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Abstract: At the end of 2019, a new disease appeared and spread all over the world, the COVID-19,
produced by the coronavirus SARS-CoV-2. As a consequence of this worldwide health crisis,
the scientific community began to redirect their knowledge and resources to fight against it. Here we
summarize the recent research on viruses employed as therapy and diagnostic of COVID-19:
(i) viral-vector vaccines both in clinical trials and pre-clinical phases; (ii) the use of bacteriophages to
find antibodies specific to this virus and some studies of how to use the bacteriophages themselves as
a treatment against viral diseases; and finally, (iii) the use of CRISPR-Cas technology both to obtain a
fast precise diagnose of the patient and also the possible use of this technology as a cure.
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1. Introduction

At the end of 2019, a new virus appeared in the city of Wuhan (China) and quickly spread
throughout the world, causing a global pandemic. The virus is closely related to the SARS-CoV (Severe
Acute Respiratory Syndrome Coronavirus), thus named SARS-CoV-2 [1,2]. It is a β-coronavirus,
carrying single-stranded, positive-sense RNA genome and four main structural proteins: spike
(with two subunits, S1 and S2), envelope, membrane and nucleocapsid (N) [3]. SARS-CoV-2,
as SARS-CoV, enters the cell through the receptor-binding domain (RBD) of the S1, which recognizes the
angiotensin-converting protein 2 (ACE2), present in the surface of host cells [4]. SARS-CoV-2 provokes
COVID-19, a new disease that produces a wide range of symptoms ranging from an asymptomatic
carrier state to respiratory distress syndrome and even acute heart injury with the risk of secondary
infections [5]. The rapid spread of the virus and the absence of treatment for this new disease have led
researchers all over the world to join forces in the search for a solution by using all available resources.

Since the beginning of this pandemic, all the medical resources were focused on two main points:
diagnostic and treatment of the disease. The diagnosis of SARS-CoV-2 was firstly based on molecular
approaches [6], the real-time RT-PCR assay has become the election method to detect the presence of
the virus as it is a specific and sensitive method to disclose viral RNA from respiratory tract samples [7].
In order to establish the presence of the virus, following the WHO’s indications, clinical laboratories
from all around the world are using various primer pairs: the spike gene, the RNA-dependent RNA
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polymerase gene (RdRp), the nucleocapsid gene and the envelope gene [8]. Besides, some serologic
analyses have been used to diagnose an active or past infection by quantifying the presence of IgM
and IgG in the patient serum [8]. An interesting systematic review and meta-analysis has been carried
out concerning the serological assays [9]. Authors concluded that the sensitivity of this technique was
higher three weeks after the symptom onset, compared with the first week, and that heterogeneity was
found in all analyses. Among the advantages of serological assays, we find that they are cheaper and
easier to implement at the point of care, but, above all, they can identify asymptomatic individuals
previously infected by SARS-CoV-2. Moreover, serological tests could be deployed as surveillance
tools to better understand the epidemiology of SARS-CoV-2. Many serological tests for Covid-19 have
become available in a very short period, and this is precisely where their main disadvantage resides:
the pace of development of serological tests has been so fast that it has exceeded that of rigorous
evaluation. Therefore, uncertainty about the accuracy of serological assays remains important [9].

Concerning the treatment of this disease, and due to its rapid development, finding an
effective treatment against it was imperative. Thus, researchers and medical doctors began to
test existing medicines and repurposing them as COVID-19 treatments, highlighting: (i) nucleoside
analogs, as favipiravir (used for influenza virus, Ebola, chikungunya, yellow fever, enterovirus and
norovirus treatment) [10,11], ribavirin (used for treating the respiratory syncytial virus, hepatitis C
virus and also against SARS and MERS) [12], remdesivir (used for HIV treatment) [11,13] or
galidesivir [14]; (ii) antiparasitics as chloroquine (used against malaria, with positive in vitro results
against SARS, MERS, Ebola, HIV, Nipah and Hendra viruses, although no protection was found
in vivo against these viruses) [15–18]; (iii) protease inhibitors (lopinavir and ritonavir used as HIV
treatments) [19]; (iv) indole-derivate molecules as arbidol (used against hepatitis viruses) [20];
and finally, (v) convalescent plasma therapy from patients who recovered from the infection [21].

