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Abstract 
This mini review focuses on the diagnosis and treatment of virus diseases using Crisper-Cas technology. The present paper 
describes various strategies involved in diagnosing diseases using Crispr-Cas-based assays. Additionally, CRISPR-Cas sys-
tems offer great potential as new therapeutic tools for treating viral infections including HIV, Influenza, and SARS-CoV-2. 
There are several major challenges to be overcome before this technology can be applied routinely in clinical settings, such 
as finding a suitable delivery tool, toxicity, and immunogenicity, as well as off-target effects. This review also discusses ways 
to deal with the challenges associated with Crisper-Cas technology.

Key points
• Crisper technology is being applied to diagnose infectious and non-infectious diseases.
• A new generation of CRISPR-Cas-based assays has been developed which detect pathogens within minutes, providing 
rapid diagnosis of diseases.
• Crispr-Cas tools can be used to combat viral infections, specifically HIV, influenza, and SARS-CoV-2.
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Introduction

The clustered regularly interspaced short palindromic 
sequence repeats-Cas (CRISPR-Cas) system has emerged 
as a promising tool for next-generation pathogen diagnosis, 
gene editing, drug discovery, and therapeutics. It forms a 
part of natural adaptive immune response in many species 
of archaea and bacteria, against foreign bacteriophage and 
plasmid infections by cleaving their nucleic acid (Brouns 
et  al.  2008; Horvath et  al.  2010; Garneau et  al. 2010;  
Barrangou et al. 2007). Research investigations now focus 
on optimizing Crispr-Cas system to be utilized in Humans 
(Cebrian-Serrano et al. 2017; Hendel et al. 2015; Kumar 
et al. 2019; Moorthy et al. 2020; Naeem et al. 2020).

Rapid detection of disease-causing pathogens enables 
accurate and quick treatment and helps in preventing the 
spread of disease. While conventional diagnostic meth-
ods such as restriction enzymes, recombinases, nucleases, 
sequencing-based methods, PCR/qPCR-based methods, 
and isothermal amplification-based techniques (Yang and 
Rothman 2004; Zhao et al. 2015; Scheler et al. 2014) are 
time-consuming, have low specificity and sensitivity, and 
are expensive, requires technical expertise, and sophisticated 
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devices, Crispr-Cas helps in nucleic acid detection (Khamb-
hati et al. 2019; Li Y et al. 2019; Chertow 2018) with high 
sensitivity and specificity in comparatively less time. This 
makes Crispr-Cas system a powerful tool in next generation 
pathogen diagnosis. Crispr-Cas-based SHERLOCK tech-
nology allows detection of Zika virus and dengue virus in 
just 2 h with a sensitivity of about 1 copy per microliter of 
sample (Myhrvold et al. 2018). It has also enabled detec-
tion of West Nile, yellow fever virus, and SARS-CoV-2 
(Gootenberg et al. 2017, 2018; Myhrvold et al. 2018; Zhang 
et al. 2020). Similarly, DETECTR technology has also been 
employed to detect SARS-CoV-2 (Broughton et al. 2020). 
Furthermore, human papilloma virus strains (HPV-16 and 
HPV-18) can be distinguished using DETECTR technology 
(Myhrvold et al. 2018). The development of Crispr-based 
chips has enabled detection of target genome without the 
need of amplification, providing quicker results (Hajian et al. 
2019).

SARS COV-2 outbreak is severely contagious and has 
been gripping the world since December 2019, and has 
led to an alarming increase in worldwide mortality rate. 
According to WHO, 187,827,660 confirmed cases and 
4,055,497 deaths have been reported worldwide by July 
2021. Other viral infections such as HIV and Influenza 
are also a major public health issue worldwide. As per 
WHO, nearly 37.6 million people were living with HIV 
and 690,000 deaths have been reported due to HIV-related 
diseases in the year 2020. With advancement in medical 
research, HIV has become manageable and people are liv-
ing with HIV and leading normal lives. However, there is 
no proper cure and vaccines available against it. Further, 
antiretroviral drugs have to be administered routinely which 
often cause adverse effects and do not target the latent res-
ervoirs. Human Influenza viruses cause seasonal epidem-
ics each year. According to WHO, influenza is responsible 
for 99% of deaths in children below the age of five years. 
WHO estimates that annual epidemics results in 3 to 5 mil-
lion cases and 290,000 to 650,000 deaths worldwide due 
to severe illness from Influenza. Immunity provided from 
currently available vaccines against influenza diminishes 
over time, hence vaccines should be taken each year. Thus, 
devising an appropriate and effective treatment strategy is 
the need of the hour to fight against these disease (Figs. 1 
and 2). In recent years, Crispr-Cas has unfolded as a prom-
ising tool for antiviral therapy. It comprises of two main 
components, the crRNA, designed to bind to the comple-
mentary sequence of the target DNA, and Cas proteins that 
cleaves the target DNA, producing a double stranded break 
which is repaired by cellular DNA repair mechanisms. The 
double-stranded breaks produced by Cas proteins disrupt 
the genes that are crucial for viral life cycle and prolifera-
tion, thereby providing an effective inhibition of viral repli-
cation within a cell. Studies show that Crispr Cas-mediated 

targeting of host genes essential for viral entry has conferred 
resistance to cells from viruses. Knockdown of CMP-sialic 
acid transporter SLC3A1 by Crispr-Cas in cells prevented 
IAV infection (Han et al. 2018). Furthermore, in vitro stud-
ies show that targeting highly conserved sequences of viral 
genome such as LTR sequences of HIV (Ebina et al. 2013; 
Liao et al. 2015), RdRP, and N gene of SARS-COV-2 and 
segment 6 and segment 4 of IAV decreased viral load in 
the cells (Abbott et al. 2020). However, several scientific 
limitations and ethical concerns need to be addressed before 
it can be approved for human clinical trails.

