
CRISPR-Cas Biology and Infectious Diseases Applications 1 
 2 

Jeffrey R. Strich1 and Daniel S. Chertow1,2 3 
 4 

1. Critical Care Medicine Department, National Institutes of Health Clinical Center, Bethesda, 5 
MD 6 

2. Laboratory of Immunoregulation, National Institute of Allergy and Infectious Diseases, 7 
Bethesda, MD 8 

 9 
 10 
Corresponding author information: 11 

Daniel S. Chertow MD, MPH 12 

Critical Care Medicine Department 13 

Clinical Center, NIH  14 

Email: chertowd@cc.nih.gov 15 

Phone: 301-412-8658 16 

 17 

KEYWORDS: CRISPR-Cas, Infectious diseases, Diagnostics, Therapeutics 18 

  19 

JCM Accepted Manuscript Posted Online 14 November 2018
J. Clin. Microbiol. doi:10.1128/JCM.01307-18
This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

 on D
ecem

ber 20, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


ABSTRACT  20 

Infectious diseases remain a global threat contributing to excess morbidity and mortality 21 

annually with persistent potential for destabilizing pandemics. Improved understanding of the 22 

pathogenesis of bacteria, viruses, fungi, and parasites, along with rapid diagnosis and treatment 23 

of human infections are essential to improving infectious diseases outcomes worldwide.  24 

Genomic loci in bacteria and archea, termed Clustered Regularly Interspaced Short Palindromic 25 

Repeats (CRISPR) and CRISPR associated (Cas) proteins, function as an adaptive immune 26 

system for prokaryotes protecting against foreign invaders. CRISPR-Cas9 is now routinely 27 

applied for efficient gene editing contributing to advances in biomedical science.  In the past 28 

decade improved understanding of other diverse CRISPR-Cas systems has expanded CRISPR 29 

applications, including in the field of infectious diseases. In this review, we summarize the 30 

biology of CRISPR-Cas systems and discuss existing and emerging applications to evaluate 31 

mechanisms of host-pathogen interactions, to develop accurate and portable diagnostics, and to 32 

advance prevention and treatment of infectious diseases.   33 

INTRODUCTION  34 

Improved understanding of the structure and function of Clustered Regularly Interspaced 35 

Short Palindromic Repeats (CRISPR) and their accompanying CRISPR-associated (Cas) proteins 36 

has resulted in rapidly expanding research and clinical applications. The CRISPR locus was first 37 

identified in 1987 when a genetic structure containing five highly homologous repeats of 29 38 

nucleotides separated by 32 nucleotide spacers was discovered in Escherichia coli (1).  Years 39 

later it was learned that spacer sequences, derived from invading mobile genetic elements 40 

(MGEs) including bacteriophages, plasmids, and transposons, form the basis of adaptive and 41 

heritable immunity in bacteria and achea (2).  A subsequent sentinel discovery in CRISPR-Cas 42 
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biology was that Cas9 nucleases, guided by CRISPR(cr)RNA and trans-activating (tracr)RNA 43 

complexes, induce blunt double stranded breaks in DNA (3, 4). CRISPR-Cas9 technology has 44 

since revolutionized the field of gene editing in basic sciences and clinical medicine (5). 45 

Structure and function of many additional CRISPR-Cas systems has now come to light with 46 

rapidly diversifing applications of CRISPR technology. In this review, we discuss current 47 

knowledge of diverse CRISPR-Cas systems biology, highlight key features of CRISPR-Cas 9 48 

technology, and summarize existing and emerging applications related to infectious diseases 49 

pathogenesis, diagnosis, and treatment.   50 

CRISPR-CAS BIOLOGY  51 

The defining feature of CRISPR-Cas systems is that they provide prokaryotes heritable 52 

adaptive immunity against foreign genetic elements. The CRIPSR genomic loci serves as a 53 

memory storage unit where nucleic acid spacer sequences, derived from invading genetic 54 

elements, are sequestered and later recalled to guide Cas proteins for targeted elimination of 55 

foreign invaders. At the molecular level CRISPR-Cas systems function though the processes of 56 

adaption, crRNA maturation, and interference with significant biological diversity across 57 

systems (Figure 1). Excellent comprehensive reviews on this topic have been published (6) (7) 58 

and salient features will be summarized here.  To date two classes of CRISPR-Cas systems have 59 

been described including six types and multiple subtypes.  Class 1 CRISPR-Cas systems include 60 

types I, III, and IV that utilize an interference machinery composed of multiple Cas proteins 61 

while class 2 systems, including types II, V, and VI, employ a single Cas protein for interference.   62 