Paradoxically, an efficient prevention strategy to combat SARS-CoV-2 could come from different
human viruses, e.g., in the form of a vaccine vector. A virus is known as an extremely small infective
particle, which can only replicate inside a host. Since their discovery, they have been identified as the
cause of a great number of diseases, but more recently, they have also been considered a solution for
some of them [22]. Viruses can be genetically modified to express antigens of interest, turning them
into efficient vectors that deliver immunogenic particles inside the human body [23]. The usefulness
of the viral vectors is based on: (i) their high specificity for their targets, (ii) their ability for gene
transduction and (iii) their capacity to generate strong cellular and humoral immune responses without
an adjuvant [22]. Besides, all the viruses used as vectors are genetically modified to eliminate their
replicative capacity and to decrease or eradicate their pathogenicity. However, a potential problem
with viral vectors is the pre-existing immunity, due to previous viral exposure [22].

Indeed, there are viruses able to specifically infect bacteria as well. These are called bacteriophages,
and they can also represent an interesting tool useful in the analysis of SARS-CoV-2, in the diagnostic of
the disease and in its treatment. Bacteriophages (also known as “phages”) are the natural predators of
bacteria, highly specific: They recognize the bacterial receptors on the surface of the prokaryotic cells and
strongly attach to them [24]. Since the discovery of bacteriophages in 1915 [25], they have been used as
an alternative treatment for critical bacterial infections, on some occasions even life-threatening [26,27].
In the last decade, i.e., in the post-antibiotic era, the therapy based on lytic phages (phage therapy) or
phage derived proteins (enzybiotics) such as, for instance, phage-encoded endolysins [28], has gained
popularity, being one of the few options currently available for infections caused by multi-drug resistant
(MDR) bacteria [26,29]. Phages have demonstrated their innocuousness for humans, although some
concerns still need to be investigated such as the purity of the preparation [26]. However, this is far from
being the only use for phages; they might be a good option to isolate neutralizing antibodies against
other infectious diseases, caused by parasites [30] or viruses [31], using the phage display technique.

Highly related to bacteriophages are the Cluster Regulatory Interspaced Palindromic Repeats
(CRISPR), discovered in 1993 and firstly named as short regulatory repeats (SRSRs) [32]. It was years
later when their function as a bacterial immunity system against bacteriophages was reported [33,34].
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CRISPR fragments are phage-derived sequences harbored by bacteria in their chromosomes that
act as an acquired immunity system in prokaryotes: when a bacterium that has been infected by
a bacteriophage is re-infected by the same type of phage, CRISPR-Cas system recognizes the viral
DNA/RNA repeated sequences and digests the spacer segments between the repetitions, using the
endonuclease activity of Cas (CRISPR associated) proteins [35]. This system has been extensively
studied by many scientific researchers from all over the world and belonging to very different
domains [36]. The importance of this technology has been increasing in the last decade, and nowadays,
it is even possible to replace one DNA fragment by another; therefore, CRISPR-Cas system is currently
considered one of the most important tools to genetic edition, treatment of diseases and genetic
modification of mammalian cells, among others [36].

Throughout this work, we have analyzed innovative methods of diagnostic and treatment of this
new disease, the COVID-19, based on the use of human viruses, bacterial viruses (bacteriophages),
or virus-related tools (CRISPR). Due to the novelty of the topic here discussed and the amount of
information available, in this review, some articles that have not been peer-reviewed are cited.

2. Human Viruses as Prevention

Nowadays, there are several types of viral vectors depending on the type of virus used:
retrovirus [37], lentivirus [38], Sendai virus [39], cytomegalovirus [40], poxvirus [41], adenovirus [42],
adeno-associated virus (AAV) [43], among others. These vectors have been used against several diseases
such as HIV [44–48], hepatitis [49], tuberculosis [50,51], influenza [52,53] and even cancer [54,55].
The most common viruses used for the development of vaccines against human infectious diseases
are poxvirus and adenovirus. Poxviruses were the first viruses ever used as vaccine and so the best
known with a safety and efficacy widely demonstrated; on the other hand, adenoviruses have been
deeply analyzed especially due to its easy production, great transduction efficiency, a broad spectrum
of tropism and their transgene expression [22]. The following studies and/or clinical trials measured
an elicited humoral response (quantified by ELISA or Western blot) and a neutralizing response (by
neutralization assays using either the live virus or a pseudovirus). Neutralizing antibodies can, as their
name implies, neutralize the biological effects of the antigen and interfere with their infectivity without
a need for immune cells. Currently developed SARS-CoV- and MERS-CoV-specific neutralizing
antibodies include monoclonal antibodies (mAbs), their functional antigen-binding fragment (Fab),
the single-chain variable region fragment (scFv), or single-domain antibodies. They target S1-RBD,
S1-NTD, or the S2 region, blocking the binding of RBDs to their respective receptors and interfering
with S2-mediated membrane fusion or entry into the host cell, thus inhibiting viral infections [56].

