the toxicity assessment of the novel lipids in Comirnaty, their preclinical evaluation
claimed no adverse effects on the basis that the siRNA-containing LNP product patisiran
(Onpattro™), which contains similar (but not identical) lipid excipients, were approved in the US,
Europe and Canada for the treatment of hereditary transthyretin-mediated amyloidosis (hATTR
amyloidosis) by infusion every 3 weeks [65].

6. The Distinct Structural Characteristics of mRNA-LNPs That May Be Linked to
Adverse Events and Complications

Table 1 compiles a list of structural features and chemical characteristics that can, in theory, be
linked to the AEs reported for mRNA vaccines. They are inherent properties of Comirnaty and
Spikevax, they may or may not apply to other mRNA-LNP constructs. The unique properties are
listed in the 1st column of Table 1 and linked to experimentally and/or clinically demonstrated
adverse immune processes in column 2. These abnormal immune reactions are then associated with
different AEs in column 3 based on cell biology and immune pathology extrapolations.

To avoid misinterpretations of the information in Table 1, it needs to be strongly stressed that
these data do not suggest that all included adverse processes occur in all vaccine recipients or even
in adverse reactors. The table intends to be a compilation of theoretically possible reasons that may
explains the variety of symptoms. It is certain that the Covid-like vaccine AEs rising in a few out of
hundreds of vaccine recipients are multicausal; each can arise from one or more of the listed
adversarial pathways, acting independently or simultaneously, in an additive or synergistic fashion.
The rise and extent of AEs depend on many individually varying genetic and epigenetic factors, as
well as external and internal conditions.
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Table 1. The physical and chemical properties of mRNA-LNP vaccines that can be associated with theoretical

risks for AEs.
Potential AEs
Unique vaccine propert| Sections* Collateral immune effects
complications
1) Ribosomal synthesis
of the spike protein e Enhancement of
fundamentally immunogenicity
transforms antigen oL e Uncontrollable cytoplasmic
processing and accumulation with
presentation diversification of the
processing and presentation of
the SP
e Digestion of the SP by the
proteasomes resulting in cross
presentation on MHC-Class-I
molecules with autoimmune
damage
¢ Expression of the SP on the
plasma membrane leading to e New onset and
antibody-mediated cellular and exacerbation of
complement-mediated humoral autoimmune diseases
cytotoxicities ¢ Multiorgan
* Secretion of the SP into the inflammations/ flare-
extracellular space for reuptake ups/relapses
2) Multiple chemical and systemic dissemination * Weakened immune
modification of the 6.2.1- e The autophagy pathway of response to booster
6.2.6 antigen processing and vaccinations

mRNA increases its
stability and

translation efficacy

presentation

Exosomal dissemination of
vaccine and viral elements
propagating inflammation and
transfection

Excessive somatic hypermutatio
in B cells promotes autoimmune
phenomena

Reverse transcription of the
mRNA with insertion
mutagenesis may prolong the
risk of harm

Frameshift mutation upon mRN
translation causing SP

polymorphism

e Infections

¢ Clotting disorders
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e Complement activation

¢ Endothelial inflammation,
microvascular damage

¢ Oxidative (mitochondrial)
damage

¢ Cytokine release

3) The spike protein 6.4.1.- o (Micro)thrombosis

can be toxic 6.4.4 ® Red blood cell aggregation

e White cell activation and/or
cytotoxicity

e Platelet activation and/or
coagulation abnormalities

o Fibrin thrombus formation

¢ Blood-brain barrier damage

¢ Germinal center hyper-
reactivity

e Somatic hypermutation in B

4) The LNP is cells
; e Enhancement of
pharmacologically
3 . -t
active immune 6.5.1-65.4| mmunogenicty

. o Activation of innate cellular
stimulant and

immunity
mRNA transfectant . .
e Perpetual and intermittent
activation of the complement
system
e Pseudoallergic
¢ Intermittent complement "
reactions
5) PEG on the LNP activation
. (CARPA)
surface is immune ¢ Enhanced disintegration .
) 6.6.1-6.6.2 ¢ Anaphylaxis
reactive and e Anti-PEG and anti-LNP .
e Multiorgan
i i immunogenicit
fmunogenic & Y inflammations
e Sensitization to
PEG
o Ready escape from the
injection site into the lymph and
6) The mRNA-LNP is 6.7 blood e Acceleration of all
unstable in water o ¢ Enhanced multiorgan AEs

distribution and transfection

with mRNA lipoplexes
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¢ Buildup of multimolecular
assemblies
7) The spike protein is e Extended
stabilized by ) . . ..
) . eExtended SP immunogenicity an| systemic toxicity
enrichment with 6.8 )
toxemia e Chronic
proline and G-
inflammations
quadruplexes
8) The injectable eReverse transcription
. . . L e Turbo cancer
vaccine may contain eInsertional mutagenesis with
L . . ¢ Diverse toxicities
contaminations with bacterial gene promoter SV-40
] 6.9 ) ¢ Hypersensitivity
plasmid DNA and e Accumulation of
. ) reactions
inorganic elements multimolecular assemblies
or Complexes OCOmplement activation

*Sections, Section number where the content is discussed in lengths; SP, spike protein; CARPA, complement
activation-related pseudoallergy, PEG, polyethylene glycol.

6.1. Ribosomal Synthesis of the Spike Protein Fundamentally Transforms Antigen Processing
and Presentation

Among the features of mRNA vaccines that present a risk for AEs, it is the principle of using
mRNA-LNPs for vaccination that needs to be considered first, since ribosomal synthesis of the SP
fundamentally transforms the normal process of antigen processing and presentation. Immunization
with currently used traditional vaccines involves the uptake of vaccine (nano)particles by antigen
presenting cells (APCs; dendritic cells, macrophages, and B cells) at the site of the injection and the
infiltrating lymph and lymph nodes via phagocytosis, processing the antigen via enzymatic
degradations and other modifications during their passage via cell organelles, namely the
phagosomes (endosomes), phagolysosomes, endoplasmic reticulum (ER), and Golgi apparatus. At
the end, the small (12-26 amino acid [66] immunogenic peptides are presented to T helper (Th) and B
lymphocytes in narrow recesses (grooves) on the surface of MHC (Major Histocompatibility
Complex) Class-1I molecules (shortly: Class-II).
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Figure 2. The mechanism of mRNA-LNP vaccine action. The figure, reproduced from the review by Chaudhary
et al., [67] with permission, illustrates the steps via which the vaccine induces immunogenicity against the spike
protein (SP) in dendritic or other APCs. The uptake of mRNA-LNPs via phagocytosis (step 1) is followed by the
release of the mRNA from the endosomes and translation on ribosomes to the full-length SP trimer (step 2).
Thereafter the SP may be expressed on the cell membrane as seen on SARS-2-CoV (top 3 darts), it can be secreted
by the cell (bottom dart) or processed by proteasomes to yield antigenic fragments that are presented on MHC I
surface receptors (step 3). These teach cytotoxic T cells to recognize the antigen and trigger apoptosis in virus-
infected cells (step 4). The SP molecules liberated to the extracellular space get phagocytosed in an autocrine
fashion to feed MHC Class-II molecules via endo-lysosomes (step 5, MHC II not labelled), to “educate” Th and
B cells for specific neutralizing antibody production (step 6). Abbreviations: BCR, B cell receptor; ER,

endoplasmic reticulum; TCR, T-cell receptor; BCR, B-cell receptor. Further details are given in ref. [67].

