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Abstract

Therapeutic applications of synthetic mRNA were proposed more than 30 years ago, and are
currently the basis of one of the vaccine platforms used at a massive scale as part of the public
health strategy to get COVID-19 under control. To date, there are no published studies on the
biodistribution, cellular uptake, endosomal escape, translation rates, functional half-life and
inactivation kinetics of synthetic mRNA, rates and duration of vaccine-induced antigen expression in
different cell types. Furthermore, despite the assumption that there is no possibility of genomic
integration of therapeutic synthetic mRNA, only one recent study has examined interactions
between vaccine mRNA and the genome of transfected cells, and reported that an endogenous
retrotransposon, LINE-1 is unsilenced following mRNA entry to the cell, leading to reverse
transcription of full length vaccine mRNA sequences, and nuclear entry. This finding should be a
major safety concern, given the possibility of synthetic mRNA-driven epigenetic and genomic
modifications arising. We propose that in susceptible individuals, cytosolic clearance of nucleotide
modified synthetic (nms-mRNAs) is impeded. Sustained presence of nms-mRNA in the cytoplasm
deregulates and activates endogenous transposable elements (TEs), causing some of the mRNA
copies to be reverse transcribed. The cytosolic accumulation of the nms-mRNA and the reverse
transcribed cDNA molecules activates RNA and DNA sensory pathways. Their concurrent activation
initiates a synchronized innate response against non-self nucleic acids, prompting type-I interferon
and pro-inflammatory cytokine production which if unregulated, leads to autoinflammatory and
autoimmune conditions, while activated TEs increase the risk of insertional mutagenesis of the
reverse transcribed molecules, which can disrupt coding regions, enhance the risk of mutations in
tumour suppressor genes, and lead to sustained DNA damage. Susceptible individuals would then
expectedly have an increased risk of DNA damage, chronic autoinflammation, autoimmunity and
cancer. In light of the current mass administration of nms-mRNA vaccines, it is essential and urgent
to fully understand the intracellular cascades initiated by cellular uptake of synthetic mRNA and the

consequences of these molecular events.
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Introduction

Exogenous mRNA was first proposed in 1990 for use in therapeutic [1] and preventative [2,3]
applications. Since then, there has been marked, and growing, interest in developing novel RNA-
based therapeutics. Current clinical applications of two main types of RNA-based technology:
messenger RNA (mRNA) and small interfering RNA (siRNA) are focused on cancer immunotherapy,
protein replacement therapy, genome editing and vaccination. The central idea surrrounding this
technology is simple: mRNA-based applications allow the delivery of genetic instructions to correct a
somatic defect by synthesizing the normal version of a missing or altered protein [1], or the delivery
of instructions to create an antigenic protein to induce specific immune responses [4]; while siRNA-
based applications silence disease-related genes in a sequence-specific manner [5]. Prior to the
COVID-19 pandemic, the only RNA-based therapeutics that had received clinical approval from the
U.S. Food and Drug Administration (FDA) or the European Medicines Agency (EMA) are four
synthetic lipid nanoparticle (LNP)-mRNA or chemically-modified siRNA drugs (patisiran, givosiran,
lumasiran, and inclisiran) [5]. These are commercially available to treat uncommon conditions, such
as acute hepatic porphyria, type | hyperoxaluria, heterozygous familial hypercholesterolemia, and

hereditary transthyretin-mediated amyloidosis.

Despite nearly three decades since it was first shown that mRNA could be used to generate specific
immune responses against a pathogen, prior to the COVID-19 pandemic, vaccines based on mRNA
for human use had only been developed and tested in pre-clinical and clinical trials [6]. In 2020, as a
result of the COVID-19 pandemic, mRNA-based vaccines were developed at an unprecedented
speed. In less than a year, two mRNA-based COVID-19 vaccines were designed, manufactured,
tested and authorized for general and widespread use in the human population. An emergency
public health situation can oftentimes justify rapid decisions, and some will necessarily be based on
less than the minimum desirable information. However, regardless of the emergency, some corners
must never be cut, particularly those that, if overlooked, could seriously impact human health. In
other words, even emergency public health measures should heed the fundamental premise of
primum non nocere, perhaps one of the main precepts of bioethics that all medical students are
taught throughout the world [7,8]. Although it can be argued that every preventative or therapeutic

pharmacological intervention is a two-edged sword if we consider every single potential side effect



that could be associated with its use [9], before consenting to receiving the COVID-19 mRNA
vaccines, recipients must certainly be informed about what is known and what is not known in terms
of immediate- and long-term safety. This was explicitly reminded to the medical and scientific
community soon after vaccine authorization [10,11], but has not been done systematically, at least

not in most countries.

The safety profile of nucleoside-modified synthetic mRNA (hereafter, nms-mRNA) is far from
completely understood. Trials to evaluate the biodistribution, cellular uptake, endosomal escape,
translation rates, functional half-life and inactivation kinetics of synthetic mRNA, rates and duration
of vaccine-induced antigen expression in different cell types, as well as potential interactions with
the host genome were bypassed. One of the major safety concerns of introducing nms-mRNA, such
as that contained in the two approved mRNA COVID-19 vaccines, is the possibility that such
modifications will ultimately lead to epigenetic and/or genomic modifications in dividing and non-
dividing cells. Regrettably, despite the lack of information, most scientific reviews that address risks
and benefits of these vaccine platforms underscore their high levels of safety (e.g. [12-14]) and
claim that there is no risk of genomic integration with these vaccines [15,16], as can occur — albeit
with low frequency - with plasmid DNA-based vaccines [17] or some vectorized vaccines [18,19].
Nevertheless, it must be understood that before the synthetic mRNA COVID-19 vaccine
authorization and mass rollout, to the best of our knowledge, not a single published paper had
experimentally examined the possibility of occurrence of epigenetic phenomena (such as
modifications of the chromatin structure), chromosomal integration of retrotranscribed nms-mRNA,
genotoxicity and oncogenesis following mRNA vaccine uptake. In the 14 months following vaccine
authorization, only one peer-reviewed study that we know of examined one of these possibilities,
showing that vaccine nms-mRNA can activate the expression of endogenous transposable elements

(TEs), undergo reverse transcription and enter the cell nucleus [20].