One of the best-known poxvirus vectors is the Modified Vaccinia Ankara (MVA), unable to
replicate in most mammalian cells, thus becoming a safe vector that expresses antigens which elicit an
immune response [57]. MVA has been recently modified by Chiuppesi et al. to co-express SARS-CoV-2
spike (S) and nucleocapsid (N) antigens with the aim of testing its immunogenicity and developing a
candidate vaccine against COVID-19. In the study, the authors challenged several mice with two MVA
vectors, sMVA-S, and sMVA-N vectors, expressing the S and N antigen, respectively. Both vectors
were evaluated in a murine model by co-immunization at different doses, and they observed similar
SARS-CoV-2 antigen-specific humoral and cellular immune responses in vaccine groups receiving
sMVA-S and sMVA-N alone or in combination. Authors claimed that both vectors expressing the S and
N antigens can stimulate potent SARS-CoV-2-specific humoral and cellular immune responses in mice,
either expressed isolated or in combination. For neutralizing experiments, they used SARS-CoV-2
pseudovirus and detected neutralizing antibodies in all vaccine groups receiving the S antigen.
The authors claimed that these neutralizing responses increased after the booster immunization [57].

The adenoviral vector most commonly used for clinical trials and experimental gene therapy
applications is HAdV-C5, abbreviated as Ad5 [58]. The research group of Zhu et al. performed a
phase-2 trial using a replication-defective Ad5 expressing the spike glycoprotein of SARS-CoV-2,
to assess its level of safety, tolerability, and immunogenicity in a group of healthy adults. This trial
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did not report serious adverse events within 28 days post-vaccination. They found a peak in specific
T-cells at day 14 post-vaccination, whereas the peak in neutralizing antibodies anti-spike occurred at
day 28 post-vaccination, detected through both live SARS-CoV-2 virus neutralization and pseudovirus
neutralization tests [59].

Nowadays, this vaccine is being tested in humans in a phase-3 clinical trial (Table 1) [60]. Similarly,
at the University of Oxford, scientists have designed a chimpanzee adenovirus (ChAdOx1) vectored
vaccine encoding a codon-optimized full-length spike protein of SARS-CoV-2 [61]. The authors
reported that a single vaccination with ChAdOx1 nCoV-19 was effective in preventing damage to the
lungs upon high dose, indicating that vaccination prevents virus replication in the lower respiratory
tract, but no reduction in viral shedding from the nose was observed. The biggest limitation of this
study was that animals were challenged with a high dose of virus via multiple routes, which does
not simulate a realistic human exposure [61]. These researchers performed a phase-1/2 randomized
trial in healthy adults and observed that those vaccinated with the ChAdOx1 nCoV-19 (5 × 1010

viral particles) experimented a few mild/moderate secondary effects during the first days after the
vaccination. Nevertheless, authors demonstrated that their vaccine is effective with a single-dose,
without several adverse reactions, and detected the presence of high levels of neutralizing antibodies
as well as spike-specific antibodies 28 days after vaccination [62]. Currently, this vaccine is in a phase-3
clinical trial in different countries (Table 1) [63].

Table 1. Viral-vector vaccine candidates and their current state of development according to the WHO.

Developer Institution Country/s Type of Viral-Vector Current State

University of Oxford/ AstraZeneca United Kingdom ChAdOx1-S Clinical trial Phase 3

Beijing Institute of Biotechnology/
CanSino Biological Inc. China Ad5 Clinical trial Phase 2

Janssen Pharmaceutical Companies Belgium Ad26 Clinical trial Phase 1
2

Gamaleya Research Institute Russia Adenovirus Clinical trial Phase 1

ReiThera/LEUKOCARE/Uncercells Italy/Germany/Belgium Adenovirus Clinical trial Phase 1

Institute Pasteur/Themis/Univ. of
Pittsburgh CVR/Merck Sharp & Dohme France/United States Measles Clinical trial Phase 1

Medicago Inc. Canada Plant-derivated VLP Clinical trial Phase 1

ID Pharma Japan Sendai virus Pre-clinical

Ankara University Turkey Adenovirus Pre-clinical

Massachusetts General
Hospital/Massachusetts Eye and

Ear/AveXis
United States Adenovirus Pre-clinical

GeoVax/BravoVax United States/China MVA Pre-clinical

German center for infection
Research/IDT Biologike GmbH Germany MVA Pre-clinical

IDIBAPS-Hospital clinic Spain MVA Pre-clinical

Altimmune United States Adenovirus Pre-clinical

Erciyes University Turkey Ad5 Pre-clinical

ImmunityBio Inc/NantKwest Inc. United States Ad5 Pre-clinical

Greffex United States Ad5 Pre-clinical

Stabilitech Biopharma Ltd. United Kingdom Ad5 Pre-clinical

Valo Therapeutics Ltd. United Kingdom Adenovirus Pre-clinical

Vaxart United States Ad5 Pre-clinical

National Biotechnology Center
(CNB-CSIC) Spain MVA Pre-clinical

University of Georgia/University of Iowa United States Parainfluenza virus Pre-clinical
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Table 1. Cont.