Adaptation 63 

During adaptation foreign genetic elements are recognized, protospacer sequences are 64 

selected and processed, and the spacer is integrated into the CRISPR array (Figure 1A, 65 
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Adaptation). In order for the CRISPR-Cas machinery to avoid autoimmunity, destruction of it’s 66 

own CRISPR array, it must reliably distinguish between foreign and self DNA. In the well 67 

described CRISPR-Cas type I and II systems, recognition of a protspacer adjacent motif (PAM) 68 

aids in distinguising self from foreign genetic elements.  In the subtype I-E system, the Cas1-69 

Cas2 complex recognizes a compatable PAM sequence, cleaves foreign DNA, and adjusts 70 

protospacer size for integration into the CRISPR array. New spacer integration occurs 71 

immediately following the AT-rich leader sequence of the CRISPR array resulting in a 72 

sequential time-line of foreign invaders.  In the subtype I-E system a CRISPR-independent 73 

protein, integrated host factor (IHF), bends DNA so that the Cas1-Cas2 complex can recognize 74 

the CRISPR array leader sequence and correctly position the spacer, acting as an integrase 75 

complex.  In the subtype II-A system Cas9, Csn2, and tracrRNA are also required, beyond Cas1-76 

Cas2, for spacer acquisition (8).  Recognition of the leader sequence in the subtype II-A system 77 

is IHF independent, where Cas1-Cas2 directly recognizes a leader-anchoring site (LAS) to 78 

correctly orient the spacer.  79 

crRNA Maturation 80 

 Generation of mature crRNA begins with transcription of pre-crRNA that is initiated 81 

within the leader sequence preceding the CRISPR array and results in multiple repeat and spacer 82 

segments.  These segements are cleaved into individual mature crRNAs that guide Cas proteins 83 

to their foreign target (Figure 1A, Maturation).  In class 1, type I and III systems, Cas6 enzymes 84 

cleave repeat segments within the pre-crRNA yielding mature crRNA (Figure 1B, Class 1, 85 

Maturation). Cas5d functions in place of Cas6 in the subtype I-C system and possibly in subtypes 86 

III-C and III-D systems (11).  In most type I systems, Cas6 remains bound to crRNA serving as a 87 

building block for the interference complex. Subtypes I-A and I-B are exceptions where Cas6 88 
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becomes unbound following cleavage of the repeat sequence. In type III systems Cas6 is a dimer 89 

which also becomes unbound. The mechanism of crRNA maturation in type IV systems has not 90 

been characterized.  In class 2 systems crRNA processing is accomplished using the same Cas 91 

proteins employed in interference, and in some cases non-Cas proteins (Figure 1B, Class 2, 92 

Maturation) . In subtype II-A and B systems, Cas9 binds to a crRNA-tracrRNA complex and 93 

recruits RNase III, a host protein, to cleave the pre-crRNA repeat segment (4). tracrRNA is 94 

required for crRNA maturation in type II and subtype V-B systems, but is not required in other 95 

class 2 systems. In type V and VI CRISPR-Cas systems, both crRNA processing and interference 96 

are accomplished by Cas12 and Cas13 proteins respectively. 97 

Interference 98 

Interference is the most well-studied aspect of CRISPR-Cas systems and improved 99 

understanding of CRISPR-Cas systems’ interference machinery, including DNA versus RNA 100 

targeting and specific verus non-specific nucleic acid cleavage, has contributed to diversified and 101 

emerging applications of CRISPR technology. 102 

Class 1 interference machinery. The interference machinery of class 1 CRISPR-Cas 103 

systems consists of multiprotein complexes (Figure 1B, Class 1, Interference). The CRISPR-Cas 104 

type I interference machinery is termed CRISPR-associated complex for antiviral defense 105 

(Cascade) (13). While Cascade components vary across type I subtypes (I-A to I-F and I-U), 106 

constant features include PAM recognition on foreign targets, Cas6- or Cas5-mediated crRNA 107 

binding to target DNA, a Cas7 backbone, R-loop stabilization, and target cleavage by Cas3. The 108 

subtype I-E interference complex has been well characterized and is composed of Cas5 and Cas6 109 

bound to the 5’ and 3’ repeat portions of the crRNA respectively, six centrally located Cas7 110 

proteins that form the backbone, a large Cas8 subunit that mediates PAM recognition and 111 

 on D
ecem

ber 20, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


initiates unwinding of foreign DNA, and two small Cas11 subunits that form and stabilize the R-112 

loop structure. Conformational changes in Cas8 and Cas11 subunits allows Cas3 recruitment and 113 

cleavage of the non-bound DNA strand within the R-loop (14). Structure and function of the 114 

interference machinery of other type I subtypes has not been fully elucidated.   115 

The type III interference complex is Cascade-like, however cleavage of foreign DNA in 116 

this system depends upon binding of the interference complex to RNA transcribed from foreign 117 