The early 2020 consensus report of the scientific working meeting of the Coalition for Epidemic
Preparedness Innovations (CEPI) and the Brighton Collaboration (BC) Safety Platform for Emergency
Vaccines (SPEAC) that focused on reducing safety concerns of the COVID-19 vaccines being designed
did not present evidence of any study on nms-mRNA potential genotoxicity, nor did they express any
concern about the lack of studies on this subject (see [21]). What, then, is the scientific evidence
that has sustained the claim that the vaccines based on nms-mRNA used to immunize against
COVID-19 cannot insert into the host genome? Which body of scientific evidence has shown that no
adverse effects related to genotoxicity or carcinogenicity are to be expected in the cells of vaccine
recipients? A thorough review of the peer-reviewed literature on synthetic mRNA vaccine safety

shows that all papers mention high levels of safety without providing any citation, or that they



provide a citation for a recent review study [22], which states that exogenous mRNA is a non-
integrating platform and that there is “no potential risk of [..] or insertional mutagenesis”, without
providing any scientific evidence to back this claim. In fact, not one of the 38 studies cited in that
review paper to show a list of the mRNA vaccines available for in vivo preclinical use, had
investigated genotoxicity or potential oncogenesis. Similarly, for all of the eight mRNA vaccines that
were undergoing or had completed human clinical trials cited [22], no such studies had been

conducted.

Following their initial deployment in December 2020, COVID-19 mRNA vaccines have been widely
distributed to individuals from many countries across the world. At the time of writing this paper,
according to data from the World Health Organization?, more than 782 million doses of mMRNA
vaccines have been administered to date. If we consider that, according to the WHO, on average,
people have received 1.69 doses of these vaccines?, then based on the number of doses inoculated,
more than 462 million people have received between at least one dose of an nms-mRNA vaccine.
Furthermore, nms-mRNA vaccines are currently under development to protect against other
infectious and non-infectious diseases [23]. In light of such a massive administration of this type of
vaccines, identifying potential safety signals, understanding the mechanisms that can cause such
events, and adjusting recommendations accordingly is not only expected from the scientific and

medical community, it is imperative.
The hypothesis

We hypothesize that in genetically- or physiologically-susceptible individuals, clearance of nms-
mRNAs is hampered. Sustained presence of nms-mRNA in the cytoplasm deregulates endogenous
transposable elements (TEs), leading to reverse transcription of the vaccine-mRNA. Intracellular
accumulation of the nms-mRNA and the reverse transcribed cDNA molecules triggers intrinsic
cytosolic RNA and DNA sensory pathways. Simultaneous activation of these pathways initiates a
coordinated innate response against both types of non-self nucleic acids, prompting type-I
interferon and pro-inflammatory cytokine production which if unregulated, leads to
autoinflammatory and autoimmune conditions. Activated TEs increase the risk of insertional
mutagenesis of the retrotranscribed vaccine mRNA, which can disrupt coding regions, enhance the
risk of mutations in tumour suppressor genes, and lead to sustained DNA damage. Our hypothesis is

represented graphically in Figure 1.

Evaluation of the hypothesis

1 https://ourworldindata.org/grapher/covid-vaccine-doses-by-manufacturer (accessed on 7 september 2022).
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Innate recognition and intracellular fate of synthetic mRNA

Upon viral infection, the intracellular sensing pathways that mediate innate immune detection of
foreign RNA are endosomal toll-like receptors (TLRs) 3, 7 and 8, and cytosolic RIG-I-like receptors
(RLRs). The RLR family comprises three members: retinoic acid inducible gene | (RIG-1), melanoma
differentiation-associated gene 5 (MDA-5), and the laboratory of genetics and physiology 2 (LGP2)
gene [24]. Activated RLRs bind to the mitochondrial antiviral signalling protein (MAVS), in turn up-
regulating TBK1 and IKK kinases, which activate transcription factors NF-kB, IRF-3, and IRF-7. When
activated, these factors translocate to the nucleus and initiate a potent response that includes the
inducible production of type | interferons (IFNs) and pro-inflammatory cytokines. These molecules
up-regulate the expression of several other genes, many of which have marked antiviral effects,
including degradation of foreign nucleic acids [25,26]. In addition to inducing type I IFNs, RLRs and

MAVS also activate apoptosis, promoting self-destruction of the infected cell [27].

Viral RNA can also trigger cell death and induce inflammatory cytokines such as IL-1pB via the
activation of the nucleotide-binding domain, leucine-rich repeat—containing proteins (NLRs) NLRP3
inflammasome [28]. In addition, in certain cell lineages there are pre-existing cellular intrinsic
antiviral factors, such as RNASE L, the IFN-inducible dsRNA-dependent protein kinase R (PKR),
apolipoprotein B mRNA—editing enzyme catalytic polypeptide (APOBEC3G), tripartite motif
containing proteins (TRIM) TRIMS5a, Tetherin/BST-2, SAMHD1, TREX1, IFITM, and the IFIT family
proteins, that can bind to viral components and block viral replication directly, even before the onset
of the IFN response, although most of these factors can be further induced by IFNs to amplify their

antiviral effects [29-31].

