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Abstract. The comparative analysis of the antiviral protec‑
tive mechanisms, including protozoa and RNA interference 
in multicellular organisms, has revealed their similarity and 
provided a basic understanding of adaptive immunity. The 
present article summarizes the latest studies on RNA‑guided 
gene regulation in human antiviral protection, and its impor‑
tance. Additionally, the role of both neutralizing antibodies 
and the interferon system in viral invasion is considered. The 
interferon system is an additional mechanism for suppressing 
viral infections in humans, which shifts cells into an ‘alarm’ 
mode to attempt to prevent further contagion. The primary 
task of the human central immune system is to maintain integ‑
rity and to protect against foreign organisms. In this review, a 
novel concept is proposed: Antiviral protection in all organ‑
isms can be achieved through an intracellular RNA‑guided 
mechanism. A simple and effective defence against viruses is 
incorporation of a part of a virus's DNA (spacer) into the hosts 
chromosomes. Following reinfection, RNA transcripts of this 
spacer are created to direct nuclease enzymes to destroy the 
viral genome. This is an example of real‑time adaptive immu‑
nity potentially possessed by every cell with a full complement 
of chromosomes, and an indicator that antiviral immunity is 
not only mediated by the presence of neutralizing antibodies 
and memory B‑ and T‑cells, but also by the presence of specific 
spacers in the DNA of individuals who have recovered from a 
viral infection.
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1. Introduction

The current COVID‑19 pandemic poses a substantial chal‑
lenge for the entire medical community globally, and has 
spurred numerous studies to improve our understanding of the 
immune system. COVID‑19, which can be detected by PCR 
and antibody titres has resulted in a widespread increase in the 
number of infected individuals, as well >5 million deaths, glob‑
ally, and repeated lockdown measures to prevent or reduce the 
severity of outbreaks. This pandemic has highlighted a need to 
revisit some of the dogmas of immunology. One such dogma 
states that the memory of past infections is formed by T and 
B memory cells only. Several research articles have shown the 
presence of memory in innate nonspecific immunity, and this 
may provide a challenge to the prevailing point of view (1,2). 
Conversely, the substantial amount of literature concerning 
gene regulation by RNA makes it possible to formulate a 
mechanism of human antiviral defence from a novel angle: 
Every cell in the human body with a full complement of 
chromosomes potentially has its own antiviral protection 
mechanism based on RNA interference.

To prove this point, the following sections of this review 
article describe the activity of RNA‑guided gene regulation, 
and the role of interferons and the central immune system in 
viral invasion.

2. RNA‑guided antiviral protection

To understand the mechanism of RNA‑guided protection, it 
is necessary to start with unicellular organisms, as develop‑
ment of reliable mechanisms for countering viruses, the 
evolutionary acquisition of viral infection immunity allowed 
for the generation of multicellular organisms. It should be 
noted that this transition took ~2 billion years of evolution 
(the first multicellular organisms appeared 1.7 billion years 
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ago (3,4), and the first cells already existed 3.7‑4.2 billion years 
ago (5,6), as a result of which, multicellular organisms now 
possess the intracellular protection systems initially developed 
by bacteria and archaea, CRISPR‑Cas. This system is adap‑
tive and accumulates memory about previous encounters with 
viruses. This memory is stored in special DNA regions, which 
appear after a challenge with a foreign genome of the virus or 
plasmid in CRISPR arrays‑short palindromic repeats, regu‑
larly arranged in groups (7). The virus entering a bacterial cell 
is detected by the CRISPR‑associated (Cas) proteins, a type 
of nuclease that acts like a pair of scissors, to cut‑out viral 
nucleic acid sequences. CRISPR‑Cas is a real‑time adaptive 
immune system with a memory of previous encounters with 
foreign viruses, that is stored in the unique spacer sequences 
obtained from the viral and plasmid genomes, and inserted 
into the CRISPR arrays (7). Spacer transcripts, together with 
other regions of the surrounding repeats, are used as guide 
RNAs to recognize related sequences in foreign genomes, and 
thus provide specific cleavage sites for Cas nucleases (8). This 
provides a simple and effective protective mechanism against 
viruses, whereby a part of the viral DNA (spacer) is inserted 
into the cell genome, and upon repeat infection with the same 
virus, a copy of this spacer, in the form of a small RNA, directs 
the nuclease enzymes to destroy the foreign genome (Fig. 1).