The above textbook information is cited to help realizing, how differently the immunogenicity
of mRNA-LNP-coded SP proceeds after immunization with mRNA vaccines. According to the
mechanism flowchart shown in Figure 2, after the standard first step, i.e., phagocytosis followed by
phagolysosome formation, the intact mRNA molecules escape from the phagolysosomes to the
ribosomes in the cytoplasm to code for the synthesis of the SP (steps 1 and 2 in Figure 2.). This is a
major deviation from the above-delineated, evolution-refined and highly controlled antigen
degradation to antigen synthesis on ribosomes, which is influenced by numerous factors that have
nothing to do with immunogenicity [68-71]. These include the levels of rRNA and ribosomal proteins
at the time of vaccination, the functioning of open reading frames and chaperons that determine the
quaternary structure of the antigen, and the intensity of mTOR (mechanistic Target of Rapamycin)
pathway, which is a central regulator of ribosome biogenesis [72]. The mTOR is sensitive to various
environmental signals, such as nutrient availability, energy status, hormonal and growth factors,
cellular stress and up- or downregulates ribosomal protein synthesis [72]. Finally, post-translational
modification of the SP may also occur, and all these controlling factors taken together give reason for
doubts that the situ synthesis of an antigen on ribosomes can be controlled, most importantly by the
vaccine dose.

Unlike structural or secretory proteins, which have distinct, well-defined functions, the immune
response to protein antigens involves a complex chain of molecular and cellular effects, each
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influenced by individually varying control factors. In addition, immune responses may have
different health effects in different people. Thus, uncontrollable input signal, i.e., antigen quality and
amount, may entail unpredictable variations in ultimate health effects. In essence, deviation from
natural processes of immunogenicity may increase the risk for abnormalities in immune response
[73].

6.2. Multiple Chemical Modification of the mRNA Increases Its Stability and Translation Efficacy

Beyond the above modifications of antigen synthesis, processing and presentation, a profound
deviation from natural immunogenicity is achieved by multiple chemical modification of the
mRNAs. Their combined effect is a substantial increase in the biological stability and translation
activity of the mRNA relative to native mRNAs. The specific modifications are discussed below.

6.2.1. Replacement of mRNA Uridine with Pseudouridine ()

Extracellular unmodified mRNAs have strong immune stimulatory effect due to their
binding by pattern recognition receptors, such as Toll-like receptor-3 (TLR3), TLR7 and TLRS, or the
retinoic acid-inducible gene I (RIG-I) receptor [67]. This effect, along with the instability, poor
translation efficacy and high cost of mRNA synthesis prevented the therapeutic use of mRNAs
prior to 2010s. It was therefore a milestone in mRNA research that Kariko et al., replaced uridine
with pseudouridin (y) in the mRNA nucleotide chain, to reduce its immune reactivity and
increase its biological stability and translation efficacy [74]. In their experiment the transfection
of mice with pseudo-urinated luciferase mRNA using lipofectin as mRNA carrier resulted a 78-fold
increase in splenic luciferase translation 24 h after the injection, showing the feasibility of lasting
mRNA transfection and translation using a complex of y-mRNA with a fusogenic lipid [75].
Subsequent studies [76,77] further improved the efficacy of gene translation, particularly with N(1)-
methyl-pseudouridine (1Im-y), which outperformed y-mRNA in protein expression [78].

6.2.2. Codon Optimization

Codon optimization implies changing bases in the polynucleotide sequence in the mRNA to
match the human codon for amino acid tRNA, thus improve the stability and translation efficacy of
the SP. This molecular method ensures high levels of SP expression in human cells for robust immune
response, while maintaining the stability and functionality of the mRNA [79].

6.2.3. Methylation of the 5" Cap

Methylation of the 5 cap in mRNA vaccines refers to a chemical modification of the mRNA
molecule at the 5' end. The addition of a methyl group improves mRNA stability by resisting
exonucleases and enhances the recognition of the mRNA by the host cell's ribosomes, leading to
efficient translation into the target protein, i.e., SP. The 5 Cap methylation also minimizes unwanted
immune responses against the synthetic mRNA, thus improving vaccine efficacy [80-83].

6.2.4. UTR Stabilization

UTR stabilization involves modifying the untranslated regions (UTRs) of mRNA to enhance its
stability and translational efficiency in vaccines. Thus, Comirnaty utilizes a 5' UTR derived from the
human alpha-globin gene and a 3' UTR combined from the amino-terminal enhancer of split (AES)
and mitochondrial ribosomal RNA 1 (mtRNR1) genes. Spikevax adopted a 3’ UTR from globins. The
stability and efficient translation of the mRNA enhance the production of the target antigen, resulting
in a stronger immune response [33,73,84].
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6.2.5. 3' Poly(A) Tail Optimization

The 3' poly(A) tail optimization in mRNA vaccines refers to the engineering of the
polyadenylated tail at the 3' end of the mRNA to enhance its stability, efficiency of translation, and
overall efficacy in SP expression [85]. The poly(A) tail containing 100-150 adenine residues protect
the mRNA from degradation by exonucleases in the cytoplasm, thereby extending its half-life. It can
also interact with the 5' cap of the mRNA to form a closed-loop structure, facilitating efficient
ribosome binding and protein synthesis. The tail also helps in nuclear export of mRNA and proper
localization in the cytoplasm [33,73,84].

6.2.6. GC Enrichment

The enrichment with GC refers to increasing the guanine (G) and cytosine (C) content in the
mRNA to enhance its overall functionality. GC-rich regions form stronger hydrogen bonds compared
to AU (adenine-uracil) base pairs, increasing the thermodynamical stability of the mRNA, protecting
it from degradation. Enrichment with GC also increases the mRNA’s compatibility with the host cell's
translation machinery, leading to more efficient protein synthesis. Furthermore, GC-rich sequences
can help avoiding secondary structures that interfere with ribosome access and the binding of
translation initiation factors. GC enrichment, just as the uridine-y exchange, can also reduce the
inflammatory response to the mRNA [86-89].

6.3. The Biological Consequences of Ribosomal Antigen Synthesis and mRNA Modification

After fulfilling their role in the ribosomal synthesis of proteins, mRNAs are usually cleaved by
deadenylation, endonucleases, ribozymes and spontaneous hydrolysis of the sugar backbone on a
time scale of hours to days [90]. This process is under close regulation that ensures protein
homeostasis in the cells. The detouring the SP synthesis to the ribosomes, increasing the stability of
the mRNA and boosting its translation to SP may lead to increased SP production which can lead to
beneficial as well as adversarial immune effects, as detailed below.

6.3.1. Enhancement of Immunogenicity

The beneficial, highly renown impact of the above discussed two innovations in immunogenicity
is a significant enhancement of antiviral antibody response. The SP neutralizing antibody titers in
mRNA vaccine recipients often exceeded the titers seen in natural infections up to 4-fold, which
established the success of this technology [91-94]. However, some less beneficial consequences also
surfaced, that could contribute to the broad spectrum of AEs.