In contrast to viral RNA, vaccine nms-mRNA has been modified by the incorporation of nucleobase
N1-methylpseudouridine (m1W) [32] in order to stabilize and protect from nuclease degradation,
prolong cytosolic half-life, promote binding to the small ribosomal subunit, and improve translation
efficiency [33]. Whether the accumulation of nms-mRNA within cells can activate cytosolic sensors
similarly to what occurs with viral RNA has never been studied in depth. One of the few published
studies on this topic showed that RNA molecules with modified nucleotides interrupt early signalling
of the RIG-I-like innate immune activation pathway, and RNA containing pseudouridine binds to RIG-
| but fails to trigger the canonical RIG-I conformational changes associated with robust innate
immune signalling [34]. However, it is reasonable to assume that nms-mRNA can still induce a type-|
IFN-dependent immune response via innate immune receptor recognition [35—-37]. MDA-5, for
instance, does not only recognize viral RNA; it also recognizes synthetic RNA, and endogenous RNA
[38], and can bind to even one single strand of dsRNA [39]. There is evidence that binding of non-

modified exogenous mRNA to host RLRs activates innate immune pathways that lead to an “antiviral



state” in vaccine-transfected cells, reducing intracellular stability and translation rates of the foreign
mMRNA [40]. However, this does not appear to be the case for the nms-mRNA of current vaccines, as
it is now known that the modified nucleic acid can be detected within the germinal centres of

axillary lymph nodes of vaccines for at least 60 days after inoculation [41].

Although much has been learned about patterns that serve as recognition motifs for intracellular
sensors of nucleic acids, there is not yet a real understanding of the recognition of nms-mRNA,
contained in currently available mRNA vaccines. RIG-I's recognition signal of cytosolic RNA is a free
5’-triphosphate [42,43]. Additional studies that used chemically synthesized RNAs found that a base-
paired region in the range of 10 to 20 nucleotides proximal to the free 5’-triphosphate end of the
RNA ligand is essential for immunostimulatory activity via RIG-I [44,45]., rather than any RNA
sequence per se [42]. Similarly, it is RNA length and secondary structures, and not the RNA
sequence, that are considered key determinants of MDAS activation, and of the involvement of the

signalling adaptor MAVS [46,47].

It is possible that instead of activating IFNs directly, cellular restriction factors will detect and inhibit
translation of smn-mRNAs even before the onset of the IFN response, making RNA recognition one
of the first triggers of the innate immune responses. Among these restriction factors are IFN-induced
proteins with tetratricopeptide repeats (IFIT) cytoplasmic proteins (reviewed in [29,48]). The IFIT
proteins can be expressed by IFN-independent pathways, and can recognize viral RNA that contains
a 5'-triphosphate (5'-ppp) moiety [49] or lacks 2’-O-methylation [50]. In other words, IFITs recognize
specific RNA motifs found in viral RNA but absent in cellular mRNA, and direct binding of IFIT
proteins to 5'-ppp viral RNA inhibits viral translation and replication, without the need for IFN
activation. Thus, it is reasonable to assume that the intracellular accumulation and persistence of
nms-mRNA following vaccine uptake could directly activate MDA-5 and IFIT family proteins, among
other RNA sensors, initiating an orchestrated innate immune reaction against the synthetic RNAs

and leading to a chronic ‘antiviral cellular state’.

Regardless of what is known about viral genomic and subgenomic RNA motif recognition by RLRs
[51], it remains unclear how and for how long the nms-mRNAs interact with intracellular RNA
sensors. The fate of highly stabilized nms-mRNA within the cytoplasm is essential to understand; but
as yet, remains unexplored and was not considered prior to the emergency use authorization and
approval of nms-mRNA vaccines for human use. Similarly, the presence of truncated mRNAs, short
dsRNA fragments, and other contaminants within the vaccines [52] that could further alter immune
recognition and deregulate immune signalling pathways has not, to the best of our knowledge, been
examined. However, considering the wide biodistribution of mRNA-nanolipid vaccine compounds

[53], as well as the increased translational capacity and persistence of synthetic modified mRNA



[33], itis not unreasonable to assume that mRNA-based vaccines could induce sustained
inflammation and a persistent anti-viral cellular state in various tissues. The organism-level

consequences of the herein hypothesized molecular events will be discussed later in this paper.
Reverse-transcription and genomic integration of foreign RNA

It was generally believed that the genome of RNA viruses could not integrate into the host's
genome. However, evidence of integration of non-retroviral subgenomic viral RNA into the host cell
has been described for some viruses, such as Ebola virus, Marburg virus [54], vesicular stomatitis
virus and lymphocytic choriomeningitis virus [55-57] in humans and other mammalian hosts [58],
and it is now thought that human retrotransposons can facilitate reverse transcription of non-
retroviral viral RNA genomes and, subsequently, enable their genomic insertion [56]. SARS-CoV-2
RNA has been detected for months in many recovered COVID-19 patients that were not shedding
infectious virus, and a pre-print of a study that followed a cohort of 50 individuals that were
exhibiting symptoms of long-COVID post vaccination, reported a similar finding [59]. A proposed
explanation of this phenomenon was that parts of the SARS-CoV-2 genome could be undergoing
reverse-transcription and genomic integration within infected somatic cells, leading to persistent
transcription of the integrated sequences. A recent paper confirmed this hypothesis by an in vitro
study that detected the presence of reverse-transcribed copies of SARS-CoV-2 sequences in
transfected human cells and by finding active transcription of the integrated subgenomic SARS-CoV-
2 segments [60]. Given that the integrated sequences only corresponded to the 3’ end of the SARS-
CoV-2 genome, viable infectious virions would not be able to be produced as a result of such
genomic insertion, although viral-host chimeric transcripts were observed in various tissues of two

COVID-19 patients analysed [60].

When considering mRNA vaccines, the current paradigm is that the synthetic RNA cannot integrate
into the genome of the vaccine recipients’ cells. However, a recent study that used hepatic cancer
cells [20] showed that the Pfizer/BioNTech vaccine mRNA BNT162b2 can undergo reverse-
transcription within the cytoplasm of human cells and enter the nucleus following the activation of
LINE-1, a genomic transposable element (TE). Genomic TEs, which comprise endogenous
retroviruses (ERVs), long interspersed nuclear elements (LINEs), short interspersed nuclear elements
(SINEs), and DNA transposons, are repetitive sequences that, when activated, copy themselves or
other sequences and insert these copies into the genome [61]. Being a source of genomic instability,
they are mostly repressed in the majority of mammalian somatic cells, except during early
embryogenesis, and aberrant expression of TEs has been associated with various diseases, from

cancer to autoimmune disorders [62].