In multicellular organisms, there is a similar mechanism 
for regulating the activity of various genes termed RNA inter‑
ference. Here, it is hypothesized that RNA interference is an 
essential component of the adaptive immune system in multi‑
cellular organisms, including humans. This system was first 
discovered in 1998 in Caenorhabditis elegans by Fire et al (9), 
who was subsequently awarded the Nobel Prize in Physiology 
or Medicine (2006). The mechanism of interference has 
already been studied in detail‑it is widely used in experimental 
biology for knocking down certain genes, and in medicine for 
treatment of certain types of cancer (10‑12).

The interference itself consists of halting the translation of 
viral genes by cutting or modifying them (13,14). For this, the cells 
have a special complex of nuclease enzymes, which are controlled 
by small RNAs‑the same transcript spacers. Insertion of the 
spacer into the DNA of the cell itself is the final ‘vaccination’ 
stage of the target cell after viral invasion. When the virus enters 
the cell again, the small RNAs are synthesized and loaded into the 
nuclease complex to direct cutting of the foreign genome (Fig. 1). 
Thus, there is a complete analogy between these two systems of 
RNA‑the guided antiviral immunity of cells by RNA. At present, 
it is unclear how certain regions of the viral material are incor‑
porated into the cell's DNA. However, the very existence of such 
mechanisms has been described in studies on retrotransposons 
and pseudogenes (15,16), where intracellular reverse transcriptase 
converts cytoplasmic RNA and transcribes retroelements into 
complementary DNA. Human telomerase, which is essentially 
a reverse transcriptase, actively uses proteins involved in RNA 
interference to synthesize telomeres with their subsequent inte‑
gration into the DNA of chromosomes. It should be noted that 
retroelements make up a half of the human DNA (17,18), and it is 
logical to assume that a significant part of the human genome has 
encoded some DNA fragments of previously encountered viral 
genomes‑those very spacers (19). Moreover, this assumption has 
already been proven by the presence of SARS‑CoV‑2 spacers in 
DNA of infected people (20).

The role of RNA interference has been proven to occur in 
several infections caused by the human respiratory syncytial 
virus (21), human immunodeficiency virus type 1 (22), hepa‑
titis B virus (23) hepatitis C virus (24,25), influenza virus (26) 
and coronavirus SARS‑CoV‑1 (27). The presence of such 
spacers effectively prevents viral infection in mammals as 
well. It is known that the spacers in the DNA of target cells 
inhibit the reproduction of viruses (28,29). Recent work on the 
suppression of SARS‑CoV‑2 viral reproduction using specific 
siRNAs (30) leaves no doubt regarding the validity of this 
hypothesis.

The data mentioned above directly indicate the ability 
of cells themselves to resist viral invasion. Every cell in the 
human body that contains a full complement of chromosomes 
may potentially preserve an ancient system for counteracting 
viruses using small RNAs. Moreover, this protection is adap‑
tive and forms a type of full‑fledged intracellular immune 
memory.

3. The role of the interferon system

The interferon system is another important mechanism for 
cellular protection, which is based on production of special 
proteins preventing further infection (31,32). It is hypothesized 
that this additional system is required for highly organized 
organisms to respond quickly to a viral invasion. The increase 
in the number of densely grouped cells of the same type facili‑
tates the spread of viruses‑having multiplied in one sensitive 
cell, virions can easily infect the nearby cells. Accordingly, 
the innate RNA‑guided protection may not be able to cope 
with the high viral load. To prevent this possibility, an early 
warning system exists and uses interferons as ‘alarms’.

All nucleated cells have receptors for interferon I (33). 
Following activation of this receptor upon ligand binding, 
the expression of several genes is upregulated placing the 
cell in a state of ‘alarm’, halting almost all protein synthesis, 
and endo‑ and exocytosis are inhibited, which prevents both 
entry and exit of viral particles (34,35). Interferon itself is 
produced by cells infected with viruses (36). Each human 
cell possesses a substantial profile of receptors that recognize 
certain pathogenic motifs. In the case of viral infections, 
there are special cytoplasmic RLR receptors that recognize 
viral double‑stranded RNA (37). Their activation triggers 
a cascade of intracellular mechanisms, ultimately resulting 
in the synthesis of interferons and pro‑inflammatory cyto‑
kines (Fig. 2).