6.3.2. Uncontrollable Cytoplasmic Accumulation with Diversification of the Processing and
Presentation of the SP

The immunologically uncontrolled SP synthesis may alter the cytoplasmic fate of SP, as its direct
entry to the natural antigen processing pathways -as occurs after phago-lysosomal digestion of
antigens-, is impossible. The full-length SP trimer is more than a hundred times larger (~1,273 amino
acids) than the peptides typically presented on MHC molecules (7-13 amino acids), and if alternative
clearance mechanism cannot cope with the intense SP production, cytoplasmic accumulation of the
antigen may occur. The alternative options for antigen processing and presentation include at least 4
pathways, each of which has a risk for abnormal consequences. These are: (i) digestion in
proteasomes that can result in cross presentation of digested peptides on MHC-Class-I molecules
invoking CD8-cytotoxic T cell attack; (ii) expression on the plasma membrane leading to antibody-
mediated cellular and complement-mediated cytotoxicity; (iii) secretion into the extracellular space,
causing toxemia; and (iv) exosomal propagatation of the SP, its mRNA and micro-mRNAs, partially
mimicking viral infection.
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6.3.3. Digestion of the SP by the Proteasomes Resulting in Cross Presentation on MHC-Class-I
Molecules with Autoimmune Damage

Proteasomes are cytoplasmic enzyme complexes hydrolyzing intracellular proteins to MHC-I
presentable small peptides, thus they play a primary role in processing the SP for CD8+ cytotoxic T
cell (Tc) recognition. At an early age, during T cell development in the thymus, Tc-s with high affinity
for self-antigens presented on MHC Class-I molecules are deleted (clonal deletion), the mechanism
of central tolerance. Outside of the thymus, the Tc-s that escaped deletion respond with anergy to
self-antigens, except during infection, when the co-stimulatory signals override tolerance and
activate these T cells for an effective cytotoxic response against the foreign antigen harboring cells,
causing apoptosis. This is the mechanism via which the immune system detects and eliminates Class-
I presenting cells afflicted by intracellular infection or cancer.

In the case of mRNA vaccines, as a result of booster vaccination, presentation of the SP peptides
on MHC Class-I molecules, called cross-presentation [95] may lead to an autoimmune attack against
the very APCs that initially educated the Tcs for recognizing and killing SP-peptide-presenting
infected cells (Figure 3). Preconditions for co-stimulatory stimulation may also exist, due to the
proinflammatory effect of the LNPs (discussed later). Also reviewed later, the mRNA LNPs can
transfect essentially all body cells, leading to cross-presentation that can induce a variety of
autoimmune phenomena, mentioned in Sections 2 and 3.

Cytotoxic
Tcell

dendritic cells

macrophages B cells

Figure 3. Potential autoimmune attack against APCs by SP-specific cytotoxic T cells with increasing impact after
booster vaccinations. The scheme applies to all body cells transfected with the vaccine and expressing SP

fragments on their surface Class-I molecules.

6.3.4. Expression of the SP on the Plasma Membrane Leading to Antibody-Mediated Cellular and
Complement-Mediated Humoral Cytotoxicities

As shown in Figure 2 (step 2), another possible fate of intracellularly accumulated SP is plasma
membrane insertion, which may also cause autoimmune damage in the presence of SP-binding
neutralizing antibodies. Therefore, this type of cytotoxicity can arise after the first or more boosters,
or in people also infected with SARS-CoV-2. There are 2 independent pathways of antibody-
dependent cytotoxicity, shown in Figure 4A and B. One called antibody-dependent cellular toxicity
(ADCC), a capability of NK cells, macrophages and neutrophil leukocytes (Figure 4A) whose Fc
receptors bind to the Fc portion of SP-bound antibodies and release apoptotic effector molecules. The
other is complement activation (Figure 3B), due to the binding of C1Q to the Fc portion of anti-SP
antibodies, initiating the autocatalytic cascade via the classical pathway.
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A B Cytotoxicity due to
Antibody-dependent complement activation

cellular cytotoxicity

(ADCC)

NK cells
dendritic cells macrophages
macrophages neutrophils ficolin

B cells

Figure 4. Potential secondary immune processes triggered by vaccination with mRNA-LNPs, after the rise of
specific anti-SP antibodies. A) Anti-SP specific antibody (aSP)-dependent cellular cytotoxicity (ADCC),
whereupon natural killer (NK) cells, macrophages or neutrophils recognize the cell-bound antibodies” Fc portion
via their Fc receptor (FcR) and release cytotoxic granules inducing apoptosis. B) Cell-bound antibodies initiate
classical pathway C activation starting with the binding of C1q and ending in the formation of the membrane
attack complex (MAC), which causes membrane damage. The SP on the APC surface also activates C via the
lectin pathway, by binding mannose binding lectin (MBL) or ficolin. The end result is the same: MAC-mediated
cytotoxicity.

6.3.5. The "Seneca Effect"

The above delineated Tc (Figure 3) and antibody-mediated ADCC (Figure 4) and complement-
mediated cytotoxicity on APCs (Figure 4B) represent potentially deadly attacks against the very cells
that “taught these T and B cells for specific recognition of the SP. As a stretched, but perhaps useful
metaphor, the phenomenon resembles the Seneca-Nero legend, where Seneca, the teacher, was
compelled by his student, Nero, to commit suicide. Therefore, the term "Seneca effect” could serve as
a memorable descriptor for APC-targeted autoimmunity. It may contribute to the dysregulation of
the T regulatory (Treg) and CD4* and CD8 effector T cells (Teff) homeostatic cell balance after
repeated vaccinations, leading to elevated IgG4 with consequent immune suppression. The
clinical consequence is a plethora of autoimmune diseases and promotion of aggressive cancer
[73,96] or reduced anti-COVID-19 immunity after booster vaccinations [97].

6.3.6. Secretion of SP into the Extracellular Space for SP Reuptake and Systemic Dissemination

As a further consequence of cytoplasmic accumulation of the SP and subsequent diversification
of antigen processing, the SP can undergo secretion to the extracellular space (Figure 2, step 2). This
may have an essential role in the anti-SP immunogenicity of the vaccine, since a part of the secreted
SP can undergo phagocytic reuptake and processing through the standard phagolysosome-ER-Golgi-
Class-II pathway (step 5 in Figure 2). However, since the SP is a facultative toxin, its entry into the
systemic circulation implies toxemia, the next addressed major inherent cause of vaccine-induced
AEs.

6.3.7. The Autophagy Pathway of Antigen Processing and Presentation

The secretion and phagocytic uptake of the SP, which is the natural process of antigen processing
(step 5 in Figure 2), may be one of two pathways through which Class-II proteins are fed with SP
fragments. However, these processes, i.e., exocytosis and autocrine endocytosis, are under metabolic
(ATP dependence) and other controls which lend individual variation to Class II-presentation.
Considering the increased antibody response to the vaccine (5.3.1) it is a question whether such
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convoluted antigen processing would be the only mechanism of Class-II mediated immunogenicity.
There is an alternative mechanism of SP processing, namely autophagy (not shown in the Figure 2)
whereupon the SP released from the ribosomes is engulfed by cytoplasmic bilayer vesicles called
autophagosomes, which turn into auto-phagolysosomes after fusing with lysosomes. Just like
phagolysosomes, they feed the ER sacs and reach Class-II molecules, as an alternative, possibly more
efficient pathways of T and B cell education for SP recognition.

6.3.8. Exosomal Dissemination of Vaccine and Viral Elements Propagating Inflammation and
Transfection: The Dumbed-Down Virus/LNP Chimera Concept

Exosomes are small extracellular nanovesicles (30-150 nm) that play a role in intercellular
communication and carry biomolecules such as lipids, proteins, and nucleic acids, including mRNA.
They are secreted by cells and involved in intercellular communication. They can carry proteins,
lipids, and nucleic acids from the parent cell throughout the organism. In the case of mRNA vaccine-
exposed cells, they can carry the SP on their surface, as well as the whole mRNA and its immune
stimulatory small fragments called miRNAs (microRNAs) [73,96,98]. Exosomes propagate from cells
in a manner similar to how newly formed virus particles emerge from SARS-CoV-2-infected cells, the
only difference is that the nucleocapsid is replaced with SP-crowned plasma membrane and the
mRNA does not code all virus proteins [98]. Since the lipids from LNPs may incorporate into SP-
expressing exosomes, these vesicles may actually represent dumbed-down virus/LNP chimeras.
They can contribute to the immunogenicity of the SP by presenting antigens to APCs just as the
vaccines do [98], providing rationale to use exosomes as an alternative to LNP-based vaccines
[99,100]. The demonstrated efficacy of this approach for inducing immunogenicity attests to the
exosomes’ capability for transfecting distant tissues and cells and thus contributing to the
inflammatory and/or autoimmune complications [96,98].