Human TEs are amongst the earliest host elements to be deregulated following the entry of a virus
into a cell, and their activity significantly enhances antiviral gene expression, particularly that of IFN-
B [63] and IFN-y [64]. Activity occurs via cis-acting enhancer-promoter or via the erroneous
identification of transcribed TE sequences in the cytoplasm as viral RNA by innate immune sensors.
Studies conducted in mice and in humans have shown that during the course of a viral infection,
expression of ERV and LINE varies, preceding the up-regulation of antiviral genes, immune response
genes, and the major histocompatibility complex (MHC) genes, suggesting that up-regulated TEs are
a key component of conserved, early intracellular host defence responses [63]. Cells can also
aberrantly recognize dsRNA structures adopted by TEs, which resemble viral RNAs, and trigger a
type-I IFN response. In humans, LINE-1 components can trigger innate immune signalling via the
activation of both RIG-I- and MDA-5-mediated RNA sensing pathways that will up-regulate IFN
expression [65] and initiate inflammatory responses via foreign RNA sensing and gene-regulation
[66]. TE-mediated IFN activation play a role in the development of autoimmune diseases

characterized by constitutive type-I IFN activation, cancer, and cell senescence (reviewed by [67]).

Given that Zhang et al. [60] detected a consensus recognition site of the human LINE-1
endonuclease component flanking both ends of the integrated SARS-CoV-2 genomic sequences, they
proposed that the observed phenomenon could be, at least partly, due to LINE-1 involvement. LINE-
1 is highly abundant within the genome of mammals, including humans [68], where it has been
amplifying copies for more than 160 million years [69]. Most of the 500,000 copies of LINE-1
contained in the human genome are present as truncated repeats or copies that contain mutations
that affect retrotransposition [70]; however, there are roughly 150 full-length copies that are
capable of self-copying and transposing into other genomic regions [71]. This cis effect is common in
cells where LINE-1 is not silenced, but there is also an, albeit less common, trans effect that can be
exerted by LINE-1, that results in the reverse transcription and insertion of other genetic sequences

[72].

In the germ line and in most somatic cells of humans, LINE-1 activity is typically suppressed by
different molecular mechanisms, including small interfering RNA (siRNA)-mediated gene silencing
[73], histone and DNA methylation [74], and enzymatic activity of APOBEC3 [64] and SAMHD1
[75,76]. However, prior to implantation, the inner cell mass and trophectoderm cells show de novo
endogenous LINE-1 insertions [77], and in vitro studies with embryonic stem cells and pluripotent
stem cells have described endogenous LINE-1 transcription and translation which lead to
retrotransposition [78]. This is because during the initial stages of embryogenesis, the cellular milieu
supports active retrotransposition of LINE-1 [79], and embryonic somatic cells down-regulate the

molecular restrictions of LINE-1 retrotransposition, most likely because LINE-1 activity plays a key



role in generating somatic mosaicism [80]. Interestingly, in post-natal organisms, some cell types,
including neurons and glial cells, have fewer restrictions on LINE-1 activity leading to somatic
genome variation in the nervous system [70,81], which contributes to neurogenesis [82] but also to
neuropsychiatric diseases when LINE-1 activity is abnormally high [83]. LINE-1 is now also known to
be active in mature T-lymphocytes, where it plays a role in controlling T cell quiescence and

exhaustion [84].

Based on the results reported by Zhang et al. [60], an independent study addressed whether the
same phenomenon of reverse transcription and nuclear entry could be observed for vaccine mRNA.
Using a human hepatic cell line (Huh7) and the Pfizer/BioNTech mRNA vaccine, Aldén et al. [20]
found that, indeed, the exogenous mRNA activates both ORFs of LINE-1, leading to both reverse
transcription and nuclear transposition of the full length vaccine mRNA (BNT162b2) that encodes for
the full SARS-CoV-2 Spike glycoprotein [85]. Reverse transcription occurred in as little as six hours
post vaccine exposure, and the reverse-transcribed BNT162b2 cDNA was found to enter the cell
nucleus [20]. Having chosen a hepatic cell line for the experiment was intentional: a report on the
Pfizer/BioNTech mRNA vaccine pharmacokinetics revealed that the highest concentration of vaccine
mMRNA, second only to the inoculation site, was detected in the liver a few hours after inoculation?,
revealing that the nano-lipid-bound nms-mRNA does not remain in the deltoid muscle or in the
axillary lymph nodes, confirming what was reported in an independent study on vaccine nms-mRNA
bio-distribution [53]. Furthermore, studies of lipid nanoparticle mRNA delivery systems conducted
on rats and mice showed evidence of transient hepatotoxicity [86—88], suggesting that this organ
could be a safety concern for the nms-mRNA vaccines. The results reported by Aldén et al. [20]
should not be generalized, given that the study was done using a cancer cell line, and LINE-1 tends to
be transcriptionally active in cancer cells [89]. However, LINE-1 transcription and protein expression
was higher in the cancer cells exposed to BNT162b2 mRNA than in the cancer cells that received only
saline solution [20], suggesting that reverse transcription and nuclear transposition of the vaccine
mRNA was not due to LINE-1 already being active in the cancer cell line. Simply put, to date, there
are no scientifically valid and biologically relevant reasons to assume that the same phenomenon

could not occur in somatic cells of a person that receives the mRNA vaccine.
LINE-1 mediated inflammation

Host genomic silencing of TE expression is critical in most non-embryogenic tissues to prevent not

only genome damage, but also untimely or sustained inflammation. Failure to silence LINE-1

2 Available online: https://www.ema.europa.eu/en/documents/assessment-report/comirnaty-epar-public-
assessment-report_en.pdf (accessed on 24 April 2022).



retrotransposon expression results in increased expression of locus-specific copies of LINE-1 and is
accompanied by an inflammatory signature associated with IFN activation [90]. However, as
aforementioned, it is becoming increasingly evident that intracellular exposure to foreign RNA (i.e.,
viral or synthetic) can reactivate TEs and co-opt them to initiate an “anti-viral state”. Activation of
TEs is known to occur in SARS-Cov-2 infections [91], similar to what has been observed during
infections with other RNA viruses [92—95], and DNA viruses [96], in different cell-types and host-

species.