This review aims to summarize how Crispr-Cas system 
can be used in the diagnosis of diseases and its potential as 
a treatment option for viral infections such as HIV, influ-
enza, and COVID-19. While most of the recently published 
reviews discuss either Crispr based-detection of viruses (Yin 
et al. 2021) or Crispr-cas technology as an antiviral treat-
ment option (Baddeley and Isalan 2021) our review looks at 
both aspects, from the basic functioning of the Crispr-Cas 
system to its detection and treatment. Therefore, it would 
help the readers to better understand Crispr-Cas system’s 
broad applicability and its advantages to healthcare. The 
review also highlights some of the latest detection meth-
ods, such as Crispr-Cas13a-based visual biosensors (Ma 
et al. 2022) and FELUDA (Azhar et al. 2021). In our paper, 
we offer therapeutic strategies to combat three of the most 
prevalent and lethal viral diseases in the world, viz., SARS-
CoV2, HIV and influenza, by examining how these viruses 
hijack the human system, essential genes involved in their 
interaction with the host, and strategies used to combat 
them. Finally, we have not only highlighted some of the 
challenges associated with using Crispr-Cas in humans, but 
also provided some solutions to address them and direc-
tions for future research, including an anti-crispr strategy 
(Bondy-Denomy et al. 2015; Dolgin 2020; Aschenbrenner 
et al. 2020; Jain et al. 2021).

Basic anatomy and mechanism of Crispr‑Cas 
system

Crispr-Cas system works by eliminating the viral infection 
by directly targeting the viral DNA or RNA. The bacterial 
genome consists of a CRISPR loci having a Crispr array. 
This array is formed by palindromic repeats intercalated 
by unique spacer sequences that is acquired from invading 
bacteriophage or viral genetic material (Bolotin et al. 2005; 
Mojica et al. 2005). These spacer sequences provide resist-
ance by acting as genetic memory and prevents the host 
from being infected by virus comprising the same sequence 
(Brouns et al. 2008). The CRISPR array is flanked by a leader 
sequence and an operon consisting a group of Cas protein 
encoding genes (Makarova et al. 2013). These Cas proteins 
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Fig. 1  Schematic representa-
tion of the Crispr-Cas-adaptive 
immune response pathway in 
Prokaryotes. A Crispr locus 
showing crispr array, leader 
sequence, and Cas genes. B 
Three stages of Crispr-Cas 
pathway: as the viral genetic 
material is injected into the cell, 
cas1-cas2 complex identifies 
the PAM (protospacer adjacent 
motif) site and cleaves the 
protospacer sequence on the 
genetic material and integrates 
it into the host genome as spacer 
in Crispr loci (spacer acquisi-
tion). Pre-crRNA is transcribed 
from the Crispr array (expres-
sion) and processed to form 
mature crRNA, which binds 
to the Cas proteins forming an 
effector complex. When the 
same virus invades the cell, the 
crRNA-Cas protein recognizes 
and binds to the complementary 
sequence on the viral genome 
thereby cleaving it

Fig. 2  Receptor editing using 
crispr-cas9.HIV enters the cell 
by binding CD4 receptor and 
CXCR4 or CCR5 co-receptors. 
Crispr-Cas9 targeted against 
CXCR4 or CCR5 gene creates 
cells that are devoid of these 
co-receptors. HIV is unable to 
attack cells in the absence of 
co-receptor CXCR4 or CCR5, 
thereby providing resistance to 
the cell from HIV infection
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are necessary for adaptive immune response to function 
(Makarova et al. 2015). Amongst the diverse group of Cas 
proteins, Cas1 and Cas2 are universal and exists in all types 
of Crispr-Cas system and are involved in spacer integration 
(Haft et al. 2005; Makarova et al. 2006; Nunez et al. 2014).

Crispr-Cas system is divided into two major classes, 
viz., class I and class II and into six different types (I–VI) 
(Makarova et al. 2013, 2015, 2020) (Table 1). These types are 
further divided into subtypes and each type has a character-
istic composition of functional modules. Those types which 
have multiunit crRNA-effector complex are categorized into 
class I and The types with single subunit crRNA-effector com-
plex are grouped into class II (Makarova et al. 2015).

The adaptive immune response against foreign genetic 
material-mediated by Crispr-Cas system occurs mainly in 
three stages, viz., adaptation/spacer acquisition, expression 
of pre-crRNA, and interference.

1. Adaptation/spacer acquisition involves recognition of 
short stretch of conserved sequence of nucleotides known 
as to as PAM (protospacer adjacent motif) that is found 
in vicinity to the protospacer (foreign DNA sequence 
integrated as spacer) (Mojica et al. 2009), followed by 
its cleavage and acquisition by nuclease complex Cas1-
Cas2 (Nunez et al. 2014; Wang, J. et al. 2015). The proto-
spacer acquired from the invading viral genetic material 
is incorporated as spacer in between two repeats. The 
new spacer is integrated at the leader terminus of the 
Crispr array (Pourcel et al. 2005; Barrangou et al. 2007)

2. In second step, expression, Crispr locus is transcribed 
to form pre-crRNA, followed by its processing by Cas 
proteins which transform it into fully mature crRNA or 
guide RNA (Charpentier et al. 2015; Hochstrasser and 
Doudna 2015; Carte et al. 2008).

3. In the final step, interference, the mature crRNA/guide 
RNA, bound to a multiprotein processing complex, 
recognizes and base pairs with the complementary 
sequence of the invading viral genetic material which 
subsequently get cleaved by Cas proteins beside the 
PAM site (Brouns et al. 2008; Plagens et al. 2015). PAM 

sites on the viral genetic material are crucial for dis-
tinguishing self and non-self genetic materials. Studies 
show that mutations in PAM sites bypass the immunity 
conferred by the Crispr-Cas system (Deveau et al. 2008; 
Garneau et al. 2010).

Crispr‑Cas system in next‑generation 
pathogen diagnosis

The power of the Crispr-Cas system to detect a viral 
genetic material in a sample has revolutionized medi-
cal diagnostic field, enabling accurate and rapid detection 
of any pathogen within minutes with high sensitivity and 
specificity (Table 2).

Pathogen detection using Crispr‑Cas9‑based 
assay

Pathogen detection using Crispr-cas9, a class II protein, is 
based on the ability of the guide RNA to bind to the dsDNA 
with its subsequent cleavage by Cas9 endonuclease.