6.3.9. Excessive Somatic Hypermutation in B Cells

Somatic hypermutation is a phenomenon whereby the immunoglobulin genes encoding the
variable region of the B-cell receptors (BCRs) undergo especially high rate of mutation to produce
slightly different versions of the antibodies after the B cells are activated though interaction with
APCs and helper T cells (Figure 2, step 6). The B cells that produce high-affinity antibodies against
the antigens survive and undergo affinity maturation, while those with lower-affinity antibodies die
off. The process gives rise of plasma cells, which secrete antibodies that are more effective at
neutralizing the target antigen, as well as production of long-lived memory B cells, which ensure
quick production of high-affinity antibodies at a later encounter with the pathogen. Thus, somatic
hypermutation enhances the effectiveness of the antibody response, helping the immune system
better combat the pathogen targeted by a vaccine.

The mRNA vaccines are potent inducers of follicular helper and germinal center B cell responses
in the spleen and lymph nodes, driving further acceleration of somatic hypermutation and greater
level of affinity maturation [101]. Such germinal center activation persisted for at least 3-weeks in rats
injected with mRNA-LNPs, which could also be associated with fever [65]. This process contributes
to the superior antibody response to mRNA vaccines as discussed in section 6.1., however, it also
carries a risk for diversification in the variable region of BCRs, leading to the production of antibodies
with cross reactivity with host cell antigens. Thus, the autoimmune complications after mRNA
vaccination may be explained with an overdrive of somatic hypermutation, at least in part [102-107].

6.3.10. Reverse Transcription of the mRNA with Insertion Mutagenesis May Prolong the Risk
of Harm

The extended intracellular presence of stabilized mRNA increases the risk of its transit into the
nucleus and undergo reverse transcription to insert into the DNA, i.e., cause insertion mutagenesis.
Regarding the possible mechanism of this highly debated phenomenon, it is known that certain
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nucleic acid sequences in DNA, called transposons, have endonuclease activity, enabling changes in
their position within the double helix, and make a variety of sequence changes, including the
insertion of reverse transcribed mRNA fragments. The operation of this mechanism in the case of
SARS-CoV-2 mRNA was shown by Zhang et al., in a study wherein “L endo-transposons” have
inserted reversed transcribed SARS-CoV-2 mRNA into in cultured human cells which could be re-
transcribed to SARS-COV-2 mRNA, explaining the positive PCR tests in some long Covid patients
[108]. The authors also found evidence of viral-host chimeric transcripts. For mRNA vaccines, Alden
et al., reported rapid insertion of reverse transcribed Comirnaty mRNA sequence into the DNA of
cultured human liver tumor cells [109]. Regarding the mechanism of reverse transcription, the human
enzyme DNA polymerase theta (Pol8, EC No 2.7.7.7) was proposed, which effectively performs
RNA-dependent DNA repair [110].

Although there are many criticisms of the theory of reverse transcription of vaccine mRNA, for
example by Merchant et al. [111], there is an indirect evidence supporting this possibility. Notably,
in light of the fact that the longest circulating proteins in blood, IgG, has a half-life of about 21-28
days, it is difficult to explain the detection of the SP in blood up to 187 days [112], or up to 180 days
in cardiac and skeletal muscle cells at sites of inflammation and fibrosis [113]. There are many more
studies reporting more or less extended presence of SP in blood or other organs whose reason remain
unclear despite the increased stability of the mRNA and/or the protein (27, 112,Castruita, 2023 #8357,
113-122). Obviously, conserving the code of the SP in the DNA over a lifetime or passing it to next
generations is a huge concern that needs to be excluded via thorough investigations.

6.3.11. Frameshift Mutation upon mRNA Translation Causing SP Polymorphism

Another adverse consequence of the potential buildup of the SP in the cytoplasm of APCs and
other transfected cells is frameshift mutation. It is due to incorrect identification of the base triplets
by transfer RNAs in the mRNA, partly because of the presence of Im-y. It may lead to SP
polymorphism, with the formation of undefined peptide products and paraproteins with unknown
antigenic and auto-immune potential.

The experimental evidence for frameshift mutation includes a study by Mulroney et al. who
have shown the formation of 2 additional SP bands over the in-frame expectable product [123]. In
another study, Boros et al. found that vaccination with Imy-mRNA can elicit cellular immunity to
peptide antigens produced by +1 ribosomal frameshifting in major histocompatibility complex-
diverse people {Boros, 2024 #8642}. The translation of 1-my-mRNA was shown by liquid
chromatography tandem mass spectrometry to contain 6 in-frame and 9 chimeric SP peptides [124].

The complications of frameshift mutation include autoimmunity, neurotoxicity and weakening
of humoral immunity [97,125,126]. The link between frameshift mutation and Tc-mediated
autoimmunity was shown by the significantly increased IFNYy response to frameshifted antigens
which was observed only in individuals vaccinated with Comirnaty [124]. Another adverse
consequence is a highly significant increase in heart muscle 18-flourodeoxyglucose uptake, which
was detected only in vaccinated patients up to half a year [124]. G-quadruplex formation, which
makes the RNA secondary structures particularly stable and is implicated in post-vax neurotoxicity
[127], is also thought to be a consequence of frameshift mutation.

6.4. The Spike Protein Can Be Toxic
6.4.1. The Structure and Cellular Secretion of the Spike Protein

The SP is a trimer glycoprotein, that forms the well-known spikes (peplomers) of the SARS-CoV-
2 virus. It is essential for the binding of virions to ACE-2 and the later identified CD147 receptors,
facilitating subsequent fusion and the release of viral mRNA into the host cell. The existence of
vaccine-induced Covid-like AEs has led to a consensus that the common element in both the virus
and vaccine-induced pathologies is the SP.

d0i:10.20944/preprints202501.1462.v1
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As to the question, how could intact SP insert into the bilayer membrane, and enter the
bloodstream following immunization, Figure 2, which presents the fates of SP after synthesis on
ribosomes, does not give a clue. It is basic knowledge in cell biology that insertion of proteins into
bilayers, or their secretion into the external medium occurs via fusion of protein-loaded membrane
vesicles with the cell membrane. However, the SP-loaded autophagosomes, the best candidates for
such activity in case of ribosome-synthesized SP (Figure 2), destroy the SPs, rather than carry them
to the cell surface. There must be another mechanism for SP secretion whereupon the integrity of the
SP is maintained. The answer to this puzzle probably lies in the distinction of free and ER-bound
ribosomes, the latter known to make the ER rough (rough ER). Despite their location differences, both
free and bound ribosomes are structurally identical and function similarly in protein synthesis.

Freely floating cytoplasmic ribosomes primarily synthesize proteins that function within the
cytoplasm, as presented in Figure 2. In contrast, ER-bound ribosomes synthesize proteins that are
destined for insertion into different membranes or secretion from the cell of intact, functional
proteins. Since the LNP-delivered mRNA, released into the cytoplasm of APCs (Step 1 in Figure 2) is
unlikely to differentiate between free and bound ribosomes, processing of functional SP is most easily
rationalized by synthesis on rough ER. Thus, the question of how intact SP can enter rapidly into the
blood may be answered by an inherent property of all cells: synthesize proteins on rER-bound
ribosomes.