Activated TEs may stimulate antiviral gene expression, via cis-acting enhancer functions or via their
recognition as viral motifs by pattern recognition receptors [24], such as RIG-l and MDA-5, that can
detect ssRNA, dsRNA, synthetic RNA and cellular RNA [97]. Furthermore, transcribed TE sequences
are capable of forming dsRNAs that can, in turn, be recognized by pattern recognition receptors as
described earlier, and trigger a sustained anti-viral, pro-inflammatory cellular status [98]. This can
lead to the development of autoimmune and auto-inflammatory diseases [99]. Thus, it is reasonable
to assume that the stabilized and persistent vaccine nms-mRNA could promote and sustain
inflammation in tissues exposed to the vaccine following its biodistribution. A chronic state of active
innate immune responses due to LINE-1 activity would ensue, and sustain and promote reverse
transcription, nuclear importation and genomic integration of retrotranscribed sequences: in other
words, a molecular vicious circle with serious clinical consequences could follow reception of vaccine

nms-mRNA, most likely worsening with each dose received.

LINE-1 mediated DNA damage and p53 gene mutations

Given that LINE-1 transposition of copied sequences requires cleavage of both strands of the
genomic DNA (DSB), unsilencing its activity can cause double-strand DNA breaks in germ-line and
somatic cells [100]. In many cancer cells, LINE-1 activity is known to be correlated with p53
mutations and copy number alterations [89] that are key to carcinogenesis, particularly in breast,
ovarian, endometrial and colon cancers. Other tissues can be similarly affected. For instance, a study
of hepatitis C virus (HCV) cell transformation showed that as a result of sustained inflammation from
chronic infection with HCV, LINE-1 expression is activated before oncogenic transformation, and that
unsilenced LINE-1 contributes to genomic instability of the hepatocellular carcinoma, even after viral
clearance [101]. In vitro induction of LINE-1 expression increased phosphorylation of MRN complex
member RAD50 [89], a catalytic protein complex key for coordinating and sensing DSBs and initiating
the DNA damage response pathway [102]. Thus, unsilenced LINE-1 in somatic tissues that are

expected vaccine targets (i.e. dendritic cells, lymph nodes, muscle cells) and unintended vaccine



targets (e.g. liver, adrenal glands, spleen, ovaries, and brain) [53] could conceivably increase the risk
of genotoxicity and carcinogenesis in those tissues, and given that newly inserted copies of TE
sequences can be transmitted to each successive cellular generation and modify the somatic human
genome [103], sustained activity of LINE-1 from persistent vaccine mRNA could be important for
carginogenesis. As stated before, the risk would conceivably increase with each dose received. These
molecular phenomena would expectedly be more frequent in intended and unintended vaccine
target cells with intrinsic high levels of LINE-1 expression, such glial cells [70,81], T-lymphocytes [84],
senescent cells [104], and in cells with reduced DNA damage repair mechanisms. Susceptibility
would be particularly high for individuals with suppressed or suboptimal cellular adaptive immune
responses, or those with neuropsychiatric diseases, where LINE-1 activity is abnormally high [83]. In
addition, it has already been shown that cells transfected with SARS-CoV-2 Spike gene exhibit an
increased response to DNA damage, ROS production, and a senescent cellular state, which can, in
turn, lead to paracrine senescence in adjacent cells and endothelial dysfunction [105]. Although the
authors of that study speculated that the expectedly brief duration of antigenic stimulation following
vaccination might be insufficient for vaccinated individuals to exhibit similar effects, it is now known
that both nms-mRNA and its encoded protein are viable and expressed for weeks [41], so it is

plausible that such effects would, indeed, be prevalent.

Cytosolic accumulation of DNA activates pro-inflammatory responses

In addition to the recognition of foreign RNA, cytosolic DNA can also be detected by a signalling
cascade termed the IFN-stimulatory DNA (ISD) response. This sensory pathway activates a potent
type-I IFN production via the same transcription factor involved in foreign RNA recognition:
interferon regulatory factor 3 (IRF3) [106]. Earlier in our paper, we described the molecular cascades
that we hypothesize would arise from the persistent stabilized cytosolic nms-mRNA. We will now
describe the hypothesized fate and biological consequences of the cytosolic accumulation of

retrotranscribed vaccine DNA.

Cyclic GMP-AMP synthase (cGAS) is the main cytosolic immune sensor that binds cytosolic double-
stranded DNAs from viruses, bacteria, mitochondria, micronuclei, as well as DNA from endogenous
retroelements. The activation of cGAS generates cyclic dinucleotide cyclic GMP-AMP (cGAMP),
which, in turn, activates a type-I Interferon response via Stimulator of Interferon Genes (STING).
STING signalling can trigger transcriptional activation of NF-kB, initiating the synthesis of pro-
inflammatory cytokines, including type-l IFNs IFN-a and IFN-B [107]. Therefore, the cGAS-STING

pathway mediates immune defence against foreign DNA and against tumour-derived DNA [108,109].



However, aberrant activation of the cGAS-STING pathway by self-DNA leaked into the cytosol or by
failure to eliminate accumulated self-DNA can also lead to autoinflammatory and autoimmune
disease and promote tumorigenesis [109,110]. This is why it is essential for the proper removing of
accrued cytosolic non-productive reverse-transcribed DNA and fragments derived from endogenous
retroelements such as L1 retrotransposons, Long Terminal Repeat (LTR) endogenous retroviruses,
and SINE elements, in order to prevent self-DNA-mediated activation of nucleic acid sensors that

would otherwise upregulate type-I IFN and pro-inflammatory cytokines.

