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Defective interfering particles, which arise naturally and interfere with viruses, have long inspired the idea that they might
be adapted to treat viral diseases. Here, we explore how such defective interfering particles and other therapeutic
nanoparticles might be designed and constructed to interfere with SARS-CoV-2.
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| 1. Introduction

In a Holliday lecture in 1999, Don Ganem explained that pandemic infection is a recurrent, not a temporary, phenomenon:
“The supervention of the AIDS pandemic put the lie to all of these optimistic predictions about how infectious disease was
conquered and was no longer a problem. Now we know, of course, that notion was foolish to begin with, that infectious
disease, epidemic infection, is a part of the human condition. I'm going to show you that it's really a part of human
evolution that we can never get away from infectious disease as a class. We can triumph over individual infectious
diseases, but the concept that we're going to be free of infection as a species is a ridiculous one and one that nobody
believes anymore” . The current COVID-19 pandemic is a reminder that the need to develop new weapons to combat
infections is as pressing now as then.

A powerful, anti-viral strategy could exploit the DIPs and related particles that arise naturally for every family virus. DIPs
are particles containing degenerate forms of the virus genome, which interfere with the replication of the parental virus but
are non-replicative per se. Historically, such particles were considered artefacts of virus propagation in vitro; however,
studies have shown that defective viral genomes are present in patients infected with viruses such as hepatitis C,
influenza A and respiratory syncytia ZEI4. Thus, DIPs are currently investigated for their potential role in influencing
disease outcomes and shaping virus evolution. A similar form of interference is observed when small viruses such as
satellite viruses and virophages parasitize the larger viruses with which they are associated thereby decreasing their
fitness. Other particles that can be produced during an infection include the virus-like particles (VLPs). These particles are
composed of viral structural proteins, they morphologically resemble the parental virus but are non-infectious due to lack
of genetic material. Another type is the extracellular vesicle (EV). EVs are released by all types of cells as they facilitate
intercellular communication. During an infection they communicate virus-specific signals.

DIPs reduce virulence, induce high levels of interferons, and promote viral persistence by mechanisms that are not well
understood &, In the case of RNA viruses, the shorter genome of the particle may allow it to out-compete the wild-type
virus (8. Alternatively, specific changes to the particle’s genome confer advantages over the full-length genome in using a
limiting viral or host factor . Also, the particle’s genome may interfere with the assembly of the wild-type’s genome into
virions . Furthermore, the particles may stimulate the host immune system &, Finally, the particles may compete with
the wild-type virus for entry or cause internalization of the virus entry receptor inhibiting virus entry and spread &I,

Therapeutic interfering particles (TIPs) are a class of DIPs engineered to reduce the severity of viral diseases 2. TIPs
could be designed to use the same transmission routes as the wild-type virus thereby limiting viral transmission in
populations at risk. Given that DIPs are diverse, it is unclear which design of TIP would prove most effective. Single-cell
studies have revealed the importance of phenotypic diversity in a large number of systems. It is likely that this also applies
to viral infections; hence, the diverse population of DIPs actually benefits both the virus and host. A novel anti-viral
strategy might take this into account by constructing a diverse population of synthetic defective viral genomes (synDVGs)
with prophylactic or therapeutic potential. In addition, the properties of EVs and VLPs could be harnessed to suppress
SARS-CoV-2 infection and mitigate pathogenesis. These particles could be engineered to trigger antiviral responses,
alleviate inflammation, enable tissue regeneration, or interfere with macromolecular assemblies during SARS-CoV-2
infection.



| 2. SARS-CoV-2 DIPs, VLPs and Other Nanoparticles

Defective Viral Genomes (DVGs) can be formed during the replication of a virus when the polymerase switches between
different templates or skips parts of the same template. Discontinuous transcription of CoV genomes enables
recombination in a cell coinfected with more than one CoV species or variants via strand switching by the viral RdRp 1]
(12)[13][4]1IS)6]I17] - Some RNAs produced following such recombination procedures gather characteristics of DVGs
including deletions that range from <1 kb to >20 kb; these DVGs retain intact 5'- and 3'-UTRs, and can be amplified by the
CoV replication transcription complex (RTC) provided in trans by a helper virus. These recombination events have been
attributed to the 3'-5' exoribonuclease activity of the proofreading nspl4 protein and are responsible for CoV evolution.
Packaging of DVGs into viral particles results in DIP production.