6.4.2. Clinical Manifestations of SP Toxicity

The process of SP secretion by APC or other cells has already been discussed in relation to the
origin and fate of free SPs. From a clinical point of view, it has been recognized from the beginning
of the pandemics that the SP has intrinsic toxicities. Therefore, its secretion by APCs, or by any other
transfected cells, implies toxicosis or, as proposed below, toxoidemia with sporadic toxicity. This
phenomenon is puzzling since the whole SP molecule or its fragments were detected in the blood of
AE-inflicted vaccinees months after the injection, which suggests binding to a blood component. The
SP has many more unique features discussed below under separate subtitles.

Table 2 compiles a list of potential SP toxicities, underlying the pan-toxicity of the protein. Unlike
most viral surface extensions, the SP appears to fundamentally impact essential cellular functions.
This unique property is a subject of intense research, as evidenced by >2400 records on Medline
(National Library of Medicine) when searching (by EndNote in December, 2024) for the combined
“Any Field” search terms “spike protein”, “Covid-19” and “mRNA vaccine”.

Table 2. Systemic changes underlying the pan-toxicity of the SP.

Systemic toxicities References
Complement activation [12,16]

Endothelial inflammation, microvascular damage [15,16,121,128,129]
Oxidative (mitochondrial) damage [21,22,130]
Cytokine release [17,28]
(Micro)thrombosis [14,19,20,129]

Red blood cell aggregation [29]

White cell activation and/or cytotoxicity [23,24,30]

Platelet activation and/or coagulation abnormalities [18,25]

Fibrin thrombus formation [131]

Blood-brain barrier damage [13]
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6.4.3. The Superantigen-Like Activity of the Spike Protein

One of the hypotheses on the mechanism of SP toxicity is the “superantigen” hypothesis, based
on common features of the SP and superantigen toxicities. Superantigens are bacterial toxins
produced by, among others, streptococci and staphylococci [132]. They are extremely strong immune
activators causing, among others, shock syndrome in streptococcus-infected children [133,134], just
as SARS-CoV-2 infection does. Superantigens cause cytokine release and storm, as does the Covid-
19 virus and the mRNA vaccines can occasionally do. According to Li et al, up to 20% of the body's
T cells can be activated by superantigens, compared to the usual 0.0001-0.001% [135].

As further support for the superantigen hypothesis, a polypeptide domain in the superantigen
enterotoxin B of Staphylococci, called "superantigen motif," has been shown to be present in the SP
adjacent to its furin cleavage site and the positively charged multi-basic section (PRRAR), which is
critical in the high affinity binding of the SARS-CoV-2 to cell membranes near their binding
receptors[136-138] Valleriani, 2024 #8508;Li,2023 #8510}. This raises the possibility that that the SP
can bind to cells with a mechanism that is shared with superantigens. As a further indirect evidence,
beyond linking the APC and T cells together via their MHC Class-II and TCR receptors,
superantigens also link other cells together, for example MHC and B cells, and indeed, the SP can
also do the same, induce red cell aggregation (rouleau formation) [29,139,140] or bind erythrocytes
and platelets [141-145]. Specific binding of the SP to non-ACE-2 receptors, e.g., CD147 on
lymphocytes and other immune cells [30,146-150]. In lack of specific surface anchors, nonspecific
electrostatic attraction between the positively charged region of the SP and negatively charged cell
surfaces [141] could also contribute to the superantigenicity of the SP.

Based on all above information Figure 5 provides a schematic chart on the mechanism of the
superantigen-like behavior of the SP.

A

Figure 5. The superantigen-like activity of the spike protein. A) Illustration of the effects of superantigens.
Superantigen of bacterial origin can bind APC MHC Class-II receptor directly to the variable region of T cell
receptor b chain, leading to massive nonspecific stimulation of both APC and T cells with cytokine release. B)

The superantigen hypothesis raises the possibility that the SP of vaccine origin, crowning the APC, can bind to
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the TCR v chain via the superantigen motif on SP. This results in massive nonspecific immune stimulation with

cytokine release or storm.

6.4.4. The Spike Protein May Act Like a Toxoid with Sporadic Pathogenicity

Due to the unavoidable secretion of toxic SP after vaccination, the mRNA vaccines bear
resemblance to attenuated live virus- or toxoid-based vaccines which rarely cause symptoms of the
very disease against which they were developed. This analogy is based on the overlapping of COVID-
19 and post-COVID symptoms with those of Covid-like vaccine AEs, and the fact that the vaccine-
caused AEs are rare, just as the pathogenicity of attenuated live virus- or toxoid-based vaccines. A
historical example for vaccine pathogenicity is paralytic poliomyelitis, where the weakened
poliovirus in the oral formulation regains virulence and causes polio symptoms [151]. Likewise, the
diphtheria and tetanus toxoids in the DTaP vaccines can occasionally revert to be toxic [152-156],
casing the symptoms of infection. Thus, although the mechanisms are entirely different, the mRNA
vaccines have a risk to act like SARS-Cov-2, i.e., become a sporadic pathogen. Support for this concept
came recently, when the Phase I clinical trial with Moderna’s new, mRNA-LNP-based respiratory
syncytial virus (RSV) vaccine was halted due to severe respiratory diseases that it caused.

6.5. The LNP Is Pharmacologically Active Immune Stimulant and mRNA Transfectant

Another essential innovation in using mRNA for vaccination is the use of LNPs as mRNA
carriers. The introduction of LNP technology [157,158] solved many unresolved problems in the
mRNA gene therapy, a critical step in the development of LNP-mRNA-LNP vaccines. In addition to
protecting and carrying the mRNA, the LNPs are strong stimulators of the innate immune system
and thus serve as adjuvants to the vaccine that enables its potent immunogenicity. This adjuvant
effect seems to be particularly effective, since the LNPs cause many-fold lymphocyte and plasma cell
proliferation in the germinal centers of lymph node follicles, where the antibodies are formed
[101,159,160]. Although the exact mechanism of this remarkable immune stimulation is not clear, one
likely contributor is that fact that the LNPs can simultaneously trigger activation of both the cellular
and humoral the arms of the innate immune systems, specifically, leukocytes and the C system. The
two activations can amplify each other in a positive feedback loop.

6.5.1. Activation of the Cellular Arm of Innate Immunity

The mRNA-LNPs are strong activators of innate cellular immunity. In Comirnaty, the primary
contributing factor is the ionizable aminolipid ALC-0315, which accounts for 46% of the lipid content
[53]). Experiments on mice and monkeys have shown that the LNP can bind to Toll-like receptors of
immune cells, most importantly TLR2 and TLR4, as well as to other danger signal receptors. This
leads to NF-xB pathway of Thl-dominant proinflammatory cytokine and chemokine secretion,
including IL-1B, IL-2, IL-6, IL-18, IFN-y, TNF-a and GM-CSF [65,161,162]. These LNPs also cause
NLRP3 inflammosome activation that entails caspase-1-mediated apoptosis [162]. The stimulation of
cellular immunity is further enhanced by the anaphylatoxins C3a and C5a [163,164], products of the
concurrent stimulation of the C system by mRNA-LNPs.