Bharat Biotech/Thomas Jefferson University India/United States Rabies virus Pre-clinical

National Research Centre Egypt Influenza A Pre-clinical

National Center for Genetic Engineering
and Biotechnology (BIOTEC)/ GPO Thailand Flu virus Pre-clinical

KU Leuven Belgium YF17D Pre-clinical

Cadila Healthcare Limited India Measles Pre-clinical

FBRI SRC VB Vector/Rospotrebnadzor Russia Measles Pre-clinical

German center for infection
Research/CanVirex AG Germany Measles Pre-clinical

Tonix Pharma/Southern Research United States Horsepox Pre-clinical

BiOCAD/ IEM Russia Influenza Pre-clinical

FBRI SRC VB Vector/Rospotrebnadzor Russia Influenza A Pre-clinical

Fundação Oswaldo Cruz/
Instituto Buntantan Brazil Influenza Pre-clinical

University of Hong Kong China Influenza Pre-clinical

IAVI/ Merk Italy/United States VSV Pre-clinical

University of Manitoba Canada VSV Pre-clinical

University of Western Ontario United States VSV Pre-clinical

Aurobindo Pharma India VSV Pre-clinical
FBRI SRC VB Vector/Rospotrebnadzor Russia VSV Pre-clinical

Israel Institute for Biological
Research/Weizman Institute of Science Israel VSV Pre-clinical

UW-Madison/FluGen/Bharat Biotech United States Influenza Pre-clinical

Intravacc/Wageningen Bioveterinary
Research/Utrecht University The Netherlands Newcastle disease virus Pre-clinical

The Lancaster University United Kingdom Avian paramyxovirus Pre-clinical

University of Manitoba Canada VLP Pre-clinical

Bezmialem Vakif University Turkey VLP Pre-clinical

Middle East Technical University Turkey VLP Pre-clinical

VBI Vaccines Inc. United States VLP Pre-clinical

IrsiCaixa AIDS
Research/IRTA-CReSA/Barcelona
Supercomputing Centre/Grifols

Spain VLP Pre-clinical

Mahidol University/The Government
Pharmaceutical Organization

(GPO)/Siriraj Hospital
Thailand VLP Pre-clinical

Navarrabiomed,
Oncoinmunology group Spain VLP Pre-clinical

Saiba GmbH Switzerland VLP Pre-clinical

Imophoron Ltd. and Bristol
University’s Max Planck Centre United Kingdom VLP Pre-clinical

Doherty Institute Australia VLP Pre-clinical

OSIVAX France VLP Pre-clinical

ARTES Biotechnology Germany VLP Pre-clinical

University of Sao Paulo Brazil VLP Pre-clinical

VLP—Virus-like particle; VSV—vesicular stomatitis virus.

Consistently with their preliminary results, Mercado et al. immunized several rhesus macaques
with another adenoviral vector (Ad26) expressing also the spike protein. However, the immunogen
that they used was the full-length membrane-bound S protein with a mutation of the furin cleavage
site and two proline stabilizing mutations [64]. They reported a robust immune response based on
neutralizing antibodies, obtaining complete protection against the SARS-CoV-2 challenge in 5 out of 6
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animals [65]. Based on the previous results, they are now performing a phase-1/2 trial in healthy adults
in which they are going to administrate two intramuscular doses of the vaccine (Ad26COVS1) [65,66].

In the same context, the Gamaleya Research Institute of Russia had performed two phase-1
clinical trials with adeno-based vaccines. In these clinical trials, they are going to test the safety of two
different vaccines, one based in Ad26 and the other in Ad5, both containing the Spike protein of the
SARS-CoV-2 and the lyophilizate of the two mentioned above, for the preparation of a solution for
intramuscular injection [67,68]. The combination of Ad26 and Ad5 expressing the spike protein is now
in phase-3 [67,68].

Moreover, companies from Italy, Germany, and Belgium have joined forces to develop a simian
adenoviral vector-based vaccine that expressed the S protein of the SARS-CoV-2, whose phase 1 clinical
trial has begun in Italy this summer [69].

Moreover, the Pasteur Institute in collaboration with two companies and the University of
Pittsburgh have developed a Measles-vector vaccine expressing a modified surface glycoprotein
of the SARS-CoV-2. This vaccine candidate is nowadays in phase 1 clinical trial, to test the safety,
tolerability and immunogenicity of a vaccine that is going to be administrated intramuscularly in two
doses separated by 28 days in 90 healthy adults [70]. Furthermore, Medicago Inc. has developed
another phase-1 trial testing a virus-like particle vaccine that will be injected into healthy adults with
or without an adjuvant, trying different doses of the vaccine [71].