Another particle produced during CoV infections is the VLP. VLPs are self-assembled nanostructures composed of the
structural proteins of a virus that, due to a lack of genetic material, are non-infectious. The data regarding the minimum
requirements for the formation of SARS-CoV-2 VLPs and the ability of the membrane protein (M) alone to be secreted are
controversial. However, co-expression of M with either the nucleocapsid (N) or the envelope (E) protein appears to be
sufficient for VLP formation, while M, N and E together are required for optimal VLP production 289 v|Ps could

advance our understanding of the assembly requirements for SARS-CoV-2, but could also be used for vaccine or
interference strategies [2A21[22)[23][24][25]

Finally, an analysis of plasma-derived nanoparticles from COVID-19 patients demonstrated that they were enriched in pro-
inflammatory cytokines, IFN-y, peptidases and proteases involved in vascular remodelling, and markers of cardiovascular
tissue injury 28, These nanoparticles could augment pro-inflammatory responses, endothelial dysfunction and thrombosis,
which have been observed in severe COVID-19 cases.

| 3. Strategies
3.1. Targeting Macromolecular Assemblies

It has been persuasively argued that many cellular functions are performed by high-level complexes, modules or
“supermolecules” 21281 Hence, those assemblies associated with viral processes can be targeted. The replication of
coronaviruses involves the assembly of membrane-bound replicative organelles in which two lipid bilayers are closely
paired (22, This pairing is induced by the ribonucleoprotein complex proteins, which have been localized to networks of
convoluted membranes and vesicles 9. Targeting this network is important because viral polymerases that have a
decreased fidelity often have an increased production of defective viral genomes BHIB2IE3] Markers such as the Green
Fluorescent Protein, chromobodies, or the haemagglutinin tag could be used to localize DVGs with the ability to encode
proteins 24,

Poisoning complexes—and thereby disrupting functions—could be achieved in several ways. One way is via the
production of novel or truncated peptides. Such production occurs in deletion DVGs derived from influenza B2, DVGs
constructed with mutations in the conserved regions, by which the influenza A polymerase subunits interact, inhibited
polymerization and reduced virulence 8. The multimerization of the polymerase is essential in the production of DVGs
during influenza virus infection 2. Such multimers might be perturbed either by altering the stoichiometry of coronavirus
proteins or by generating incomplete RNAs or incomplete proteins that interfere with associations between
macromolecules. For example, in the case of stoichiometry, this depends in part on post-translational regulation such as
the phosphorylation of the serine and arginine residues in the SR-region of the SARS-CoV-2 N protein; a synDVG could
therefore be created with this region deleted. In the case of incomplete proteins, deletion of the C-terminus of the N
protein might disrupt the oligomerization of both the mutant and the wild-type protein. Sequestration of key constituents
could be achieved by constructing synDVGs containing multiple copies of regulatory sequences, as illustrated by the
sequestration of components of the Tat-based transcriptional activation system of HIV-1, where a vector was used that
contained multiple copies of the sequences to which Tat binds BZ. Given the potential value of a recombinant protein, it
may be worth considering the construction of a TIP to encode fusion of the ACE2 fragment to the M-protein to perturb
SARS-CoV-2 assembly.

3.2. Targeting RNA

The transcription-regulating sequences (TRSs) at the 3' end of the leader sequence (TRS-L) that precedes each viral
gene (TRS-B) contains a conserved core sequence (CS) of 6—7 nucleotides along with variable 5 and 3' flanking
sequences; as the conserved core sequence is identical for the genome leader (CS-L) and all mRNA coding sequences
(CS-B), the CS-L may form a base-pair with the nascent negative strand complementary to each CS-B during the



template-switching, which is central to transcription and replication 28, The TRSs are therefore good candidates for
targeting both viral transcription and replication.