6.5.2. Triggering of Humoral Immune Response: Complement Activation

The fact that liposomes and many other nanoparticulate drugs and agents can activate the C
system have been known for decades [165-168], but for mRNA-LNPs it was shown only in a 2022 pig
study [169]. This study investigated the mechanism of the allergic and anaphylactic reactions to
Comirnaty that occurred shortly after the start of vaccinations in December 2020 [53,170]. The
symptoms of these reactions were very similar to the infusion reactions caused by intravenous
injection of liposomes, which were shown earlier to be related to C activation [171]. The study by
Dezsi et al. provided evidence that Comirnaty can cause C activation-related pseudoallergy (CARPA)
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[169], suggesting that the human vaccine reactions could be attributed, at least in part, to CARPA
[53]. This theory was supported later by Barth et al. [172] and Barta et. al. [173].

A further adverse consequence of C activation by the LNPs is accelerated disintegration in the
lymph and blood due to the formation of the membrane attack complex (MAC, SC5b-9) resulting
membrane damage with in premature release of payload [174-177]. Due to the above adverse impacts
of anti-PEG antibodies on PEGylated drug products, the FDA recommends screening for both anti-
protein and anti-PEG antibodies [178].

Regarding the mechanism of C activation by mRNA-LNPs, an in vitro study revealed that it
proceeds via the alternative pathway [179]. It was also shown in human peripheral blood
mononuclear cells (PBMCs) that C activation may play a causal role in the vaccine-induced secretion
of IL-1p and TNF-a [179].

In addition to the alternative pathway activation, the LNPs exposure to high levels of anti-PEG
antibodies in plasma leads to classical pathway activation. Further pig experiments showed that such
activation can cause anaphylactic shock [173], explaining the increased incidence of anaphylaxis after
mRNA vaccination [169]. However, unlike the constitutive C action by the LNP lipids, the substantial
inter- and intraindividual variation of anti-PEG antibody levels in blood makes this type of antibody-
dependent C activation sporadic. It should also be noted that the SP is also a C activator via the lectin
pathway [12,16]. Thus, at different stages after vaccinations, different C activation pathways can get
involved, putting the body under constant inflammatory pressure.

6.5.3. The LNP Is a Superadjuvant

Adjuvants are vaccine ingredients that enhance the antigen-specific immune responses. The
mRNA vaccines do not contain any added adjuvant, yet they are very efficient inducers of anti-SP
response, which needs to be understood. The above delineated simultaneous activation of the cellular
and humoral innate immunity by the LNPs which may be additive and/or synergistic in immune
stimulation may explain the “superadjuvancy” of the LNP.

Among the experimental evidences for such splendid function, the best known is the robust
proliferation of follicular Th and germinal B cells, B memory cells and plasma cells in the in the lymph
nodes of mice, as well as the release of proinflammatory cytokines and chemokines after
immunization of mice with LNPs [101,180-182]. The explosion of B cell activity may have another
contributor mechanism as well: the phenomenon of autoboosting. In this scenario the B cells,
educated to recognize the SP on virus infected cells, also recognize the SP on the APC, an interaction
that normally occurs when the already primed B cells encounter the antigen at a second time, after
the booster injection. Thus, the distinction of memory B cells may become questionable, the naive B
cells may readily transform to plasma cells. Hence, in the context of mRNA-LNP vaccines, the LNP
may be considered as a pharmacologically active ingredient [183], a "super adjuvant”.

6.5.4. The LNP Is a Fusogenic Transfecting Agent

Another major adverse impacts of ionizable lipids is their fusogenic activity. Since the original
mission of the type of LNP used for vaccinations was transfection of cells in gene therapy, the
selection of ionizable lipid component was based, among others, on its fusogenic potential. Actually,
the clinical success of liver-targeted patisiran (Onpattro), the first FDA-approved gene therapy
against amyloidosis which used a fusogenic lipid in the LNP [184] was an important contributor to
the selection of ALC 0315 for Comirnaty, although the latter was not intended to directly target the
liver or other organs. As shown in Figure 3, the ionizable fusogenic lipids in Onpattro, Comirnaty
and DOPE/DOSPA, components of the best-known transfection agent, lipofectamine [185], are very
similar in having an ionizable amino group at one end, and multiple membrane-affine fatty acid
chains, at the other. It is therefore not surprising that Cominaty transfects cells beyond the APCs in
the lymph nodes draining the deltoid muscle.

The capability of LNPs to deliver mRNA in different body cells via fusion was shown, among
others, by Pardi et al. in 2015 [60] that 24 min after deep muscle injection of luciferase mRNA-LNP in
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mice, intense fluorescence emerged in the liver. It was also observed that superficial muscle injection
entailed less protein translation in the liver, suggesting that the injection site and depth are critical
variables in LNP spreading [60]. More relevantly to the vaccine campaign, in a preclinical study by
Pfizer/BioNTech, tritiated lipid marker was used to explore the biodistribution of Comirnaty-
equivalent luciferase-mRNA-LNP in rats [65]. The study showed 2.8% of radioactivity in the plasma
15 min after the LNP injection, peaking between 1-4 h and distribution mainly into the liver, adrenal
glands, spleen and ovaries in >2% over 48 h [65]. Hoverer <2% radioactivity was also seen in 12 other
organs. Yet in further studies, the W-mRNA was detected in the brain, heart, liver, spleen, ovaries,
testes, and bone marrow and blood after vaccination of rats with mRNA-LNPs. Filling the gap in
LNP tissue distribution studies in large animals, Ferraresso et al. [186] found that exogenous protein
expression occurred in all major organs in swine when injected i.v. with a relatively low dose of
mRNA encapsulated in a clinically relevant LNP formulation. Exogenous protein was detected in the
liver, spleen, lung, heart, uterus, colon, stomach, kidney, small intestine, and brain, as well as in
circulating white blood cells and platelets, and bone marrow megakaryocytes and hematopoietic
stem cells. These results showed that nearly all major organs are “viable targets for mRNA therapies”
[186], while the coins’ other side is that it may be difficult, if possible at all, to exclusively target certain
cells with LNPs without off-target effects.

These and other data, reviewed by Pateev [187], attest to rapid multiorgan distribution and
transfection of body cells with the spike protein-mRNA. The consequence is the same as described
for APC above, proteasome processing of translated spike protein triggering Cytotoxic T cell damage
with cell injury or death. This process explains the multiorgan autoimmune phenomena.
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Figure 6. Chemicals structures of ionizable lipids in A) Onpattro, B) Comirnaty and C) Lipofectamine 3000,
containing DOSPA and DOPE at 3/1 mol ratio [185]. It should be noted that the pKa of DOSPA is much higher
than that of the ionizable cationic lipids used in mRNA-LNPs.
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6.6. The PEG on the LNP Surface Is Immune Reactive and Immunogenic

While the intrinsic C activation by the vaccine lipids is likely to be a key contributor to the LNPs’
super adjuvant effect, the mRNA-LNPs can activate C via another way, too, depending on an extrinsic
factor: access to anti-PEG antibodies. This activation proceeds via the classical pathway and may
synergize with the constitutive activation by the lipids via the C3 amplification loop [188]. The main
consequences of such occasional C activation are discussed below.

6.6.1. True and Pseudoallergic Reactogenicity

The first alarming AEs, observed shortly after the vaccination campaign began in 2020
December, was a cumulation of allergic reactions to the vaccine, some escalating to anaphylaxis [170].
Similar reactions and were reported in many other vaccination centers in different countries, leading
to new guidelines for vaccine eligibility, excluding people with severe allergies [189]. Nevertheless,
the incidence rate of mRNA-induced anaphylaxis is still more common than observed with other
vaccines, e.g., 64-fold increase relative to flu vaccines. Since these reactions cannot be linked to
specific allergy against any vaccine ingredient, the most likely mechanism is C activation-related
pseudoallergy (CARPA) [167-169,173]. Solid evidence for a causal role of anti-PEG antibodies in C
activation-related anaphylactic shock was recently obtained in pigs [173].