Xiamen University is developing an intranasal spray viral-vector vaccine, based on influenza A
virus expressing the spike protein (Table 1). This is currently in a phase-1 clinical trial, and the spray is
being nasally administered in one dose in 60 healthy adults [72].

Apart from all these clinical trials, according to the World Health Organization (WHO), nowadays
there are 49 viral-vector candidates in pre-clinical evaluation: 9 using adenoviruses, 4 using MVA,
7 using influenza A virus, 3 using Measles virus, 5 using VSV (vesicular stomatitis virus), 7 using other
viruses, and 12 using virus-like particles [73] (Table 1).

3. Bacteriophages

As detailed above, bacteriophages are the natural viruses of bacteria that have been used to
treat diseases for a long time. Therefore, in 1988, de la Cruz et al. modified the filamentous phage
F1 from Escherichia coli in order to express repetitive regions from the circumsporozoite protein of
Plasmodium falciparum [74]. The resulting phages displayed the recombinant protein on their capsid
surface and were found to act as carriers capable of producing immunological responses in rabbits.
This is one example of how one of the oldest and most abundant entities on Earth has been turned
into a powerful therapeutic weapon. Since then, researchers have been investigating the potential of
phages in the fight against other infectious diseases. Phage display libraries are a remarkably useful
tool that allows the identification of the best ligands for a given target [75], permitting the construction
of large libraries consisting of numerous antibody genes [76]. This type of libraries has been used
since 1992 to identify specific monoclonal antibodies (mAb) against certain bacteria or viruses [77,78],
and a high percentage of human therapeutic antibodies have been developed by this technique [79].
In the past, there have been several examples of phage display libraries expressing viral peptides
that have successfully inhibited infections, for instance, the ones caused by adenovirus type 2 [80],
hepatitis B virus [81], hantavirus, sin nombre virus [82], and Andes virus [83]. This justifies the use of
these libraries as a diagnostic and treatment tools of SARS-CoV-2 (Figure 1).
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Figure 1. Uses of phage-display libraries in the diagnostic (1, 2 y 3) and treatment (4, 5, and 6) of
SARS-CoV-2. scFv: single-chain variable fragment. S2: spike subunit 2. mAbs: monoclonal antibodies.
MERS: Middle-East respiratory syndrome. RBD: receptor-binding protein.

3.1. Bacteriophages as Diagnostic Tools: Phage-Display Libraries

Phage display is a powerful technique for the identification and isolation of peptides or
proteins [76]. This technique consists of expressing foreign peptides on the surface of bacteriophages,
frequently filamentous bacteriophages isolated from E. coli, but not exclusively. Indeed, phagemids are
the most commonly used vector in phage display technique: these filamentous-phage-derived vectors
contain the replication origin of a plasmid, a selective marker, the intergenic region (usually containing
the packing sequence), a gene of a phage coat protein, restriction enzyme recognition sites, a promoter
and a DNA segment encoding a signal peptide [84]. Phagemids have small genomes, which makes
them suitable to accommodate larger foreign DNA fragments. Moreover, they are more efficient in
transformation, which allows for obtaining a phage display library with high diversity. A variety of
restriction enzyme recognition sites are available in the genome of phagemids, which is convenient
for DNA recombination and gene manipulation. Furthermore, the expression level of fusion proteins
can be easily controlled and, finally, phagemids are usually genetically more stable than recombinant
phages [84].

Nowadays, the most common phages used are the M13 (Inoviridae), T4 (Myoviridae), T7 (Podoviridae)
and Lambda (Syphoviridae) [85]. Most of the proteins are displayed as fusion proteins with the N-
or C-terminus of different phage surface proteins: coat proteins pIII or pVIII on M13 [86], capsid
proteins HOC (highly antigenic outer capsid) or SOC (small outer capsid) on T4 [87], the capsid protein
pX on T7 [88] and the head protein pD or the tail protein pV on Lambda phage [89]. To select a
specific mAb from the library, phages must be subjected to a multiple-cycle process, and after each one,
antibodies showing the highest affinity are chosen for the next round. During each cycle, the library is
incubated with the target, previously immobilized on a solid support, washed, eluted, amplified and
reselected [90]. In the case of phage display libraries expressing mAbs, these are often quantified by
ELISA or similar techniques [91]. In the context of the current COVID-19 pandemic, it is worthy to
consider that the use of this method has led to major discoveries concerning highly related coronavirus,
like SARS or MERS: (i) identification of two single-chain fragment variable (scFv) antibodies that are
highly specific for SARS-CoV [92] and (ii) proposal of a new method, called “Yin-Yang”, for selecting
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mAbs by using crude antigens of MERS-CoV (Middle East Respiratory Syndrome Coronavirus),
which led to the isolation of three mAb against the MERS-CoV nucleocapsid protein [93]. Besides,
several researchers have suggested highly specific diagnostic methods that use phage display libraries
for the S1 subunit of the SARS-CoV spike protein, with no cross-reaction with other coronaviruses [75].