Han and co-workers [111] recently reported that SARS-CoV-2 ORF9b, encoded by an alternative ORF
within the N gene, negatively regulates antiviral immunity by inhibiting the activation of type-l and
type-lll IFNs that are induced by cytosolic dsRNA-sensing pathways of RIG-I/MDA5-MAVS signalling,
and that SARS-CoV-2 infection can also suppress the induction of types | and Il IFNs by TRIF and
STING, which are proteins of the cytosolic DNA-sensing pathway, and of the cGAS-STING signalling
cascade, respectively. Remarkably, the cGAS-STING pathway has been recently reported as a critical
driver of aberrant type-I IFN responses in severe cases of COVID-19, a disease caused by an RNA
virus, not a DNA virus [112]. Given that strict compartmentalization of cellular DNA in the nucleus
and mitochondria is necessary to avoid sensing self-DNA, the source of cytosolic immunostimulatory
DNA following SARS-CoV-2 infection remains unknown but could be explained by LINE-1 driven
reverse transcription following infection [60]. A not mutually exclusive explanation is that the source
of cytosolic DNA in severe COVID-19 patients is fragmented mitochondrial DNA within vascular
endothelial cells caused by mitochondrial dysfunction induced by SARS-CoV-2 Spike glycoprotein
[113]. When released into the cytosol, fragmented mitochondrial DNA could activate the cGAS—
STING pathway within the endothelial cells. Hence, it is reasonable to hypothesize that the reverse
transcribed vaccine mRNAs that accumulated in the cytosol following early nms-mRNA activation of
TEs, leads to the activation of the cGAS-STING pathway. The cytosolic accumulated DNA could
become a self-immunostimulatory molecule leading to cGAS/STING-dependent innate immune

activation.

Trex1 polymorphisms and the accumulation of endogenous retroelements may directly be the

cause of myocarditis following reception of mRNA vaccines

A widely expressed protein in mammalian cells, the 3’->5’" DNA exonuclease, 3’ repair exonuclease 1
(TREX1, previously known as DNase lll), degrades single-stranded DNA and double-stranded DNA
substrates by removing nucleotides from the 3' ends of DNA molecules [114,115]. TREX1 helps
maintain innate immune tolerance to cytosolic self-DNA by removing DNA substrates to prevent the
initiation of autoimmunity. Studies have shown that mutations in TREX1 lead to the accumulation of

self-DNA in the cytosol of TREX1-deficient cells, which, as discussed above, triggers systemic



inflammation and autoimmunity by chronic activation of a cGAS-STING-mediated type-I interferon
response [116]. Examples of autoinflammatory and autoimmune conditions associated with TREX1
mutations are systemic lupus erythematosus, Aicardi-Goutieres syndrome, cryofibrinogenemia,

chilblain lupus, Cree encephalitis, and retinal vasculopathy with cerebral leukodystrophy (reviewed

by [117]).

Unresolved or excessive accumulation of cytosolic DNA directly activates the ISD pathway inducing
robust transcription of the TREX1 gene and initiating IRF3-dependent production of type-I IFN [118].
Increased levels of type-I IFN are typical of autoimmune disorders, likely related to the accumulation
of cytosolic self-DNA due to a disrupted TREX1 enzyme which fails to maintain host innate immune
tolerance to self-DNA and results in an abnormal innate immune response with clinical
consequences. For instance, TREX1 deficient mice develop lethal lymphocytic inflammatory
myocarditis with progressive dilated cardiomyopathy and circulatory failure, as well as pathological
changes in the lymphoid organs, in both the spleen and the thymus, consistent with an autoimmune
cardiomyopathy [119] due to an IFN-dependent response that is characterized by dramatic over-
expression of IFN-B mRNA in heart tissue. Consistent with an autoimmune pathology, serum from
TREX1-deficient mice contained high concentrations of IgG autoantibodies that strongly stained
heart tissue in immunohistochemistry assays. The autoantibodies collected from TREX1-deficient
mice were able to bind to knockout and wild-type heart extracts indistinctly, showing that the
autoantigens associated with inflammatory myocarditis were not specific to the TREX1 knockout
hearts, and broader autoreactivity was observed for sera from older TREX1-deficient mice, as

expected with epitope spreading [118].

These findings should not be overlooked in light of the growing number of cases of acute
myocarditis and myopericarditis reported in mRNA vaccine recipients, particularly in young males
following the second dose [120-122], which led the FDA to issue a warning on the increased risks of
myocarditis and pericarditis following the second dose of a COVID-19 mRNA vaccine3. Considering
that the human TREX1 gene exhibits mutations and that TREX1 gene single nucleotide
polymorphisms (SNPs) have been related to severe outcome of infectious disease [123] and
autoimmune conditions [124] in humans, it is possible that polymorphisms in TREX1 and in other
genes that encode proteins that directly or indirectly regulate cytosolic DNA sensors, may determine

susceptibility to nms-mRNA vaccines, influence response to immunization, and influence

3 https://www.fda.gov/media/154869/download



susceptibility to severe inflammatory disorders, including myocarditis, after mRNA COVID-19

vaccination.
Experimental testing of our hypothesis

Our hypothesis must be tested experimentally using a model animal, such as the rat, with similar
immune responses to foreign RNA and TEs, including LINE-1, of humans. Our hypothesis would also
need to be tested in a subset of vaccinated and non-vaccinated individuals, using high-resolution
genomic comparative analysis of differentially expressed TE and immune gene transcripts. Such an
approach would shed light on the connection between the TEs and inflammatory gene regulation
networks trigged by cytosolic RNA and DNA, and would contribute to our understanding of the

genotoxic, mutagenic, carcinogenic and immunopathogenic risk posed by nms-mRNA vaccines.