Zika virus has been detected through amplification of 
the viral RNA using nucleic acid sequence-based ampli-
fication (NASBA) with incorporation of a synthetic 
trigger sequence and T7 primer, followed by cleavage 
of sequence adjacent to the PAM site by Crispr-Cas9  
(Pardee et al. 2016). This assay, developed by Pardee et al. 
(2016) and named as NASBA-CRISPR cleavage (NAS-
BACC), involves the principle of toehold switch sensors 
which works by programming a synthetic riboregulator 
which binds to complementary trigger RNA. The start 
codon along with ribosome binding site is blocked by the 
riboregulator due to its hairpin structure and translation 
only occurs when the riboregulator binds to the comple-
mentary trigger RNA, freeing the ribosome binding site 
and start codon. The results are monitored by colorim-
etry. NASBACC involves amplification of target RNA by 
NASBA through reverse transcription followed by addition 

Table 1  Classification of 
Crispr-Cas system and their 
functional modules (Makarova 
et al. 2013, 2015, 2020)

* Modules missing in some subtypes

Type Functional modules

Adaptation Expression/
crRNA processing

Interference

Class I Type-I Cas1, Cas2, Cas4* Cas6 Cas7,Cas5, Cas8a, Cas11, Cas3′, Cas3″
Type-III Cas1,Cas2 Cas6* Cas7,Cas5, Cas11, Cas10
Type-IV Cas1*,Cas2* Cas6* Cas7,C as5, Cas11, Csf1 (Cas8-like)

Class II Type-II Cas1,Cas2, Cas4* RNaseIII Cas9
Type-V Cas1*,Cas2*, Cas4* Cas12
Type-VI Cas1*, Cas2* Cas13
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of T7 polymerase to form dsDNA. Since the amplified 
fragments are incorporated with trigger RNA sequence, 
cleavage by Cas9-mediated results in truncated trigger 
RNA products which is unable to activate the toehold 
switch. If PAM sequence is absent, trigger RNA is not cut 
and full-length trigger RNA is able to activate the switch 
(Pardee et al. 2016).

EXPAR is an emerging, highly efficient, and quick isother-
mal amplification technique that enables to work at a constant 
temperature without the need to exogenous primers unlike 
conventional amplification methods. CRISPR/Cas9 triggered 

isothermal exponential amplification reaction (CAS-EXPAR) 
and exploits the EXPAR amplification method, allowing the 
detection of pathogen with a sensitivity of around 1 amol–10 
fmol (Huang et al. 2018). The target DNA is cleaved by 
Cas9/sgRNA to produce ssDNA substrates (acts as a primer 
for amplification). The cleaved fragment (X) binds to com-
plementary sequence on the EXPAR template which has a 
central NEase (nicking enzyme) recognition sequence flanked 
by sequences complementary to X. After amplification by 
DNA polymerase forming DNA duplex, NEase nicks and 
releases dsDNA strand, displacing X which can the initiate 

Table 2  Features of some Crispr-based diagnostic platforms

Diagnostic  
platform

Cas protein 
involved

Approximate assay 
time

Preamplification 
method

Readout Detection References

NASBACC Cas9 2-h amplifica-
tion + 1 h (results)

NASBA Colorimetry Zika VIRUS Pardee et al. 2016

CAS-EXPAR Cas9 1 h EXPAR Fluorescence L.monocytogenes; 
DNA methyla-
tion

Huang et al. 2018

CRISPR-Chip Cas9 15 min - Electrochemical DNA mutations in 
Duchenne mus-
cular dystrophy

Hajian et al. 2019

Paired dCAS9 
(PC) reporter 
system

dCas9  < 1-h ramplifica-
tion + few minutes 
(results)

PCR Luminescence M. tuberculosis Zhang et al. 2017; 
Zhang et al. 2021

FELUDA dFnCas9 1 h RT-RPA, RT-PCR Lateral flow assay, 
smartphone app

Detection of SNV, 
SARS-CoV2

Azhar et al. 2021

SHERLOCK Cas13 2-h amplifica-
tion + 30 min–3 h 
(results)

RPA, RT-RPA Fluorescence Zika virus, dengue 
virus, HIV, 
pathogenic 
bacteria

Gootenberg et al. 
2017

SHERLOCKv2 Cas13 30 min amplifica-
tion + 30 min–3 h 
(results)

RPA Fluorescence, lat-
eral flow assay

Zika virus, dengue 
virus, SNP, 
bacteria

Gootenberg et al. 
2018

DETECTR Cas12a 10-min amplifica-
tion + 1 h (results)

RPA Fluorescence HPV16, HPV18 Chen et al. 2018

HOLMES LbCas12a 45-min amplifica-
tion + 15-min 
results

PCR Fluorescence Japanese encepha-
litis virus

Li et al. 2018

HOMESv2 AacCas12b 30-min amplifica-
tion + 30-min 
(results)

LAMP Fluorescence Japanese encepha-
litis virus, DNA 
methylation

Li et al. 2019a, b

STOPcovid Cas12b 1 h RT-LAMP Fluorescence, lat-
eral flow assay

SARS-CoV2 Joung et al. 2020

CARMEN LwCas13a 20-min amplifica-
tion + 3 h (results)

PCR/RPA Fluorescence Drug-resistant 
HIV mutations, 
SARS-Cov2, 
subtyping 
influenza strain, 
human-associ-
ated viruses

Ackerman et al. 
2020

CRISPR-Cas12a-
powered visual 
biosensor

Cas12a 1-h amplifica-
tion + 30 min 
(readout)

RT-PCR Colorimetry, 
smartphone app

SARS-CoV2 Ma et al. 2022

E-CRISPR Cas12a 30 min–3 h – Electrochemical HPV-16, PB19, 
TGF-β protein

Dai et al. 2019
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new amplification cycle. The results are analyzed through real 
time fluorescence detection (Huang et al. 2018). This method 
was shown to detect methylated DNA as well because of its 
high specificity (Huang et al. 2018).

The cas9 that binds to the DNA but does not cleave, also 
referred to as nuclease dead cas9, has also been utilized in 
the field of diagnostics. The firefly enzymes luciferase is 
split into two and fused to two dCas9. Both dCas9 binds to 
the target sequence in such a way that the two halves of the 
enzymes are brought together and they catalyze a reaction, 
producing bioluminescent signal (Zhang et al. 2017). This 
technique was used to detect the Mycobacterium tuberculo-
sis, which causes tuberculosis (Zhang et al. 2017).