3.3. Deletions

synDVGs constitute a powerful approach to viral therapy. Those that have deletions of part of the wt-genome could
outcompete the wt-virus for the proteins and lipids essential to infectivity, which means wild-type virus release would be
lower. Also, the synDVG could be released and transmitted to other cells where it could again hinder the replication of the
wild-type virus. The factors to consider when designing synDVGs include the complex relationship between the length of
the DVG, the degree of interference with the wild-type virus and the number of effective DVGs released. The minimum for
a deletion DVG would be to have the 5-UTR and 3-UTR and the secondary structures they adopt to allow replication by
the RdRp. Depending on whether the objective is to maximize production of DVGs or maximize interference, there is likely
to be more than one optimum size. For example, the tight regulation of the quantity of each sub-genomic mRNA, which is
believed to be important for the correct stoichiometry of the proteins of the wild-type virus, could be perturbed by a
synDVG with partial deletions so that it encodes some proteins but not others.

The nature of the deletions in naturally occurring DIPs is useful in the design of synDVGs. An analysis of DVGs isolated
from a respiratory syncytial virus indicated that the generation of copy-back mutations was not completely random but
resulted from specific sequences encoded in the viral genome B9, The analysis of the 5' and 3' regions flanking deletion
sites during influenza infection was also consistent with conservation of specific sequences and structures BI49,

A synthetic defective interfering SARS-CoV-2 was developed using the 5" UTR and the adjacent 5' part of nspl in ORF1a,
the nspl5 that includes the putative packaging signal and the sequence spanning the 3’ part of the N sequence, ORF10
and the 3'-UTR. The rationale of this design is that a long ORF enables defective interfering genomes in some CoVs to
replicate more efficiently and, since multiple transcriptional regulatory sequences (TRS) reduce replication efficiency, the
3’ portion was chosen to start within the N sequence to exclude its TRS. This synthetic defective genome was found to
replicate three times faster than SARS-CoV-2 thereby reducing the viral load. Moreover, it transmitted as efficiently as the
full-length genome, confirming the putative packaging signal of SARS-CoV-2 41l Based on this principle, two TIPs were
developed recently that could inhibit SARS-CoV-2 in primary human lung organoids and in the Syrian Golden Hamster
model of SARS-CoV-2 following intranasal delivery. These TIPs also reduced pro-inflammatory cytokines, and prevented
pulmonary edema. The mechanism of SARS-CoV-2 inhibition by these TIPs was proposed to be due to competition for
viral trans elements and no stimulation of innate immunity was recorded 42,

The use of a cocktail of different synDVGs directed against one or different targets may be more effective than a single
synDVG. This is not only because synDVGs may act synergistically but also because the probability of the virus escaping
inhibition by mutating is reduced. These “cocktail” synDVGs would be constructed so that they could neither complement
one another nor recombine to generate the wild-type virus. In the case of HIV, antiviral genes were constructed that
contained Tat- and Rev-binding decoys that acted synergistically 3, while a therapeutic vaccine, DermaVir, has been
designed to boost T cell responses specific to 15 HIV antigens expressed from a single plasmid DNA [44145],

Cocktails of synDVGs could have another advantage. There is no reason to suppose that viruses might cause only one
pandemic at a time. We should therefore anticipate that two or more different viruses will eventually cause concurrent
pandemics. Such a scenario could be dealt with by using a cocktail containing synDVGs to several different viruses. The
success of such treatment would not depend on prior knowledge of the virus infecting or risking infecting a particular
individual.