The questions that would need to be addressed would be whether: 1) mRNA expression of TEs
differs between vaccinated and non-vaccinated individuals, 2) mRNA expression of TREX-1 differs
between vaccinated and non-vaccinated individuals, 3) mRNA expression of INFs, IRF3,
inflammasome markers differs between vaccinated and non-vaccinated individuals, and 4) whether
IgG autoantibodies and detectable reactivity against heart tissue are observed at a higher frequency

in vaccinated individuals than in non-vaccinated individuals.
Consequences and discussion

We have argued and presented evidence that vaccine-mRNAs may cause a cascade of cellular innate
antiviral responses, eliciting up-regulation of endogenous TEs as well as the activation of RNA and
DNA sensors through conserved pathways that involve IFN production, thus promoting the
expression of hundreds of IFN target genes that may sustain a chronic antiviral state within the
vaccine transfected cells and neighbouring cells. We have also suggested a novel mechanism that

could underlie the innate response to nms-mRNAs.

Different host factors may coordinate the responses to nms-mRNA via intrinsic RNA and DNA
sensory pathways, and interindividual genetic variations such as SNPs, or splice variants of
transcripts of key signalling molecules may hamper the accurate elimination of foreign and self
cytosolic nucleic acids, leading to up-regulated sustained pro-inflammatory responses and increasing
the risk of autoinflammatory and autoimmune conditions, genomic instability and cancer. Therefore,
exposure and subsequent accumulation of nms-mRNA could increase the complexity of intracellular
responses to foreign nucleic acids, up-regulating TEs and IFN signalling through an, as yet
uncharacterized, TLR-, RIG-I-, MDA-5, IFITs- and cGAS-STING-independent upstream pathway. This
would be a new paradigm in our understanding of the cellular responses to synthetic mMRNA

therapeutic applications. The modifications made to nms-mRNA vaccines confer intracellular mRNA



stability [32] and increase translation efficiency [33] but could also be a significant determinant of
autoinflammatory and autoimmune responses if, as hypothesized, they activate TEs and other
nucleic acid sensors, lead to type-1 interferon and pro-inflammatory cytokine expression, and affect
the cell’s innate ability to discriminate non-self vs. self cytosolic motifs [125] by disrupting host

innate immune tolerance to cytosolic self-DNA.

IFNs are synthesized and secreted by all cell types when their cell surface or cytoplasmic receptors
identify viral molecular patterns [126]. Adequate and opportune activation of nucleic acid sensors is
essential for the host to eliminate infective viruses. However, the impact of nms-mRNA on nucleic
acid sensors and the extent and consequences of intracellular responses to these persistent nucleic
acids is still unknown. The induction of a sustained anti-viral cellular status via up-regulation of
relevant genes, including those that encode IFN-a and IFN-B, following nms-mRNA vaccination,
would likely lead to the chronic upregulation of a pro-inflammatory gene network that could
predispose to autoinflammatory and autoimmune conditions. In addition, the pro-inflammatory
status and the activation of intracellular RNA and DNA sensors would unsilence endogenous
retroelements. These molecular events would increase the risk of genomic, chromosomal, and

cellular instability, and carcinogenesis.

Although mouse models of Middle East respiratory syndrome (MERS) [127], SARS-CoV [128], and
influenza [129] show vigorous induction of type-I and -1l IFNs, the involvement of these cytokines in
COVID-19 patients is contentious. Broggi et al. [130] found that mRNA levels of IFN in the naso-
oropharyngeal swabs of patients with severe COVID-19 did not differ from those of healthy controls.
In contrast, the bronchoalveolar lavage fluid of patients with severe disease presented elevated
levels of inflammatory cytokines and type-I (IFN-a and IFN-B) and -III (IFN-A) IFNs. This is consistent
with the involvement of type-Ill IFNs in the antiviral immune response at epithelial surfaces during
early stages of viral infection [130], and suggests coordinated activity by type-I and type-IIl IFNs
during the interplay of innate and adaptive immune responses at the respiratory and

gastrointestinal barriers.

In a recent comparative analysis of the immune responses to natural SARS-CoV-2 infection vs.
immune responses to COVID mRNA vaccination, phenotypic and transcriptional profiling of immune
cells revealed striking up-regulation of type-I and type-Il IFNs in COVID-19 patients, but not in
vaccinated individuals [131]. These observations were interpreted as consistent with the idea that
anti-COVID-19 mRNA vaccines actively suppress type-I IFN signalling while eliciting a robust adaptive
immune response. Based on the observations by Ivanova et al. [131] and using reports of adverse
events following vaccination from the VAERS database, Seneff et al. [132] argued that SARS-CoV-2

mRNA vaccination impairs type-I IFN signalling, and can affect the regulatory control of protein



synthesis and onco-surveillance, paving the way to an increased risk of neurodegeneration, immune
thrombocytopenia, myocarditis, Bell's palsy, hepatic disease, suppression of adaptive immune
responses, diminished DNA damage repair, and tumorigenesis. We hold a complementary view to
that of Seneff et al. [132], as we propose that IFN regulation is different between nms-mRNA
vaccinated and naturally-infected individuals owing to differences in the target cells and in the
molecular signalling pathways that are activated. Epithelial surfaces of the respiratory and enteric
tracts are the main battlefield for natural infections [133], whereas intramuscular administration,
systemic distribution, and tissue accumulation of the nms-mRNA vaccine evade natural mucosal
barriers, leading to danger sensing signals and non-self DNA and RNA intracellular detection at a
systemic level. There is already some experimental evidence for this. Upon intratracheal
administration of a synthetic analogue of double-stranded RNA (polyinosine:polycytidylic acid; poly
I:C) in mice, which stimulates both TLR3 and the RIG-I-MDA-5 pathway in vivo [134], the lung-
resident dendritic cells expressed the highest levels of IFN-A transcript, during both the early and
late phases following the administration of poly I:C. In contrast, epithelial cells, monocytes, and
alveolar macrophages expressed type | IFNs and pro-inflammatory cytokines, but not IFN-A, in
response to poly (I:C). Consistent with in vivo data, in vitro TLR7 stimulation only induced up-
regulation of pro-inflammatory cytokines while activation of RIG-I and MDA-5 via intracellular
delivery of poly (1:C) and of triphosphate hairpin RNA (3p-hpRNA) induced high levels of type-I IFNs,
but not type-Ill IFNs, in a MAVS—dependent manner [130].