To improve sensitivity, a Crispr-chip-based method has 
also been devised that does not require amplification. This 
method is able to diagnose DNA mutations in Duchenne 
muscular dystrophy. The chip is made up of a graphene-
based field-effect transistor (gFET) which has dCas9-gRNA 
complex immobilized on it (Hajian et al. 2019). The char-
acteristics of the gFET are modulated when dCas9 binds 
to the target DNA and are sensed by the biosensor (Hajian 
et al. 2019).

In the view of rising number of COVID-19 cases, Drug 
Controller General of India (DCGI) approved a crispr-cas9-
based diagnostic assay named “FELUDA” (FNCAS9 Editor 
Linked Uniform Detection) which allows rapid detection 
of SARS-CoV2 within an hour at a low cost and without 
any complex instrumentation (Azhar et al. 2021). With an 
accuracy of 100%, FELUDA is able to detect single nucleo-
tide variants and shows 97% specificity across all ranges 
of viral loads. The assay makes use of catalytically inac-
tive dFnCas9 (from Francisella novicida) and results are 
interpreted via lateral flow assay readout. The target RNA 
is amplified by RT-PCR or RPA and biotinylated. dFnCas/
sgRNA complex, labelled with FAM, is allowed to bind 
to the complementary sequence on the biotinylated target 
RNA. The test strip containing immobilized streptavidin 
captures the biotinylated RNA complexed with dFnCas/
sgRNA (labelled with FAM) and is detected using Anti-
Fam antibodies conjugated with gold nanoparticles, giving 
a visual signal (Azhar et al. 2021).

Pathogen detection using Crispr‑Cas12/
Cas13‑based assay

Cas12 and Cas13 containing Crispr system make the use of 
its “collateral cleavage activity,” wherein, after the target 
nucleic acid is cleaved, a nearby non-specific ssDNA/RNA 
sequence is also cleaved. This principle has been exploited 
and used in SHERLOCK and DETECTR technology that 
uses fluorescently labelled ssDNA/RNA probes, which after 
cleavage by Cas protein would give a fluorescent signal once 

the fluorophore is separated from the quencher. (Chen et al. 
2018; Gootenberg et al. 2017, 2018).

SHERLOCK (specific high-sensitivity enzymatic reporter 
unlocking) technology harnesses collateral cleavage activ-
ity of Cas13a, a type VI class 2 Crispr-Cas protein (Goot-
enberg et al. 2018). The pathogenic DNA is amplified by 
RPA (recombinase polymerase amplification) or reverse 
transcriptase RPA if the genetic material is RNA (Piepen-
burg et al. 2006) followed by specific binding of crRNA to 
its cognate target, which switches on Cas13a. It then cleaves 
the target DNA and collaterally cleaves fluorescently tagged 
ssRNA reporter, separating fluorophore from the quencher 
which generates a fluorescent signal (Kellner et al. 2019). 
To enhance the efficiency of SHERLOCK, an improved 
method HUDSON (heating unextracted diagnostic samples 
to obliterate nucleases) was established, which enables direct 
diagnosis of pathogen from the sample without extraction of 
nucleic acid (Myhrvold et al. 2018). HUDSON-SHERLOCK 
enabled detection with 100% sensitivity and 100% specific-
ity and allowed differentiation between 4 serotypes of den-
gue virus and Zika virus in samples obtained from different 
parts of the world. Crispr-Cas13-based SHERLOCK assay 
has been utilized to detect dengue, Zika, HIV, West Nile, 
and Yellow fever viruses (Gootenberg et al. 2017, 2018;  
Myhrvold et al. 2018). Recently, Zhang et al. (2020) devised 
a method to detect SARS-COV2 using Crispr-Cas13-based 
SHERLOCK assay, wherein two crRNA targeting S and 
ORF1ab gene of Covid-19 was harnessed, that provided a 
visual readout within an hour. A modified version of SHER-
LOCK assay, referred to as SHERLOCKv2, allows multi-
plexing such that in a single reaction three ssDNA targets 
and one dsDNA target can be detected by using combina-
tions of Cas13 and Cas12 (Gootenberg et al. 2018).It also 
allows visual readouts in lateral flow strips with a greater 
sensitivity than SHERLOCK.

To reduce the number of fluid handling steps, a one-
pot diagnostic test for SARS-Cov2 was devised known as 
STOPcovid (SHERLOCK Testing in One Pot) by Joung 
et al. (2020). It makes use of thermostable AacCas12b (from 
Alicyclobacillus acidiphilus) and preamplification by RT-
LAMP. Results analyzed through lateral flow readout ena-
bles detection in 70 min; whereas with fluorescence readout, 
results are obtained in 40 min (Joung et al. 2020).

A combination of microfluidics and Crispr-Cas13a-based 
SHERLOCK system is exploited in CARMEN (combinato-
rial arrayed reactions for multiplexed evaluation of nucleic 
acids) by Ackerman et al. CARMEN allows, rapid, scal-
able, sensitive, high-through put, and low-cost detection of 
more than 4500 targets per chip. LwaCas13 (from Leptotri-
chia wadei) detection mixes containing cas13, crRNA, and 
reporters and samples amplified through PCR or RPA are 
combined with different solution-based fluorescent color 
code. After emulsification of the color-coded solutions in 
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fluorous oil, the so formed droplets are pooled and added 
into microwell chips, each well containing a single pair, 
i.e., detection mixes and amplified samples. On applying 
electric field, the pair of droplets combine and fluorescence 
is detected by trans-cleavage activity of cas13a when it 
binds to complementary target sequence. CARMEN facili-
tated miniaturization of reaction, cutting down the cost and 
reducing the reagent and sample consumption. A total of 
169 human-associated viruses, identification of drug-resist-
ant HIV mutation, and subtyping of influenza A strains and 
coronaviruses were detected using this technique (Ackerman 
et al. 2020).