Interferons themselves, in turn, regulate the functions of 
>2,000 interferon stimulated genes (ISGs); there is a database 
of these ISGs, which highlights their effect on metabolism 
(interferome.org/interferome/home.jspx). In the context of this 
review, only a few points will be highlighted. First, the epithe‑
lial cells, which are the first to meet various pathogens, possess 
receptors for interferon III. This emphasizes the need for prompt 
and coordinated activity during viral invasions of these barrier 
forming cells. Second, prolonged contact with interferons 
induces the cells to initiate apoptosis. Finally, several enzymes 
are produced by interferon blocking nucleases, which are 
required for the full function of the RNA‑guided system (38). 
Thus, an additional safety interferon system is able to interfere 
with the RNA‑controlled protection and, moreover, induce cell 
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death. This particular kind of antagonism in the interferon and 
RNA‑guided systems in antiviral protection has been studied 
in several studies, and is extensively reviewed here (39). The 
first cell lines that exhibit viral entry are well‑differentiated 
surface epithelial or endothelial cells. When the virus enters 
these cells, DICER nucleases begin immediately cutting 
the viral genome, the TLR and RLR receptors, and in turn, 
trigger a cascade of interferon synthesis (37,38). This is the 
first non‑specific phase of countering the viral invasion. The 
following steps are dependent on the viral load; if it is small, 
then the infected cells cope on their own and ‘warn’ the neigh‑
bouring intact cells about the infection, assisting the latter in 

reducing their susceptibility to viral infection. The infection 
is interrupted without a pronounced clinical effect. As the 
load increases, the infected cells undergo apoptosis, and the 
neighbouring cells, under the influence of increasing doses of 
interferon, halt protein synthesis, exo‑ and endocytosis, and 
the activity of almost all enzymes; these cells metaphorically 
freeze (33,34,40). Under the influence of interferons and 
other cytokines, the central immune system is primed; the 
first antibodies and symptoms of inflammation appear. The 
infected cells carrying viral antigens on their surface to attract 
T‑killers, these cells are opsonized with antibodies, and the 
complement system is activated (41,42). The classical signs of 

Figure 1. Key stages of RNA‑guided immunity‑adaptation, expression and interference of the antiviral defence systems of protozoa and humans. (A) The left 
side shows the immune system of bacteria and archaea, including the CRISPR‑Cas system. During adaptation, phage DNA is cleaved by Cas1/Cas2 enzymes 
into spacers and integrated into a special CRISPR locus. A specific adaptive memory is formed based on a previous infection. Upon re‑infection with the same 
virus, RNA transcripts from these spacers are directed to complexes formed by other Cas nucleases (the CRISPR‑Cas9 complex is shown here), where they 
serve as a template for enzymes that are used to cut similar nucleotide sequences in the viral genome. (B) Stages of RNA interference in human cells. When 
cells are infected with RNA or DNA viruses (DNA polymerases of viruses generate RNA sequences), long double‑stranded RNAs are formed in the cytoplasm, 
which are cut by DICER nucleases into short double‑stranded viRNAs. Thereafter, the AGO2 enzyme unwinds the viRNA strands and loads them either into 
an RISC or into an RIRTC. In the RISC, the viral RNAs are cleaved, and in the RIRTC a spacer is synthesized‑a double‑stranded DNA molecule from the RNA 
template. It is hypothesized that this involves a reverse transcription complex similar to the telomerase TERT, in which the AGO2 protein directs the RNA 
sequence to form new DNA telomeres (62). The spacer integrates into the DNA of the cell, forming a specific memory of a past infection. It remains unclear 
where exactly in human chromosomes spacer sequences are formed in piRNA clusters or at miRNA loci. When viruses enter this cell again, the spacer is 
transcribed into a pri‑miRNA, which, under the action of DROSHA is shortened to a pre‑miRNA and shuttled to the cytoplasm after DICER‑mediated cutting, 
where it is loaded by AGO2 into a RISC, and serves as a template for cleaving viral RNAs. piRNA, piwi‑interacting RNA; miRNA, microRNA; dsRNA, 
double stranded RNA; dsDNA, double stranded DNA; viRNA, viral short РНК; PIWI, P‑element Induced WImpy testis; DROSHA, Drosha Ribonuclease III; 
DICER, endoribonuclease Dicer; AGO‑2, Argonaute RISC Catalytic Component 2; RISC, RNA induced silencing complex; RIRTC, RNA induced reverse 
transcription complex; crRNA, CRISPR RNA; Cas, CRISPR associated.



ARIPOVA  and  MURATKHODJAEV:  RNA‑GUIDED ANTIVIRAL PROTECTION4

an infection attributed to each specific virus manifest. Note, 
while the viral proteins are presented at the plasma membrane 
of infected cells, the immune system is in an activated state. 
Moreover, the cells presenting these viral antigens are eventu‑
ally destroyed.