We propose that the active suppression of Type-I IFN production that has been observed in
vaccinated individuals [131] and discussed by Seneff et al. [132] reflects dysregulation of Type-I IFN-
signalling triggered by the NLRP3, AIM2, or MxA inflammasome activation by host-derived molecules
recruited upon detection of endogenous indicators of cellular danger or stress [135], as the cytosolic
accumulation of either synthetic mRNA, cleavage products of RNAs generated by the antiviral RNAse
L pathway or retrotranscribed DNAs. Activation of the inflammasome occurs in response to self and
foreign activators (reviewed by [136]), and can be both protective and harmful. Once activated, it
can drive immunopathology because IL-1B stimulates systemic inflammation responses by activating
NF-kB and c-Jun N-terminal kinase signalling pathways, leading to cytokine storms, which are
common in acute inflammatory diseases [28]. Therefore, inflammasome activation and IL-1p
production are tightly regulated during viral infection to prevent a damaging hyper-inflammatory
response. Type-| IFN act as potent negative regulator of the NLRP3 inflammasome and have a dual
role, both as a powerful antiviral agent, and as a homeostatic immune regulator. Inflammasome
activation can also have a regulatory role in innate antiviral defence, preventing cGAS-STING

mediated IFN production during infection with DNA viruses [137], revealing a regulatory circuit



wherein type-l IFNs inhibit the inflammasome and the activated inflammasome also inhibits type I-

IFN production [138].

SARS-CoV-2 and other human coronaviruses can trigger the inflammasome in infected cells
[139,140], and serum inflammasome markers are related to COVID-19 severity [141]. In peripheral
blood mononuclear cells (PBMCs) of moderate to severe COVID-19 patients and tissues of post-
mortem patients on autopsy, the NLRP3 inflammasome was activated [141]. However, it is still
unknown whether the nms-mRNA vaccines can also, directly or indirectly, activate the
inflammasomes in an IFN-dependent or independent way, and following activation, inhibit type-I

and type-lll IFN production.

So far, the basis of nms-mRNA-induced immunogenicity is still not fully understood. For instance, the
cap 2'-0 methylation of mRNA prevents recognition by IFN-induced RNA binding proteins [142], and
several studies addressing the issue of synthetic RNA 5’ end modifications on RIG-I binding affinity
and its impact on the activation of innate immune signalling have suggested that 5'cap modifications
can drive either strong, suboptimal, or abolished IFN signalling (reviewed by [138]), whereas the
impact of the synthetic RNA 5" modifications on MDA-5 or cGAS activation has yet to be determined.
We urgently need controlled experimental studies for a better understanding of mRNA vaccine
safety. Specifically, we need to know whether nms-mRNA activates different intracellular nucleic
acid sensors to those activated during SARS-Cov-2 infections, whether the nms-mRNA is early and
directly detected by intrinsic sensors or cellular targets in an IFN-dependent or an IFN-independent
way, and we must understand the molecular mechanisms that underlie early up-regulation and
cytosolic accumulation of TEs as a potential source of immune stimulatory self-DNA, genomic
instability, and mutagenesis, due to an increase in LINE-1 mediated reverse transcription and
integration. Cells with impaired self-DNA removing pathways are known to display genome
instability and higher risk of malignant transformation. Hence, individuals with particular genetic
polymorphisms in genes that encode DNA sensors, such as TREX1, that are exposed to cellular stress
and inflammatory stimuli related to the nms-mRNA and to the accumulation of DNA following up-
regulation of TEs, may be at more risk of developing severe inflammatory and autoimmune
disorders, and carcinogenesis. If this is so, then the ‘one size fits all’ approach of mass vaccination

using nms-mRNA technology would not be a safe public health measure for humanity.

If our hypothesis were to be confirmed, the implications for public health would be staggering and
appalling in the context of the mass-scale COVID-19 vaccination already taking place, particularly if
the nms-mRNA enters brain [82], bone marrow [84], and —if already present in the vaccinee —
cancerous or pre-cancerous cells [143], or if the vaccine is administered to females early in their

pregnancy and the nms-mRNA transfects embryonic cells [77]. It stands to reason that if our



hypothesis is proven to be correct, any other mRNA vaccine should be fully investigated to
understand the cytoplasmic and nuclear sensor, intrinsic factors, and signalling pathways activated
by every single and combined synthetic 5’ Cap, GC content, polyA tails, and UTRs modifications
made to the vaccine mRNA in order to fully elucidate the extent of their downstream signalling
mechanisms of action and the potential impacts on health. Knowledge gained from these studies will
be crucial for understanding, beyond unproven assumptions, the safety of mRNA vaccines and

mMRNA-based therapies on human health.

Figure legends

Figure 1. Schematic representation of our proposed hypothesis. Following intracellular delivery of
the vaccine (1), vaccine nms-mRNA is released from the lipid-nanoparticles into the cytosol (2) and
accumulated in the cytosol (3), which may unsilence TE expression (4), leading to the activation of
foreign RNA and cytosolic DNA sensors, such as RLRs, RIG-I, MDA-5 and TREX1, and enhancing the
expression of proinflammatory cytokines and type-I IFN (5). TE activity can lead to DNA damage via
insertional mutagenesis and genomic instability, and enhancing the expression of pro-inflammatory
cytokines and type-I IFN (6). Inflammasome activation may also have a regulatory role in preventing
cGAS-STING mediated type-I IFN production, thus establishing a chronic regulatory circuit wherein
type-l IFNs inhibit the inflammasome and the activated inflammasome also inhibits type I-IFN

production (not shown in the figure).
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