DETECTR (DNA endonuclease-targeted CRISPR trans-
reporter) technology utilizes collateral cleavage activ-
ity of Cas12a, a class V Crispr-Cas protein (Chen et al. 
2018). Similar to the SHERLOCK assay, in this method, 
the pathogenic genetic material is amplified through RPA 
(recombinase polymerase amplification) combined with 
reverse transcription if it involves RNA. The crRNA then 
guides Cas12a to dsDNA target sequence, where it binds 
and cleaves the target DNA and indiscriminately cleaves 
fluorescently tagged reporter ssDNA, thereby liberating the 
quenched fluorophore and generating a fluorescent signal 
(Chen et al. 2018). Human papillomavirus 16 (HPV16) and 
human papillomavirus 18 (HPV18) was distinguished using 
Crispr-Cas12-based DETECTR assay within an hour by cre-
ating crRNA targeted to hypervariable V loop of L1 gene, 
having a difference of only 6 nucleotides in the two strains 
of HPV (Chen et al. 2018; Myhrvold et al. 2018). Recently, 
Broughton et al. selected two crRNA targeting E and N genes 
specific to SARS-coV-2 and was able to diagnose COVID-
19 within 30 min through DETECTR assay (Broughton 
et al. 2020). HOLMES (n one-HOur Low-cost Multipurpose 
highly Efficient System) uses LbCas12a and pre amplifica-
tion through PCR unlike RPA in DETECTR (Li et al. 2018). 
A slightly variant version of HOLMES, known as HOL-
MESv2 enables one pot reaction and employs AacCas12b 
(from Alicyclobacillus acidiphilus) which is thermostable, 
using LAMP (loop-mediated isothermal amplification of 
DNA) for preamplification (Li et al. 2019a, b).

To provide rapid and ultrasensitive detection of SARS-
CoV2, various biosensing techniques are being developed 
to allow timely detection of the disease, therapeutic inter-
ventions, and epidemiological surveillance, in the view of 
ongoing pandemic. Recently, CRISPR-Cas12a-powered 
visual biosensor with a smartphone readout has been devel-
oped by Ma et al. (2022). The technique was able to detect 
SARS-CoV2 gene in synthetic vectors, and SARS-CoV2 
pseudo viruses with 1 µl/ml LOD of pseudo viruses (Ma 
et al. 2022). The time required for obtaining the results was 
about 90 min. It is based on trans-cleavage activity of cas12a 
and makes use of linker ssDNA that can hybridize with a 
pair of pre-made Au-DNA probe pairs. When target DNA 

is present in the sample, ssDNA linker is cleaved due to the 
trans-cleavage activity of the Cas12a leading to disaggrega-
tion of Au-DNA probes producing a color change which can 
be visualized by naked eyes or with a smartphone installed 
with the color picker app (Ma et al. 2022).

E-CRISPR employs electrochemical biosensor and uses 
trans-cleavage activity of Cas12a. A synthetic non-specific 
ssDNA reporter linked with methylene blue (MB) tag is 
immobilized on the gold electrode of the sensor. When tar-
get DNA is present, the Cas12a would cleave the ssDNA-
MB probe due to the activation of its trans cleavage activ-
ity, resulting in lower electrochemical current of methylene 
blue. As a proof of concept, human papillomavirus 16 (HPV-
16) and parvovirus B19 (PB-19) could be detected using 
E-CRISPR (Dai et al. 2019).

Crispr‑Cas system as a potential antiviral 
treatment option

Along with timely detection of the disease, it is necessary to 
provide accurate treatment to control the spread of the dis-
ease and keep the mortality rate under control. The conven-
tional antiviral drugs only keep the viral replication under 
control. Further, daily admiration of drugs causes a wide 
range of side effects and resistance in affected individuals. 
Crispr-Cas system can be an effective alternative which 
changes the host genes necessary for the survival of the virus 
or the viral genes crucial for viral life cycle (Jin et al. 2018).

Crispr‑Cas9‑based antiviral strategies 
against HIV‑1

HIV infection is one of those viral infections that is highly 
prevalent worldwide and remains a global threat till the date 
with no vaccine and proper cure. Currently, antiretroviral 
therapy is used to limit the viral replication and to prevent 
its transmission; however, these therapies cannot cure the 
disease due to the formation of latent reservoirs consisting 
of HIV provirus in long-living resting T cells. The immune 
system does not attack the provirus residing in the reservoir 
cells, and when the antiretroviral therapy is interrupted, the 
virus rebounds from the inactive state (Siliciano et al. 2003; 
Blankson et al. 2002). Moreover, persistent use of drugs 
poses side effects and also leads to emergence of escape 
mutants.

HIV is a retrovirus that has RNA as its genetic material. 
The classical route of entry used by HIV to infect humans 
is through cells that express CD4 receptor and co-receptors 
CCR5 or CXCR4 recognized by HIV-1 gp120 (Maartens 
et al. 2014). Upon the viral entry into the cells having CD4, 
the viral RNA is reverse transcribed into DNA, followed by 
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its integration into the host genome as Proviral DNA (Li and 
Clercq 2016). Subsequently, proviral DNA is transcribed 
using cellular RNA polymerase II transcriptional machin-
ery. Occasionally, provirus becomes transcriptionally inac-
tive and forms latent reservoir and escapes the attack from 
immune system. The antiretroviral therapy also fails to target 
the non-transcribing latent reservoirs.

Crispr-Cas9 has been widely exploited as genome editing 
tool to cleave HIV DNA. Cas9 obtained from Streptococcus 
pyogenes, designated as spCas9, is mainly used in crispr-cas9 
system. A small guide RNA having complementarity to tar-
get DNA is allowed to bind and direct spCas9 to cleave the 
DNA sequence adjacent to the PAM site producing a double-
stranded break in the DNA, which is repaired by cellular DNA 
repair mechanism, viz., non-homologous end joining (NHEJ) 
or microhomology-mediated end joining (MMEJ), whereby 
insertions and deletions (indels) and sometimes substitutions 
are introduced in the DNA at the cleavage site (Shen et al. 2018; 
Allen et al. 2019). Although most mutations inactivate the virus 
by disrupting the essential genes, however, sometimes virus 
may escape the inhibition due to the accumulation of mutations 
at the cleavage site which hampers the further binding of guide 
RNA (Wang et al. 2016a, 2016b).