6.6.2. Anti-PEG Immunogenicity

Considering the bridging role of C activation between innate and adaptive immunity [190,191],
C activation by the LNPs is likely to play a causal or co-stimulatory role in the anti-PEG
immunogenicity of mRNA vaccines. Such activity was recently shown by Kozma et al., in recipients
of Comirnaty and Spikevax, after the second and third booster injection. As shown in Figure 4A and
B, the levels of anti-PEG IgG and IgM rose over the pre-vaccination baseline with an order of
magnitude in the case of Spikevax, while Comirnaty caused a smaller but significant rise of anti-PEG
IgM after the second booster injection (Figure 4B). The connection between blood anti-PEG antibody
levels and allergic reactions is demonstrated in the significantly higher anti-PEG IgG and IgM in AE
reactors compared to non-reactors (Figure 4C, D). This study also revealed the presence and highly
left-skewed distribution of preexisting anti-PEG IgG and IgM in 98-99 % of 116-118 healthy
unvaccinated blood donors, among whom 3-4% were ‘anti-PEG Ab supercarriers” displaying
extremely high antibody levels (Figure 4 E, F) [192]. The greater immunogenicity of Spikevax
compared to Comirnaty [192] is consistent with the results of Carreno et al and Ju et al., [193,194] and
the finding of Comirnaty’s immunogenicity (Figure 4B) was confirmed by Bavli et al. [195] by
showing significant increases in mean anti-PEG IgG from 7.8 to 17.5 lg/mL three weeks after
immunization with Comirnaty [195].
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Figure 7. Anti-PEG antibody levels and changes after vaccination with mRNA-LNP vaccines. A, B. by mRNA
vaccines Pre-vaccination and postvaccine levels and correlation with HSRs/anaphylaxis. anti-PEG antibody
concentrations in a mixed population of blood donors. Anti-PEG-IgG (A, green) and anti-PEG-IgM (B, red)
values were sorted in growing order. The bottom bars (which look like lines) are absolute Ab concentrations.
The inserted probability distribution histograms are made from the log of absolute Ab levels, grouped into bins

on the abscissa.

6.7. The LNP Is Unstable in Water

The nanoparticles in mRNA-LNP vaccines are not as stable as the traditional therapeutic
liposomes. At the pH of human blood or tissue fluids, the ionic interaction between the ionizable
lipid (BNT-0315) and the negatively charged mRNA might lose dominance, and the complex may be
held together, at least in part, by hydrogen bonds [55]. Also, as revealed by electron microscopic
images, the phospholipid bilayer coat of Comirnaty NPs lacks continuity, mono- and bilayers alter,
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implying less packaging and barrier functions compared to liposomes. A part of the LNPs are
bicompartmental with mRNA-free blebs budding out, which was associated with increased the
transfection potency [196].

Nano-mechanically, the Comirnaty NPs are soft, compliant structures, that were shown by
multiple experimental approaches to be in a “liquid state” [59]. These unique features of mRNA-
LNPs may contribute to the inherent instability of vaccine NPs whose shelf-life, after opening the
thawed vials, is 24h [197]. An electron microscopic study showed that during long storage at 4°C the
Comirnaty NPs are prone for disintegration, yielding snake-like winding nano-segments
hypothetically identified as mRNA lipoplexes [55]. This is illustrated in Figure 6, which shows an
electron microscopy image of Comirnaty LNPs stained with uranyl acetate after 7-day storage at 4°C.
While other therapeutic liposomes show no morphological changes during such storage time, most
of the nanoparticles in Comirnaty display major transformations, mainly fusion and disintegration,
with the appearance of worm-, or snake-like structures presumably mRNA-lipoplexes.

6.8. The Spike Protein Is Enriched with Proline

Although the public understanding originally was that the recombinant SP would persist in the
body only for a few days or weeks, in reality, clinical studies now report that modified SARS-CoV-2
mRNA routinely persist up to a month from injection and can be detected in cardiac and skeletal
muscle at sites of inflammation and fibrosis, while the recombinant SP may persist a little over half a
year in blood. This can be explained with double proline substitution (often called the "2P mutation")
of two amino acids in the full-length SP encoded by Comirnaty's codon-optimized mRNA.

Proline is a unique amino acid often found in proteins where structural stability is required. It
has a distinctive cyclic structure where the amino group is connected to the side chain, making it a
"secondary" amine rather than the usual "primary" amine found in other amino acids. This rigidity
can cause kinks or bends in protein structures, which influences protein folding, stability, and
flexibility. Furthermore, proline and hydroxyproline emerge as prominent deuterium (heavy
hydrogen) binding sites in structural proteins lending robust isotopic stability to the protein that
resists not only enzymatic breakdown, but virtually all (non)-enzymatic cleavage mechanisms known
in chemistry [198,199].

These effects combined stabilizes the SP in the pre-fusion peplomer conformation, which is
preferred for immunogenicity [200]. This change also reduces the protein’s metabolism and prolongs
its circulation time, potentially contributing to its slow-developing harmful effects and widespread
distribution throughout the body, playing a key role in the chronic side effects of the vaccine.

6.9. The Injectable Vaccines May Contain Contaminations with Plasmid DNA and Inorganic Elements

Several studies reported different undeclared contaminants in the Pfizer mRNA vaccine
[34,201,202], including segments of the plasmid DNA vector used as the template for in vitro
transcription of SP DNA to mRNA. As discussed in the section on turbo cancers, integration of these
DNA fragments, including the tumor promoter SV40, into the host DNA, can be shown in vitro, but
the evidence for their contribution to “turbo” malignancy in vivo is mostly empirical, heavily argued
in the cancer field.

DNA contamination in the vaccine as source of cancerogenic mutagenesis was demonstrated,
among others [203] by Kammerer et al., who found large amounts of residual DNA in Comirnaty that
included the monkey Simian virus’ cancerogenic promoter/enhancer sequence, known as SV40 [204].
As for other contaminants, Diblasi et al. [34] reported the presence of 55 undeclared chemical
elements in 6 different brands of COVID-19 vaccines, including Comirnaty and Spikevax [34]. Except
for noble gases, the undeclared elements were from all groups of the periodic table, some with
luminescent and magnetic properties. Beyond the cytotoxicity of lanthanides, high concentrations of
the heavy metals detected have been associated with toxic effects in humans. The range of detected
elements showed substantial variation across different Covid-19 vaccine brands and sampling times,
for example Comirnaty, 21-25 different elements were detected in different batches, samples at
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different times, with only a few declared in the vaccine’s specification. This inconsistency led the
authors to the conclusion that the differences arise because of dynamic nature of the nanoscale self-
assembling nanostructures over time. In fact, other studies report different exotic sub- or multimicron
particles in the mRNA vaccines, such as ribbons, sheets, nanotubes, nano dots and nano scrolls [205].
These represent lipid self-assemblies, mRNA lipoplexes or different ion-lipid complexes and crystals,
graphene oxide, calcium carbonate with graphene inclusions, iron oxide, PEG and many more multi-
molecular complexes.

Nonetheless, neither the source of these contaminations nor their contribution to AEs were
determined and remain to be explored in the future. The fact that they were present in all vaccines
points to a systemic issue with the physical and chemical properties of the vaccines, rather than to a
fault of any particular brand or process.