Phage display libraries have led to several discoveries associated with coronaviruses that have
caused serious human diseases in the past, such as SARS-CoV or MERS. One example is the identification
of an scFv antibody, called B1, which binds the S2 of the spike protein of the SARS-CoV both in vitro
and in vivo, exhibiting a potent neutralizing activity [94]. Moreover, this same technique allowed
for the detection of a human Fab (Fragment antigen-binding) molecule against the spike protein
of SARS-CoV, named M1A that could be used in passive immunoprophylaxis [95]. However,
the Fc (Fragment crystallizable) region of the antibody is needed to enable the development of a proper
immune response [96], so structural modifications (as the authors suggested) would be interesting in
order to enhance its protective and neutralizing capacities. Following with these libraries, five types
of mAb against the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein have been
identified [97]. Finally, phage display libraries lead to the identification of two important mAbs, one of
which neutralizes the RBD of the SARS-CoV-2 [98] (Figure 1).

3.2. Bacteriophages as Treatments

In addition to the phage-libraries, other strategies employing phages have been developed
as treatments. Regarding the coronavirus type, Ren et al. developed phages that bear specific
gastroenteritic coronavirus peptides, which induced humoral and cell-mediated immunity in mice,
suggesting that phage-based vaccines may be efficient heterologous antigens for initiating host humoral
and cellular immune responses [99]. Furthermore, Lauster et al. modified the icosahedral capsid of
Q-beta-phage (Qβ) to display sialic acid ligands that bind to the trimeric haemagglutinin (HA) of the
influenza A virus (IAV). These researchers demonstrated that the Qβ-phage capsids can act as highly
specific inhibitors of IAV, completely blocking its entry to cells by covering the whole envelope of the
virus. However, this method is still undergoing preclinical development [100].

4. CRISPR-Cas

CRISPR-Cas is a bacterial adaptive immune system that was first demonstrated employing a
nuclease enzyme (Cas9) that came in 2007 from Barrangou et al. [34]. However, it was Marraffini
et al. who proved, in 2008, that CRISPR did not work by RNA interference but by cutting DNA [101].
In parallel, Deveau and Horvath’s groups realized that viral DNA was always digested at the same
positions upon infection when the bacterium displayed its CRISPR-Cas immunity system [102,103].
Consequently, they claimed that Cas9 catalyzes the digestion of the DNA at precise positions, encoded by
specific sequences of “programmable” RNA (CRISPR-RNA or crRNA), which opened the door to the
revolution of CRISPR: a molecular tool that allows accurate site-directed digestion in the DNA. CRISPR
can also provide a precise, sensitive diagnostic technique as well as an elegant therapeutic option,
which has been applied to identify Zika virus [104], human papillomavirus [105], African Swine Fever
virus [106], Staphylococcus aureus [107] and Pseudomona aeruginosa [108], among others.

4.1. CRISPR-Cas as a Molecular Tool of Diagnostic of COVID-19

In the last few months, several projects related to CRISPR have appeared or have been modified
in response to the current crisis caused by the COVID-19 pandemic [109]. All these techniques use
mainly the Cas13 and Cas12 proteins because of their capacity to cut single-strands of either DNA
or RNA [110]. Most of CRISPR based techniques have been developed to use LAMP or RT_LAMP
(Reverse transcription loop-mediated isothermal amplification). This technique was developed to
simplify the PCR process, with shorter reaction times and no need for specific equipment [111]. Besides,
these methods can be developed without high technology or difficulties, allowing the technicians to
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perform the diagnostic of the disease directly in the sample collection points. Among this research,
we highlight six main diagnostic tests using CRISPR technology (Table 2):

(i) SHERLOCK: Specific High-sensitivity Enzymatic Reporter unLOCKing. This technique uses
the RNAse activity of the CRISPR-Cas13a protein, which needs only a small specific RNA
guide [112]. The system was adapted to a simple test against SARS-CoV-2, called STOPCovid
(SHERLOCK Testing in One Pot), which counts nowadays with two versions: STOPCovid.v1
and STOPCovid.v2 [113]. Both of them use LAMP technique for RNA amplification and can
detect up to 100 viral genome copies per reaction in 45–60 min. STOPCovid.v2 uses magnetic
beads to simplify the RNA extraction and reduce its duration [113]. Researchers have developed
a simple test format that can be performed without complex instrumentation and can detect the
virus in saliva samples [114]. This method has been clinically validated by a different research
group, who have decreased the limit of detection, thus increasing its sensitivity [115].