Using this strategy, guide RNA targeting against LTR pre-
sent at 3′ and 5′ ends of the provirus were harnessed which 
could block the expression of transcriptionally active provi-
rus as well as latent reservoirs in cell lines (Ebina et al. 2013; 
Liao et al. 2015).It could also excise the proviral DNA from 
the host genome by targeting the LTRs at both terminals 
(Ebina et al. 2013; Kaminski et al. 2016). To improve the 
efficiency and to reduce the viral escape due to accumulation 
of mutations at the cleavage site, various combinations of 
two guide RNAs targeting different essential genes required 
for viral infectious cycle have also been utilized (Lebbink 
et al. 2017; Wang et al. 2016a). Experimental evidences 
show that combinations of guide RNAs that targets highly 
conserved sequences introduce large indels at the cleavage 
site, which is sufficient to inhibit the viral cycle (Lebbink 
et al. 2017; Wang et al. 2016b). However, further optimiza-
tion is required for the efficient and safe use of Crispr-cas9 
in HIV treatment.

In vitro studies show that mutant  CD4+ T cells lacking 
CCR5 or CXCR4 co-receptors can prevent the HIV viral 
entry (Fig. 2). Crispr-Cas9 targeted against CCR5 gene 
created  CD4+ T cells devoid of CCR5 receptors provided 
resistance to CCR5-utilizing HIV (Wang et  al. 2014). 
Although only a minute fraction of HIV utilizes CXCR4 
co-receptors, editing CCR5 does not confer resistance to 
CXCR4 harnessing HIV, and mutations might occur on HIV 
envelop, shifting the usage of CCR5 to CXCR4 co-receptor 
(Fatkenheuer et al. 2008; Verheyen, 2019). Recent in vitro 
studies reveal that it is possible to disrupt both CCR5 and 
CXCR4 receptors simultaneously with no cellular toxicity 

using combined sgRNA (small guide RNA) targeting both 
CCR5 and CXCR4 genes (Liu et al. 2017; Yu et al. 2018). 
For efficient use of Crispr-Cas9 in humans, validation using 
animal model is required. Crispr-Cas9-based genome edit-
ing along with combined antiviral retro therapy can be a 
potential treatment option for HIV after further research.

Combating SARS‑Cov‑2 using Crispr‑Cas 
system

COVID-19 (SARS-CoV-2) emerged in China’s Wuhan mar-
ket in 2019, and has spread worldwide since then. From past 
2 year, the world has been suffering from this global pan-
demic, taking lives of millions with no effective treatment. 
Since SARS-CoV-2 is severely contagious, an accurate and 
effective treatment strategy is the need of the hour to fight 
against this pandemic.

SARS-CoV-2 is a positive single-stranded RNA virus 
(ssRNA) which belongs to coronaviridae family (Siddell 
et al. 2019). MERS-CoV and SARS-CoV are amongst the 
other viruses belonging to coronaviridae family. The RNA 
genome of SARS-CoV-2 comprises of 16 non-structural 
protein encoding genes, viz., nsp1-nsp16 and 4 structural 
protein encoding genes which encode for spike protein (S), 
membrane (M), nucleocapsid (N), and envelop (E), and 
approximately 8 genes coding for accessory proteins (Wu 
et al. 2020; Kandeel 2020). Spike protein is crucial for viral 
entry into the host cells by interacting with ACE2 receptor 
(Li et al. 2003), whose expression level is high in cells of the 
lungs, kidney, and heart (Donoghue et al. 2000).

While traditional vaccines work by generating an immune 
response by forming antibodies against foreign pathogen, 
Crispr-Cas system directly destroys the foreign genetic mate-
rial by cleaving it. Crispr system using Cas13d, a class II type 
VI Crispr-Cas protein (Shmakov et al. 2017), has been har-
nessed to fight against COVID-19. Cas13d is advantageous in 
the sense that it is small in size, making it easier to be delivered 
using adeno-associated viruses (AAV) along with the guide 
RNA complementary to the target RNA and does not require 
protospacer adjacent motifs (PAM) for its cleavage activ-
ity thereby making it easier to design complementary guide 
RNA (Nguyen et al. 2020). Recently, Abbott et al. developed 
a Crispr-Cas13d-based strategy known as prophylactic anti-
viral CRISPR in huMAN cells (PAC-MAN) to provide pan-
coronavirus protection by targeting multiple species within 
coronaviridae family. In this study, highly conserved regions 
of SARS-CoV-2 genome was targeted, viz., RNA-dependent 
RNA polymerase (RdRp) gene required for viral proliferation 
and nucleocapsid (N) gene coding for capsid protein (Abbott 
et al. 2020). Bioinformatic analysis of all the known genome of 
the coronavirus followed by analysis on human lung epithelial 
cells, it was observed that only 6 crRNA could target 91% of 
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the known genomes of coronavirus and a total of 22 crRNA 
targeted all the known genomes of the coronavirus (Abbott 
et al. 2020). SARS-COV-2 inhibition was directly proportional 
to the crRNA concentration, hence high crRNA concentration 
is required for effective inhibition of SARS-COV-2 (Abbott 
et al. 2020). Nguyen et al. (2020) also harnessed Crispr-
Cas13d system to inhibit SARS-COV-2 by targeting spike 
protein coding gene and ORF1ab. In this study, 10,333 guide 
RNAs were designed to specifically bind to 10 peptide-coding 
regions of viral genome (Nguyen et al. 2020).

For precise delivery of the Crispr-Cas system into the cell to 
avoid off-target effects, AntiBody And CAS fusion (ABACAS) 
was devised, which has Cas13 fused to an antibody against the 
SARS-COV-2 spike protein, crucial for viral entry into the 
cell (Yuan et al. 2020; Joyce et al. 2020). This facilitates the 
delivery of Crispr-cas13 directly into the cell along with the 
SARS-COV2 and ensures cleavage of the viral RNA before 
it could make further copies. However, there are not much 
efficient antibody developed against the spike protein, stud-
ies show that REGN-COV2 and LY-CoV555 can be potential 
candidates for the same (Joyce et al. 2020).

Crispr‑Cas system to inhibit influenza A virus

Influenza A virus (IAV) is a negative sense single-stranded 
RNA virus comprising of 8 segments. IAV has a high pan-
demic potential in humans due to its ability to evolve rapidly. 
It has caused seasonal epidemics every year in various parts 
of the world, and therefore it is necessary to build strategies 
to inhibit IAV infection.