In the lack of experimental data or hypotheses regarding the causality between molecular self-
assemblies and AEs, one theoretical mechanism is C activation. The causal role of this phenomenon
in AEs was discussed in the context of adverse LNP effects (6.4), which also applies to alternative
nanoarchitecture including vaccine contaminations. As is known, urate, hydroxyapatite and
cholesterol crystals [206-210], organic and inorganic phosphates [211,212], needle-structures
[213,214] or other artificial, non-biological surfaces can activate the C system involving both the
classical and the alternative pathways. Complement activation, as mentioned earlier, represents a
major proinflammatory stimulus.

7. The Issue of Turbo Cancer, Alias Conspiracy Cancer

The close temporal relationship of some haemato-lymphoproliferative and other malignant
illnesses with mRNA vaccinations, mainly after booster injections, led to the concept of “turbo
cancer” [51,215-219], a highly debated assertion on the rise of rapidly progressing new cancers
following vaccinations with mRNA vaccines. It is considered as an anti-vaccination conspiracy
theory  that is not supported by mainstream cancer research (Wikipedia). Nevertheless, it has
several scientific explanations, one of which is insertion mutagenesis [203,204], i.e., the insertion of
replication-competent plasmid DNA sequences into the host DNA. DNA contamination in the
vaccine as source of cancerogenic mutagenesis was demonstrated, among others, by Kammerer et al.,
who found large amounts of residual DNA in Comirnaty that included the monkey Simian virus’
cancerogenic promoter/enhancer sequence, known as SV40 [204]. However, critics of the turbo cancer
concept point to lack of credible evidence that the in vitro findings are relevant to humans in vivo,
given the huge differences between the in vitro and in vivo conditions of insertional mutagenesis,
frameshift mutation or somatic hypermutation, the other causes implicated in vaccine-induced
tumorigenesis.

Notwithstanding the claim on lack of credible scientific evidence, there are experimental and
clinical data that support the turbo cancer concept. Nacionales et al described ectopic lymphoid tissue
proliferation in mice injected with mRNA [220], whose features are reproduced by the substantially
increased rate of human malignant B and T cell lymphomas and lymphoid leukemias [219,221]. Thus,
Gentilini, et al reviewed 28 reports on malignancies developed soon after mRNA-LNP Covid
vaccination, and 26 of them were B- cell and T cell lymphoproliferative disorders [221]. The authors
argued that the time correlation between vaccination and symptoms met the Hill's criteria for
causation, a group of nine principles establishing epidemiologic evidence of a causal
relationship between a presumed cause and an observed effect [222].

Further explanations for turbo cancer, alias “conspiracy cancer” include postvaccination decline
of adaptive and innate immune responses [215]; lymphopenia with suppression of type I interferon
response [73,223]; inhibition of p53 SP tumor suppressor protein [224], tumorigenic effect of
methylated pseudouridine [225-227]; the blocking of innate and specific IgG1 antitumor responses
by nonspecific IgG4 via inhibition of Fc receptor (called fragment crystallizable gamma receptor IIb,
FcyRIIB) mediated activation of B cells, dendritic cells and macrophages [228]; downregulation of
tumor suppressor genes among others, by exosome-spread non-coding micro-RNAs (miRNAs, ~22
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nucleotides) and G-quadruplexes (four-stranded regions in guanine-enriched mRNAs) [127,216,229-
231]. Thus, there is a multitude of possible vaccine effects considered to cause turbo cancer, implying
“turbo-vaccine-induced cancer”.

8. Outlook

The mRNA-LNP-based vaccines have played a pivotal role in combating the COVID-19
pandemic and remain the leading choice for stimulating immunity against new SARS-CoV-2
variants. This technology represents a revolutionary advancement in vaccine science, offering
significant advantages such as simplified, accelerated, and cost-effective production. Its flexibility
allows for rapid adaptation to viral mutations and the potential to deliver multiple antigens
simultaneously, enabling the development of combined vaccines against multiple viral strains. The
assertions by the manufacturers, regulatory agencies (WHO, CDC, FDA), major healthcare
institutions and other authorities that these vaccines are effective and safe enabled continued
promotion and unforeseen investment into this technology. Accordingly, the US FDA recently
approved Moderna's second mRNA vaccine for RSV (mRESVIA, mRNA-1345) [232,233] and in
August 2024, it endorsed the use of updated versions of mRNA vaccines (targeting the Omicron
variant KP.2 strain) for both adults and children, granting "emergency use" authorization for babies
aged 6 months or older [234]. Beyond the fully authorized COVID-19 and RSV vaccines, >50 National
Clinical Trial (NCT)-identified Phase I-1II clinical trials are in progress against Covid-19, infectious
diseases and cancer [33,235-237] and over 300 mRNA-LNP-based drugs are in preclinical
development by scores of companies. The mRNA-LNP-based antiviral vaccine trials are against
influenza, cytomegalovirus, Epstein-Barr virus, varicella-zoster virus, herpes simplex virus, Zika
virus, norovirus (stomach flu) and HIV [33,235-237]. The global market for mRNA vaccines and
therapeutics is already in the multibillion-dollar range and is projected to grow several-fold within a
few years [238-240]. Clearly, the mRNA-LNPs technology is thought to have remarkable promise for
personalized, more effective treatments for a range of unmet medical needs.

However, the picture may not be so crystal clear, as the mRNA vaccines may combine the highly
esteemed capability for anti-COVID protection with inflammatory, auto immunogen and -arguably-
cancerogenic potencies. Concerns about this unpleasant side of a Janus face stems in more than 2,000
scientific studies, moratorium calls by physician coalitions, legal depositions and compensation
lawsuits, intense debates even in top political forums (British Parliament and the U.S. Congress), and
the abundance of spoken and written information through public hearings and various media outlets
featuring experts, vaccine injured people and concerned public leaders [241-247].

In light of negative efficacy, it has been questioned whether the booster injections provide any
defense against COVID-19 [97], and whether the vaccine’s overall benefits outweigh the potential
harms, particularly these days, when the pandemic is over, and the pathogenicity of new strains is
not as expressed as that of the early variants [241-248].

However, as mentioned, it is not the breadth of AEs but their low frequency that has been
stressed as basis of the “safe” declaration. In fact, the 0.03-0.5 % reported incidence rate represents
low risk indicators by pharmacotherapy standards, however, vaccines must meet higher standards
since they are given to large populations of healthy people. Quantifying the AE incidence as being
“rare” may be subjective without the context and reference point used for the assessment.

Based on these and many other reasons, the problem is spurring calls for temporary moratorium
on the currently used mRNA vaccine formulations [241]. An important development along this line
is the hold on Moderna’s Phase I vaccine trial for RSV vaccine in children due to severe lower
respiratory complications [249]. The fact that mRNA vaccines cause the same disease as the virus
against which they were developed supports the contention that these prophylactic immune-gene
therapies can act like attenuated virus vaccines.

In summary, the opposing views on the safety of mRNA-LNP vaccines, leading to an
unparalleled division of society, underscores the importance of better understanding the AEs of
mRNA-LNP-based COVID-19 vaccines and plan the future of this technology platform accordingly
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[250]. Beyond identifying the biological barriers inherent in the technology and find solutions for
their overcoming, a major goal of future research in this field is the identification of people at risk for
AEs and complications. The present comprehensive review of facts and hypotheses may contribute
to achieving these goals, as well as to avoid the “Semmelweis reflex”, a metaphorical term referring
to the human tendency to disregard or downplay new evidence or ideas that contradict established
paradigms.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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