(ii) DETECTR: DNA Endonuclease TargEted CRISPR Trans Reporter. This system uses the
CRISPR-Cas12a protein to detect SARS-CoV-2 through its nucleoprotein and envelope genes,
based on the method of RT-LAMP, which includes a simultaneous retrotranscription process.
This technique allows the detection of the virus in naso- and oropharyngeal samples within
30–40 min. The limit of detection is 10 copies per microliter [116].

(iii) CARMEN: Combinatorial Arrayed Reactions for Multiplexed Evaluation of Nucleic-acids.
This method combines SHERLOCK with microfluidic technology, enabling the analysis
of numerous types of samples from patients. The system was developed to detect 169
human-associated viruses, including SARS-CoV-2. Moreover, it can be used for viral detection in
several types of samples, ranging from plasma to nasal swab samples [117].

(iv) AIOD-CRISPR: All In One Dual CRISPR-Cas12a. This system uses the Cas12a protein in a fast,
specific, simple method for the visual detection of SARS-CoV-2 and HIV viruses by the naked
eye. This method can also be performed at a single temperature, thus avoiding the need for
techniques such as LAMP. It detected 1.3 copies of a plasmid expressing the nucleocapsid protein
of SARS-CoV-2, although it has not yet been tested with clinical samples [118].

(v) CONAN: Cas3-Operated Nucleic Acid detectioN. This CRISPR-based tool employs mainly Cas3
endonuclease, in combination with Cas5, 6, 7, 8, and 11, which mediates targeted DNA cleavage.
When combined with isothermal amplification methods, CONAN provides a rapid and sensitive
method to detect SARS-CoV-2, with a reliability of 90% [119].

(vi) CRISPR-COVID: A few months ago, another CRISPR-based tool suitable for the diagnostic of
SARS-CoV-2 infection was developed, also based on the Cas13a endonuclease. Scientists claimed
that this technique was extremely sensitive and specific, with almost a single-copy sensitivity,
as they were able to identify as low as 7.5 copies of viral RNA per reaction in some cases.
Furthermore, they did not detect any false positives and the time needed per reaction was only
40 min [120].
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Table 2. Comparison of the main characteristics of some novel diagnostic methods for SARS-CoV-2
and the gold standard COVID-19 RT-PCR assay.

COVID-19
RT-PCR

STOP-Covid a

(SHERLOCK) DETECTR CARMEN AIOD-CRISPR CONAN CRISPR-COVID

Gene
Target

Spike protein
RdRp

Nucleocapsid

Spike
ORF1ab

Nucleocapsid

Envelop
Nucleocapsid ORF1ab Nucleocapsid Nucleocapsid ORF1ab

Nucleocapsid

Sample
type RNA RNA DNA RNA DNA DNA RNA

Assay
reaction

time
120 min 60 min 30–40 min ~30 min 40 min 30–40 min 40 min

Nº of
samples/
reaction

1 1 1 1000 1 1 1

Results Quantitative Semi-quantitative Qualitative Quantitative Quantitative Quantitative Qualitative

Detection
limit

>10 viral
copies 42 viral copies 10 viral copies 10 viral

copies

1.3 copies of
SARS-CoV-2
Nucleocapsid
gene plasmids

100 viral
copies 7.5 viral copies

FDA
Approval Yes Yes In process In process - - -

a This section includes both versions, STOPCovid.v1 and STOPCovid.v2. -: without information.

Recently, Fozouni and collaborators developed an innovative technique based on the
direct detection of SARS-CoV-2 from nasal swab RNA extracts using an amplification-free
CRISPR-Cas13a-based mobile phone assay. The sensitivity of the technique was around 100 copies/µL
and the duration under 30 min, being able to detect a set of positive clinical samples in under 5 min [121].

4.2. CRISPR-Cas as a Treatment

CRISPR technology has also been proposed as a treatment for IAV and COVID-19 by using the
PAC-MAN method (Prophylactic Antiviral CRISPR in huMAN cells). This system uses the Cas13d
protein, which has RNAse activity, to destroy the highly conserved genomic RNA regions of the
coronavirus. Cas13d enzyme effectively inhibited and degraded SARS-CoV-2 viral RNA in respiratory
epithelial cells. The authors suggest several possible delivery forms for the Cas13d protein and its
RNA guides, such as nanoparticles, a DNA-based liposomal strategy and a ribonucleoprotein complex.
Furthermore, Cas13d is capable of processing its RNA guides so that multiple RNAs with different
targets can be delivered at the same time, thus increasing the chances of complete viral eradication.
Although this approach has produced promising results in the laboratory, it is still at the pre-clinical
trial stage and must be tested in animal models before being tested in humans [122].