3.4. Immune Stimulation by TIPs

In designing an anti-viral therapy, one approach would be to construct a synDVG based on SARS-CoV-2 containing
sequences resembling the copy-back sequences that stimulate the immune system. Alternatively, heterologous copy-back
DVGs able to stimulate innate anti-viral immune responses strongly could be used. In the case of the Sendai virus (SeV),
DVGs with copy-back genomes appear to be better at stimulating the immune system than those with a deleted genome
[481- although this was attributed to their long stretches of dsRNA, it has been argued that other characteristics of copy-
back DVGs are also important contributors to the induction of anti-viral responses as shown by the induction of type 1
IFNs by the 44 nucleotide (nt)-long stem-loop motif in the copy-back genome of the DVG-546 Sendai virus 4. Sev-
based, copy-back DVGs increase the antigen presentation capacity of mouse and human dendritic cells, which increases
the activation of T cells whilst, in the case of influenza A and respiratory syncytial virus, experimental vaccines with an
adjuvant containing SeV-based, DVGs delivered subcutaneously, intramuscularly or intranasally have an increased level
of antibodies and anti-viral protection (48149150



A general purpose DVG might be developed based on the DIP 244 which was derived naturally from genome segment 1
of influenza A; this not only inhibits influenza viruses via RNA interference but also has a broad-spectrum activity against
all other interferon-sensitive respiratory viruses via stimulation of type | interferon and pro-inflammatory cytokines [RIE152]
B3] |t should be noted that SARS-CoV-2 is particularly sensitive to recombinant human IFN-a and IFN-B, which reduce
viral titers B4l Indeed, co-infections with IAV DIPs and SARS-CoV-2 led to abrogation of SARS-CoV-2 replication in a
JAK/STAT-dependent mechanism 2. Similarly, EVs from HSV-1 were found to restrict the respiratory syncytia virus
(RSV). Thus, defective virus particles or other nanoparticles released from virus-infected cells could restrict heterologous
viruses most likely through innate immunity activation 28!,

3.5. Anti-Sense Oligonucleotides, Aptamers, Ribozymes, and Antibodies

Anti-sense RNA, RNA aptamers and ribozymes could all be incorporated into a TIP as could the RNA coding for the
epitope-binding part of an antibody.

3.5.1. Anti-Sense Oligonucleotides

The anti-sense oligonucleotides (ASOs) strategy involves the use of nucleic acid strands of approximately 20 nt that can
specifically hybridize to the complementary sequence of the target RNA BAEE] The fate of the ASO:RNA hybrid varies
depending on the ASO design strategy and either it could lead to cleavage of the mRNA, alter splicing, or it could form a
steric blockade resulting in disruption of translation. Morpholino-type ASOs targeting the TRS in the 5-UTR of the SARS-
CoV block virus replication B2, ASOs targeting conserved regions of the CoV genome such as the RdRp or the N
sequence can be used to bypass issues of increased mutagenesis. An ASO-based strategy could be used to improve the
effectiveness of treatments based on nucleoside analogues by splicing out ExoN 62,

Delivery of ASOs has been achieved using cationic polymers or by modifying them with lipids so they assemble in
nanomicelles [BLE263] phages are ideal vehicles for transferring nucleic acids, because they have the advantages of
simple production, purification and a large capacity for containing genetic material. VLPs from bacteriophage Qp have
been used to encapsidate target RNAs to detect viral infections, including foot-and-mouth disease virus (FMDV) or Ebola
virus. Asuragen and SeraCare have announced developments of SARS-CoV-2 positive controls for diagnostics, in which a
SARS-CoV-2 detection module for RT-PCR was encapsidated into VLPs from the bacteriophage Qf and the CCMV virus
(64 RNA nanoparticles of the bacteriophage @29 have been used to deliver therapeutic oligonucleotides 621,

DNA rich in non-methylated CpG motifs are immunostimulatory and can be used as vaccine adjuvants or to stimulate
protective immunity against pathogens. To enhance their stability and reduce serious side effects, a packaging and
delivery strategy using VLPs has been proposed. These oligonucleotides induce protective cytotoxic T cell responses in

the absence of systemic side-effects; hence, VLPs mounting protective immunity could accelerate SARS-CoV-2 clearance
[66]

An alternative is to take a gene therapy approach, in which RNA oligos are encoded in a viral vector such as adeno-
associated virus (AAV). Thus, short, hairpin RNAs can be fused to small Pollll promoters such as tRNA genes. The Pollll
transcripts would be exported to the cytoplasm where the shRNAs would function in the RNAIi pathway to knock down
expression of various RNAs.