Abbott et al. (2020) extended the PAC-MAN strategy to 
inhibit IAV infection and succeed in providing a pan-IAV 
protection. In this study, highly conserved regions of all 8 
segments of IAV genome was targeted. Studies show that the 
segment ends necessary for viral packaging are highly con-
served in all the 8 segments of IAV genome (Desselberger 
et al. 1980; Muramoto et al. 2006; Skehel and Hay 1978), 
which makes it an ideal target. PAC-MAN targeting of seg-
ment 6(S6) which codes for neuraminidase (essential for 
releasing virus from the host) and segment 4 (S4) coding 
for hemagglutinin (essential for binding of the viral particle 
to the host cell) inhibited IAV, S6 being more potent than S4 
that showed moderate inhibition of IAV (Abbott et al. 2020). 
Only 6 crRNA could target 92% of the IAV strains and 81 
crRNA targeted all the 91,600 known IAV strains in lung 
epithelial cells (Abbott et al. 2020). Although PAC-MAN 
strategy could show satisfactory results in cell culture, it 
has to be validated in animal models and preclinical trials 
have to be conducted before it can be used in therapeutic 
treatment.

Freije et  al. (2019) harnessed Cas13b derived from 
Prevotella sp. referred to as PspCas13b to check its antiviral 

activity in MDCK (Madin-Darby canine kidney) epithelial 
cells by designing crRNA targeted against mRNA in the 
cytoplasm and complementary viral RNA in the nucleus. 
IAV viral load was reduced by 7–22 folds, indicating that 
crispr-Cas13b could be a potential antiviral therapeutic 
option.

Cas13-assisted restriction of viral expression and read-
out (CARVER) enables rapid detection and destruction of 
the viral pathogen (Freije et al. 2019), using Crispr-Cas13 
system. CARVER combines HUDSON (Myhrvold et al. 
2018)-mediated RNA extraction and detection of viral RNA 
using SHERLOCK technology (Gootenberg et al. 2017, 
2018), followed by Cas13-mediated cleavage of viral RNA. 
A combination of 4 crRNA against NP (nucleoprotein) and 
its cleavage by PspCas13b reduced the IAV viral load by 
eightfold (Freije et al. 2019) After proper optimization and 
further research, CARVER can be a promising platform for 
diagnostics as well as treatment of a wide variety mamma-
lian viruses.

Analysis conducted using genome-wide Crispr knock-
out (GeCKO) on human lung epithelial cells reveal that a 
CMP-sialic acid transporter SLC3A1 is essential for IAV 
entry into the cell (Han et al. 2018). Knockdown of SLC3A1 
hampered sialic acid biosynthesis and results in formation of 
cells devoid of sialic acid, thereby inhibiting viral entry and 
makes the cell resistant to IAV infection (Han et al. 2018). 
Crispr-Cas-targeted against SLC3A1 gene can be used to 
inhibit the interaction of viral hemagglutinin with host cell 
sialic acid and prevents viral entry. After validation in pre-
clinical models, Crispr-Cas can be powerful antiviral tool 
against IAV infection.

Limitations of using Crispr‑Cas system 
for diagnosis and in therapeutics

Crispr-Cas-based methods are highly versatile, cost effec-
tive, and does not require sophisticated devices and expertise. 
However, there are ethical concerns and scientific limitations 
that needs to be addressed before it could be used as a treat-
ment option in humans (Fig. 3). One of the major challenges is 
the mode of delivery of Crispr-Cas system to the target cells. 
The choice of delivery method should allow transfer of large 
amount of Crispr-Cas proteins in the desired cell. Most widely 
used viral vectors are lentiviral vectors, adenovirus, and adeno-
associated virus, but these vectors pose a limit to the size of 
Cas proteins being delivered. Lentiviral vectors and adenovirus 
vector allow larger insertions and better packing efficiency as 
compared to adeno-associated viral vectors. However, they 
often elicit immunological responses in the host (Ahi et al. 
2011; Annoni et al. 2019). Lentiviral vector integrates into 
the host genome, increasing the potential of causing off-target 
site effects due to sustained release of gene. To avoid such 
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adverse effects, several non-viral vectors have been developed 
amongst which lipid nanoparticles are the most widely used. 
Other nanoparticles such as gold nanoclusters (Ju et al. 2019), 
black phosphorus nanosheets (Zhou et al. 2018), and nanoscale 
zeolitic imidazole framework (Alsaiari et al. 2018) have also 
been used. Although nanoparticles have shown promising 
results in cell culture, they require complexing design and 
more research for safer use and their side effects need to be 
assessed carefully. Exosomes, a natural nanoparticle secreted 
by cells of the body such as immune cells, epithelial cells, 
have shown low immunogenicity and higher biocompatibility 
in transferring Crispr-Cas components; however, they have a 
lower packaging efficiency (Maas et al. 2017). The delivery 
of Crispr-Cas components should precisely target the desired 
cell to minimize off target effects. One of the major cause 
off target site effects is due to mismatch of gRNA. Off target 
site effects can cause loss of function or disruption of essen-
tial genes, leading to abnormalities in the host. A variety of 
in silico design tools such as DeepCRISPR and CRISPRitz  
(Cancellieri et al. 2020; Chuai et al. 2018) have been develop 
to predict these off target effects. Other in silico guided predi-
cation tools such as CHOPCHOP (https:// chopc hop. cbu. uib. 
no/), Cas-OFFinder (http:// www. rgeno me. net/ cas- offin der/), 
E-Crisp (http:// www.e- crisp. org/E- CRISP/), and Breaking-
Cas (https:// bioin fogp. cnb. csic. es/ tools/ break ingcas/) are also 
being widely used. Scientists are developing high fidelity Cas 
variants (Kleinstiver et al. 2016) and truncating the spacer 
region (Fu et al. 2014) as an alternative approach for improv-
ing the targeting specificity of Crispr-Cas system. Since Cas 
proteins are derived from prokaryotes, it can cause cell toxic-
ity and immunogenic responses and can lead to formation of 
antibodies against them (Charlesworth et al. 2019). Several in 
silico prediction tools predict that some peptides sequences on 