Concurrently, in the basal layers of these tissues, where 
actively proliferating and unipotent cells are located, when 
the viruses and/or spacers themselves enter from the infected 
cells, an adaptive intracellular antiviral protection begins 
to form. As mentioned above, poorly differentiated cells, 
under the influence of interferons, do not halt RNA and 
protein synthesis (43). Accordingly, there remains a place 
for full‑fledged RNA interference, which is not disturbed by 
blocking interferon signals. Therefore, immune memory is 
formed in unipotent progenitor cells when a virus or spacer 

RNA penetrates them through extracellular vesicles or nucleo‑
protein complexes with AGO 2 (44,45). After maturation, these 
cells will possess specific antiviral memory, providing them a 
powerful tool to effectively eliminate any further infections 
with the same virus (28,29). The newly formed layer of cells 
readily copes with the residual viral load and no longer carries 
the antigens of the virus; the central immune system returns to 
a normal mode once stimulation is gradually decreased. This 
change in endothelial and epithelial cells usually takes several 
days, which is the time required for formation of specific local 
antiviral memory.

Thus, it is hypothesized that every cell of the human body 
with a full complement of chromosomes potentially possesses 
this form of antiviral protection; and it is the RNA interfer‑
ence response that initially determines the course of a viral 
infection.

4. Discussion

The CRISPR‑Cas system has proven to be incredibly effective 
in combating mobile genetic elements, and thus has retained 
its role in multicellular organisms, having slightly changed, 
taking into account the presence of a nuclear membrane 
and terminal chromosomes. The primary goal of the central 
immune system possessed by higher order animals, based on 
T and B cells, is to maintain the integrity of the organism and 
counter foreign organisms. To accomplish this, the immune 
system possesses phagocytic, regulatory, antigen‑presenting 
and killer cells, as well as a complement system, and of course, 
various antibodies. The complement system is a group of 
proteins, which, after being activated, promote membrano‑
lytic cascades that destroy target cells. The classical pathway 
is activated when the C1q complement protein binds to the 
Fc‑fragment of the antibody (this is the invariable part of all 
antibodies in the body) attached to the antigen (42). It should 
be emphasized that antibodies do not destroy a foreign object 
by themselves, even in high concentrations, they perform a 
diagnostic and guiding role only. In a multi‑trillion cell human 
body, the antibodies help immune cells to identify foreign 
agents by binding to specific foreign antigens (opsoniza‑
tion) (46). Namely, the Fc‑fragment of antibodies is a ‘black 
mark’ for immune cells and complement, which perceive it 
as a signal to destroy this object (41). In the case of bacteria, 
protozoa, fungi and helminths, this is a working strategy by 
which they are destroyed through the use of antibodies. This 
also works to counter mutant cells, including tumour cells, 
where antibodies bind to cancer antigens, and such cells are 
also discarded. But what happens in the case of a viral infec‑
tion? A priori, viruses multiply inside cells only, and when 
viral antigens present on the cell membrane are detected by 
antibodies, these infected cells are also destroyed. For the 
entire organism, this is incredibly beneficial; when something 
foreign is identified, even inside their own cells, the foreign 
body and/or affected cell is destroyed, sacrificing a part for the 
greater good of the whole. Note that these infected cells have 
no other fate‑they are all destroyed.

Until the viruses have penetrated the cells, they are just 
a set of nucleic acids and proteins; they do not multiply, 
and do not possess any pathological effects on the body. 
When viruses bind with antibodies, they of course lose their 