3.5.2. Aptamers

Nucleic acid aptamers are artificial, single-stranded or double-stranded DNA or RNA that can bind to their targets [6ZI68]
(691 Because of their binding specificity, aptamers are often compared to antibodies 274, Those that bind to viral proteins
can have diagnostic and therapeutic potential. For example, aptamers binding to haemagglutinin have been used to
detect different influenza strains 2. Single-stranded DNA aptamers that bind to the ZIKA NS1 protein have diagnostic
potential 73], DNA aptamers against the dengue virus envelope protein can neutralize infection by all four serotypes of the
virus 74, RNA and DNA aptamers that disrupt the interaction of HSV-1 glycoprotein D with the virus entry receptor
interfere with virus entry into the cells [Z3llZ8] RNA aptamers were also described against the HIV-1 Gag protein that
perturbed the Gag-genomic RNA interaction leading to the inhibition of HIV-1 genomic RNA levels 1. Aptamers can also
be used to suppress the activity of viral enzymes or host targets that contribute to pathogenesis 879 Two RNA
aptamers specific to the polymerase of HCV inhibited the initiation and the elongation of viral RNA synthesis by competing
for the binding sites of the polymerase with viral RNA template [£9,

RNA aptamers of approximately 40 nt were described for the SARS-CoV NTPase/helicase. The aptamers could inhibit the
dsDNA unwinding activity of the helicase but not the ATPase [Z8l. A ssDNA aptamer that binds the N protein of SARS-CoV
was proposed for diagnostic purposes 1. This aptamer can also bind the N protein of SARS-CoV-2 [82. Considering that



the N protein is critical for nucleocapsid assembly, to antagonize host antiviral responses and the RNAiI machinery, the
aptamer targeting N protein could be repurposed to interfere with N functions B3l84l |ndeed, the C-terminus of the N
protein contains a highly positively charged region possessing a strong affinity for sSSDNA, ssRNA and dsDNA that can be
easily targeted by aptamers. Also, an aptamer that binds nucleolin was found to inhibit SARS-CoV-2 replication [,
Nucleolin is hijacked by the virus for its replication and the aptamer inhibits this process. Aptamers that bind the S protein
have been designed mostly for diagnosis 887 Aptamers that bind to the receptor-binding domain of S that could
potentially inhibit virus entry were recently reported (88, Aptamers that target the different methyltransferases of the virus,
endonucleases and proteases are predicted to be effective.

Aptamers can be linked to therapeutic oligonucleotides such as siRNAs, miRNAs, and gRNAs forming chimeras that
improve the properties of the therapeutic oligonucleotides 9. RNA aptamer siRNA chimeric molecules could be designed
to target the RNA genome/transcript of SARS-CoV-2.

3.5.3. Ribozymes and Antibodies

In the case of HIV, inactivation was achieved via anti-sense sequences against rev to prevent replication 2¥: the Gag
component of the capsid was fused to a calcium-sensitive nuclease to inactivate viral nucleic acids 2182 and the 5' leader
was cleaved by a ribozyme 23], These related technologies and DVGs based on SARS-CoV-2 could be used to target one
or more of the RNA targets discussed above R4SIN8IT For example, the CRISPR/Cas13 RNA knockdown system
delivered by the adeno-associated virus was used to cleave the SARS-CoV-2 RNA genome using guide RNAs to target
the sequences encoding ORFab and the S-protein 8. A single-domain camelid antibody against the S-protein can
neutralize the SARS-CoV-2 pseudovirus 22 such nanobodies could be encoded by a TIP.