Other authors have suggested AAV as a suitable delivery vehicle for the Cas13d, as each viral
particle can pack more than three RNA guides. Moreover, AAVs are excellent, safe delivery systems,
and they also have specific lung cell serotypes, enabling administration via the respiratory route.
Nevertheless, this delivery method, like the treatment based on CRISPR-Cas13, is still at the pre-clinical
trial stage [123].

5. Discussion

Among this review, we have revised all the viral-based vaccines and viral-related techniques
(bacteriophages and CRISPR) that are currently been used in the diagnostic and treatment of
SARS-CoV-2. Here, we have summarized all the vaccines that are currently under study (according to
WHO), which use viruses as vectors. Moreover, we described the use of phage-display libraries to
select monoclonal antibodies specifically against SARS-CoV-2 and how human viruses are used as
vectors in vaccines. Finally, in addition to the present techniques, we have reported the new tools that
have been developed as new CRISPR diagnosis and treatment methods.



Viruses 2020, 12, 1172 11 of 19

The use of virus-based vaccines has been studied for many years, although until now only one
viral-vector vaccine has been approved for use in humans, the rVSV-ZEBOV-GP indicated against
Ebola [124]. Nevertheless, some of them are in the final steps of the clinical trials [125]. Despite all the
advantages that this kind of vaccines have, they still have some disadvantages such as the pre-existing
immunity that can be found against the most common viral-vectors (poxvirus and adenovirus),
which might decrease the efficacy of the vaccine [126], or the lack of proper animal models [127].
Nevertheless, in the last months, new murine models have been developed by adding the human
ACE-2 receptor to mice by knock-in [128] or transducing the mouse using an adenovirus that expressed
the hACE-2 [129]. The viral-vector vaccines are an adequate option in the fight against the COVID-19
disease, being five of the twenty-seven candidate vaccines in a clinical trial to date [73].

However, prophylaxis is not the only way to defeat disease, it is as important to have reliable
diagnostic methods and proper treatments. Here we described several new specific diagnostic methods
based both in the use of phage-display libraries and CRISPR-Cas. The phage-display libraries are one
of the most effective ways to generate a great number of peptides, proteins, or antibodies in a small
period [90]. They have been proved useful in the analysis of several autoimmune diseases [130,131]
and to produce human antibody therapeutics [132], such as Helicobacter pylori [133], P. aeruginosa [134],
S. aureus [135], Leishmania [136], Citomegalovirus [137] and Rabies virus [138], among others. However,
this technology has a few limitations, like the diversity of the peptides and their quality, which depends
on the origin and diversity of the library, as well as on the process employed to evaluate the
antibodies [139].

Most of the tools exposed in this review are still under analysis or waiting for their approval,
except for the CRISPR-Cas diagnostic systems, some of which are currently accepted with clinical
validation. These tools have solved most of the problems that this diagnostic technology had, such as
the need for PAM (Protospacer adjacent motif) sequences, quantification of the sample, need to pre-treat
the sample or the detection of more than one target per reaction [140]. Interestingly, Fozouni et al. used
crRNAs targeting SARS-CoV-2 RNA quantifying viral load using enzyme kinetics, which allows for
improvements in the sensitivity and specificity of the diagnosis of COVID19. This innovative assay
in combination with mobile phone-based quantification can provide rapid, low-cost, point-of-care
screening to aid in the control of SARS-CoV-2 [121]. However, the use of CRISPR technology to treat
the disease has to face the main problem of the delivery of the system to the target cells, being proposed
several options as phagemids [141] or viruses [142]. Moreover, another problem is the presence of
undesirable secondary mutations: although the CRISPR system has a very low frequency of secondary
mutations [143], some studies have demonstrated the unnecessary perfect match for the function of
the system [144,145].

6. Conclusions

This work reviews the ultimate tools already developed and in process for the diagnosis and
treatment of the new disease COVID-19 using human viruses, bacteriophages, and the bacterial
immune system CRISPR-Cas. These methods are the next step in the development of more specific and
precise diagnostic tools as well as a new point of view in the treatment of this pandemic, but also useful
for many other diseases. Despite the rapid outcome of all the studies presented here, their results leave
no doubt about their usefulness against the SARS-CoV-2. They represent an extraordinary opportunity
to defeat this disease as well as an incredible example of a common effort of the scientific community
all around the world.
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