Figure 2. The Interferon alarm system: Adapted from Onomoto et al (40). 
Activation of the cytoplasmic receptors RIG‑1 and MDA5 by viral dsRNAs, 
as well as endosomal receptors TLR 7/8 by ssRNAs, lead to phosphorylation 
of IRF3 and 7, and the pro‑inflammatory factor NF‑kB. These transcrip‑
tion factors induce the expression of interferon genes and inflammatory 
cytokines upon nuclear translocation. Newly synthesized interferons bind 
to their receptors on neighbouring cells and induce the expression of ISGs 
through the Jak/STAT pathway. Under the influence of the restriction factors 
encoded by these genes, the cell goes into an ‘alarm’ mode, and in this state, 
they halt protein synthesis, including that of viral proteins, and marks all 
newly synthesized proteins for degradation. Vesicular transport is slowed, 
which leads to inhibition of virion assembly and release. Excessive produc‑
tion of IFN induces cell apoptosis and is associated with the development 
of a cytokine storm. During a cytokine storm, there is the risk of the forma‑
tion of autoimmune attacks. The lack of IFN production does not prepare 
cells for viral invasion and, as a result, exacerbates an infectious disease. 
RIG‑1, retinoic acid inducible gene‑1; MDA5, melanoma differentiation 
associated protein‑5; TLR, toll‑like receptor; IFN, interferon; IRF, IFN regu‑
latory factor; NF‑κB, nuclear factor‑κB; JAK, Janus kinase; STAT, Signal 
Transducer and Activator of Transcription proteins; ISG, IFN stimulated 
gene; ssRNA, single stranded RNA.
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ability to target cells, making it difficult for them to bind to 
cellular receptors. This is the rationale behind the vaccination 
strategy. However, let us consider a further course of events; 
the resulting virus‑antibody complex must be destroyed by 
immune cells carrying the receptor for the Fc fragment. In 
several cases, this happens, but if phagocytosis is not effective, 
and the virus remains viable inside these cells, the infection 
intensifies further, since the virus has infected cells that do 
not carry receptors to it, and this phenomenon is called 
antibody‑dependent enhancement (ADE) (47‑49). In the case 
of ADE, the virus infects susceptible cells through the corre‑
sponding receptor and penetrates monocytes/macrophages, 
granulocytes, platelets, mast cells and several other host cells 
by interacting with receptors for the Fc fragment or comple‑
ment (50). There are several examples of ADE caused by α 
and β coronaviruses (51,52). The current clinical data on the 
course of COVID‑19 indicate involvement of antibodies in the 
enhancement of clinical manifestations of the disease. The 
most severe patients appear to possess the highest antibody 
titres (53). A specific symptom of COVID‑19, coagulopathy, 
clearly indicates complement hyperactivity (54); and this 
process of cell destruction does not stop as long as they carry 
viral antigens on their surface. Only as a result of RNA‑guided 
nucleases does the cell achieve clearance of the viral genome, 
and, accordingly, the viral proteins. Further activation of the 
central immune system stops, antibody titres fall, and the 
affected individual recovers.

While discussing human antiviral immunity, one cannot 
fail to mention the mechanisms of protection observed in 
early childhood. As recent data have shown, along with 
antibodies, breast milk contains ~1,400 different types of 
microRNAs (55). Given the ability of each of these molecules 
to alter the activity of an average of 15‑20 genes, there is a 
tremendous opportunity to suppress or enhance the activity 
of genes in infants. It has been shown that these microRNAs, 
after absorption, are present in the bloodstream and all tissues 
of the body, including the brain (56,57). Thus, with regards to 
antiviral immunity, it is necessary to emphasize the presence 
of such a transfer of protection through milk to a child.

The role of vitamin A in prevention and treatment of viral 
diseases should also be mentioned. There is a positive associa‑
tion between vitamin A administration and the management 
of measles. During a measles infection, it has been shown that 
vitamin A deficiency clearly correlates with the severity of 
the course, and timely treatment of measles with two doses of 
retinol (200,000 IU) dramatically reduces both morbidity and 
mortality rates (58‑60). We hypothesize that there may be a 
possibility of wider use of this simple and cheap drug for other 
viral diseases, including COVID‑19. This vitamin is undoubt‑
edly important for the synthesis of RLR receptors, but we were 
interested in the fact that the DICER nuclease and the RLR 
receptor have a similar structure, they both possess a DECH 
box domain that recognizes viral RNA (61). DICER nuclease 
is a key player in RNA‑driven gene regulation, and further 
research is required on the possible relationship between 
Vitamin A and RNA interference.

From the above concept of cellular adaptive antiviral immu‑
nity, several assumptions can follow regarding interpretation 
of clinical indicators during the course of a viral infection. 
Taking COVID‑19 as an example, they are as follows: i) The 

presence or absence of specific antibodies to SARS‑CoV‑2 
is not a predictor of the disease. The presence of antibodies 
in the blood reflects only the fact that a person has been in 
contact with the virus. Lack of antibodies does not mean any 
contact, and people with high titres of specific antibodies are 
not protected from re‑infection with SARS‑Co2. ii) PCR tests 
for those who have had COVID may return false positives if 
the swab sample is taken from the point of the initial spread 
of the virus (usually from the nasopharynx). We suggest that a 
negative PCR result for COVID in the blood plasma and urine 
may be a more reliable indicator of a lack on infection, even 
when a swab sample from the nasopharynx returns a positive 
result.

5. Conclusions

Here, a novel concept is proposed‑the antiviral protec‑
tion of all organisms based on intracellular RNA‑guided 
mechanisms. A simple and effective defence against viruses 
is contained as part of the virus's DNA (spacer) in the chro‑
mosomes. Following a reinfection, the RNA transcribes the 
incorporated spacer and directs nuclease enzymes to cut the 
viral genome. This is a real‑time adaptive immune response 
potentially possessed by every cell that contains a nucleus. 
Thus, antiviral immunity may not only be mediated by 
neutralizing antibodies and memory B‑ and T‑cells, but also 
through the incorporation of specific spacers into the DNA of 
the cells genome.
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