3.6. EVs

EVs facilitate cell-to-cell communication and are produced by all types of cells. Recent studies demonstrated that COVID-
19 patients had increased circulating platelet-derived EVs 199, These EVs could transport platelet-derived cytokines and
other proinflammatory molecules, including damage-associated molecular patterns 194, The contribution of these EVs to
COVID-19-associated coagulopathy and lung injury remains undetermined (2021,

While EVs produced during an infection can exacerbate pathogenesis, those produced by uninfected cells could be
modified and used for therapeutic purposes (Figure 1). EVs can be engineered to serve as carriers of nucleic acid
sequences, including siRNAs, aptamers, genomes of TIPs, or other inhibitory molecules including proteins and small
molecule inhibitors 20311041 Ev/s would be more attractive if they could be directed to the desired targets. EVs produced
by a particular type of cell, such as an immune cell, could target the proteins on the surface of diseased cells or an
inflammatory immune cells 285l Other strategies to redirect EVs include the expression of antibodies on the surface of
EVs that target surface molecules in recipient cells or the expression of ligands to specific receptors.
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Figure 1. Harnessing EV properties to combat SARS-CoV-2 infection or treat COVID-19. (A) EVs can be used to deliver

nucleic acid sequences that either modulate the expression of specific targets, express genes of interests, or encode for
viral products. (B) EVs can be used to deliver compounds of interest. (C) EVs derived from a specific cell type or tissue
could be used to mitigate disease and trigger tissue regeneration. (D) EVs carrying the spike protein can be used to
antagonize viral entry into a host cell. (E) EVs carrying the virus entry receptor ACE2 could serve as decoys for the virus.
(F) EVs carrying viral antigens could be used for vaccine development. The image was generated with BioRender.com
(accessed on 13 September 2021).



In the case of SARS-CoV-2, vesicles could be designed to carry the S protein to antagonize virus entry 1981 Alternatively,
EVs released during SARS-CoV-2 infection were found to carry ACE2; such EVs could be used to treat infections by
coronaviruses that rely on ACE2 binding to enter host cells 224, |n addition, mesenchymal/stromal stem cell (MSC)-
derived EVs have been shown to naturally target injured tissue and ameliorate acute organ injury 228 These MSC EVs
have been suggested for promoting recovery in patients with ARDS 223, Thus, MSC EVs that carry ACE2 receptors could
have a decoy function for SARS-CoV-2, while mitigating ARDS 119, Currently, there are four clinical trials exploring the
use of MSCEVs 1, One trial aims to determine the therapeutic potential of aerosol inhalation of adipose-tissue derived
MSC EVs in patients with severe COVID-19. The safety profile of this treatment is assessed in a different trial. An
additional trial aims to determine whether MSC EVs can suppress immune system over-response to the virus, and
whether they can trigger regenerative processes. In other trials, bone marrow-derived MSC EVs are being tested in
COVID-19 patients with moderate-to-severe ARDS 1111,

Finally, viral antigens on EVs could also be used for vaccine development or to serve as adjuvants. Depending on the
status and the type of cell from which they originated, EVs may facilitate the initiation, expansion, maintenance, or
silencing of adaptive immune responses 112,

3.7. Mimics

One possibility would be to produce the ACE2 receptor fragment, to which SARS-CoV-2 binds, on the surface of a
bacteriophage or a bacterium to act as a competitor; these phages or bacteria might then be used to impregnate masks
and coat other surfaces, including skin and mucosal membranes, or even be used as inhalants. There is a novel
technique that could be used to produce peptides that would bind proteins on the surface of the virus and, indeed, that
would bind the other viral proteins (and that could then be encoded by a synDVG). This technique is the Mimic Chain
Reaction 1131 which, in a sense, is the peptide equivalent of the PCR technique. The Mimic Chain Reaction is based on
the auto-induction or quorum-sensing systems of bacteria and allows both the selection of peptides that bind to a target
and peptides that mimic the epitopes of the target.
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