the Cas proteins have affinity to bind to HLA class 1 and HLA 
class 2 alleles, eliciting a T cell response (Chew et al. 2018). 
Cas proteins may have B cell epitopes on them, hence neutrali-
zation mediated by antibodies is often observed (Chew et al. 
2018). One of the approaches for preventing immune response 
involves modification of epitopes in such a way that the func-
tion of proteins remains intact. It has been reported that phos-
phatase treatment of in vitro transcribe guide RNA results in 
reduction of immune response (Kim et al. 2018). Co-admin-
istration of immunosuppressants and use of safer engineered 
delivery tools can also decrease the immune reactions. The 
RNA being targeted often forms secondary structures which 
decreases the efficiency of the Crispr Cas system. The occur-
rence of mosaicism is often observed when the transduced 
cells undergo division before the target nucleic acid is cleaved 
by Crispr Cas system. Furthermore, stability of RNA has to be 
maintained and should be prevented from attack by RNases. 
Sufficient level expression of Crispr-Cas in the desired cell 
and the duration of expression should be optimized in order 
to use Crispr-Cas as an antiviral therapy. Although Crispr-Cas 
system is a robust gene editing tool, its use in therapeutics had 
a long way to go.

Conclusions and future prospects

Crispr-Cas-based methods are highly versatile, cost-effec-
tive, and do not require sophisticated equipment or exper-
tise. There are, however, ethical concerns and scientific 
limitations that need to be addressed before it can be used 
as a treatment option in humans. In order to deliver Crispr-
Cas to target cells, delivery mode is a major challenge. It is 
important that the delivery method chosen allows for the 

Fig. 3  Challenges that needs to 
be resolved before PAC-MAN 
could be used therapeutically. 
These challenges include a need 
suitable delivery tool, immu-
nologic effects of cas proteins, 
interfere of secondary structure 
of RNA and expression
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transfer of large amounts of Crispr-Cas proteins to the tar-
geted cells. There is a limit to the size of Cas proteins that 
can be delivered via lentiviral vectors, adenoviruses, and 
adeno-associated viruses. Comparatively to adeno-associ-
ated viral vectors, lentiviral and adenovirus vectors allow 
larger insertions and better packing efficiency. However, 
they often elicit immunological responses in hosts (Ahi 
et al. 2011; Annoni et al. 2019). Since lentiviral vectors inte-
grate into the host genome, they can cause off-target site 
effects due to sustained gene release. In order to avoid such 
adverse effects, several non-viral vectors have been devel-
oped, including lipid nanoparticles. Other nanoparticles 
such as gold nanoclusters (Ju et al. 2019), black phospho-
rus nanosheets (Zhou et al. 2018), and nanoscale zeolitic 
imidazole framework (Alsaiari et al. 2018) have also been 
used. Despite promising results in cell culture, nanoparti-
cles require more research and complex designs to ensure 
safe use, and their side effects need to be assessed carefully. 
Exosomes, a natural nanoparticle secreted by cells of the 
body such as immune cells, epithelial cells have shown low 
immunogenicity and higher biocompatibility in transfer-
ring Crispr-Cas components; however, they have a lower 
packaging efficiency (Maas et al. 2017). A recent all-in-one 
AVV capable of expressing NmeCas9 with a single sgRNA 
with homology-directed repair template or dual sgRNA has 
shown promising in vivo results (Ibraheim et al. 2021). In 
order to minimize off-target effects, Crispr-Cas components 
should be delivered precisely to the desired cell. A mismatch 
between gRNA and target site is a major cause of off target 
site effects. As a result of off-target effects, essential genes 
can lose function or be disrupted, leading to abnormalities 
in the host. There have been a number of in silico design 
tools developed to predict these off target effects, including 
DeepCRISPR and CRISPRitz (Cancellieri and Chuai 2020; 
Chan et al. 2018). CHOPCHOP (https:// chopc hop. cbu. uib. 
no/), Cas-OFFinder (http:// www. rgeno me. net/ cas- offin der/), 
E-Crisp (http:// www.e- crisp. org/E- CRISP/), and Breaking-
Cas (https:// bioin fogp. cnb. csic. es/ tools/ break ingcas/) are 
also being widely used. Researchers have developed high 
fidelity Cas variants (Kleinstiver et al. 2016) and truncated 
the spacer region (Fu et al. 2014) to improve Crispr-Cas 
system specificity.

Anti-Crisprs, natural inhibitors of Crispr-Cas system, 
are being widely exploited to minimize the off target effects 
and improve target specificity (Bondy-Denomy et al. 2015; 
Dolgin 2020). Kinetic insulation mediated by anti-Crispr 
proteins that have been fused directly to the Cas9 or is co-
expressed with Cas9 has enabled to fine tune the activity of 
Cas9 in mammalian cells (Aschenbrenner et al. 2020). A 
tuneable Crispr controller wherein anti-crispr and AcrIIA4 
have been fused to ligand inducible destabilization domain, 
which can be induced by trimethoprim to turn off cas9 bind-
ing to DNA( Jain et al. 2021). Since Cas proteins are derived 

from prokaryotes, it can cause cell toxicity and immuno-
genic responses and can lead to formation of antibodies 
against them (Charlesworth et al. 2019). Several in silico 
prediction tools predict that some peptides sequences on the 
Cas proteins have affinity to bind to HLA class 1 and HLA 
class 2 alleles, eliciting a T cell response (Chew et al. 2018). 
Cas proteins may have B cell epitopes on them, hence neu-
tralization mediated by antibodies is often observed (Chew 
et al. 2018). One of the approaches for preventing immune 
response involves modification of epitopes in such a way that 
the function of proteins remains intact. It has been reported 
that phosphatase treatment of in vitro transcribe guides RNA 
results in reduction of immune response (Kim et al. 2018). 
Co-administration of immunosuppressants and use of safer 
engineered delivery tools can also decrease the immune 
reactions. The RNA being targeted often forms secondary 
structure which decreases the efficiency of the Crispr Cas 
system. The occurrence of mosaicism is often observed 
when the transduced cells undergo division before the target 
nucleic acid is cleaved by Crispr Cas system. Furthermore, 
stability of RNA has to be maintained and should be pre-
vented from attack by RNases. Sufficient level expression of 
Crispr-Cas in the desired cell and the duration of expression 
should be optimized in order to use Crispr-Cas as an anti-
viral therapy. Although Crispr-Cas system is Robust gene 
editing tool, its use in therapeutics have a long way to go.
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