DNA. Interference complexes of subtypes III-A and III-B, termed Csm and Cmr respectively, are 118 

composed of Cas5 bound to the 5’ repeat end of mature crRNA, a Cas7-family protein backbone, 119 

and Cas10 and Cas11 large and small subunits respectively.  Recognition of a PAM or RNA 120 

PAM (present on transcribed RNA), is required by some but not all type III systems, where other 121 

tools for self versus non-self discriminiation are employed. Once the interference complex is 122 

bound, Cas7 cleaves the ssRNA transcript at regular intervals and Cas10 cleaves target DNA (15, 123 

16).  It was recently observed that DNA cleavage by Cas10 in the subtype III-A Csm complex, 124 

triggers production of secondary messengers (cyclic adenylates) that activate robust non-specific 125 

RNA cleavage by Csm6, a Cas-associated RNase.  Little is know about subtypes III-C and III-D 126 

and type IV interference mechanisms.  127 

Class 2 interference machinery. Class 2 CRISPR-Cas systems are different from class 1 128 

in that interference is performed with a single nuclease instead of a protein complex (Figure 1B, 129 

Class 2, Interference).  The defining features of the type II system are the bilobed Cas9 protein 130 

and the requirement for tracrRNA along with crRNA serving to guide the Cas9 nuclease (6). 131 

tracrRNA binds to complimentary sequences of repeat regions of pre-crRNA and the resulting 132 

complex recruits Cas9 (4).  Cas9 recognizes PAM sequences on target DNA and crRNA- 133 

tracrRNA complex pairs with complementary DNA resulting in Cas9 double stranded cleavage 134 
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of target DNA leaving blunt ends (3).  Subtypes of the type II system include II-A, II-B, and II-C 135 

which are differentiated based on size and sequence variability in the Cas9 gene.   136 

Cas12 is the characteristic protein of the type V CRISPR-Cas system which includes 137 

subtypes V-A, V-B, and V-C with effector proteins 12a, 12b, and 12c respectively. tracrRNA is 138 

required for 12b activity but not 12a activity, and requirements of 12c need further 139 

characterization (17). Following PAM recognition by the crRNA-Cas12 complex, target dsDNA 140 

is cleaved in a staggered fashion leaving 5 to 7 nucleotide overhangs (17, 18). Type VI CRISPR-141 

Cas systems do not require tracrRNA and they employ a Cas13 nuclease that has characteristic 142 

higher eukaryotic and prokaryotes nucleotide (HEPN)-binding domains. Similar to type III 143 

systems, type VI systems target ssRNA.  The crRNA-Cas13 complex recognizes a protospacer 144 

flanking site (PFS) adjacent to the complimentary spacer on the 3’ end of ssRNA for Cas13a and 145 

a PFS on the 5’ and 3’ end of the protospacer for Cas13b (20). Binding of Cas13 to the PFS and 146 

target induces cleavage of both target and non-specific RNA within the protein’s two HEPN 147 

domains. Indiscriminate ssRNA cleavage by Cas13 resembles type III Csm6 activity (21). 148 

CRISPR-Cas9 TECHNOLOGY OVERVIEW 149 

 CRISPR-Cas 9 biotechnology is now extensivey applied across multiple disciplines 150 

including basic science, food/crop development, fuel generation, drug development, and human 151 

genome eningeering (22). Naturally occurring crRNA-tracrRNA complexes of type II CRISPR 152 

systems may be synthetically engineered into chimeric single guide (sg)RNAs, which are 153 

programable fusion molecules (23). The development of sgRNAs has allowed use of CRISPR-154 

Cas9 for genome editing and high throughput screening of genotype-phenotype relationships in a 155 

broad array of cell lines.   156 

Genetic engineering with CRISPR Cas 9: 157 
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Since first discovered, CRISPR Cas9 gene-editing applications have rapidly expanded.  158 

Unlike transcription activator-like effector nucleases (TALENs) and zinc finger nucleases which 159 

require protein engineering to achieve there desired effect, the CRISPR-Cas9 system relies on 160 

sgRNAs to direct Cas proteins to target DNA cleavage sites (24).  Cleavage of target dsDNA is 161 

followed by DNA repair by one of two host mediated mechanism, either nonhomologous end 162 

joining (NHEJ) or by homology directed repair (HDR). NHEJ is error prone, resulting in random 163 

indel and frameshift mutations that often results in loss of protein function (24). In contrast HDR 164 

allows for precise genetic modifications and is the basis for most CRISPR-Cas9 mediated gene 165 

editing.  In this case a donor repair template with homology to the area of the double stranded 166 

DNA break is introduced and serves as a template for precise edits (24).  167 

Use of sgRNA libraries for screening of genotype phenotype relationships: 168 

CRISPR technology has been applied as a screening strategy to induce genetic mutations 169 

to evaluate gene function.  CRISPR libraries included thousands of pooled plasmids each 170 

contaiing multiple sgRNAs targeting genes of interest.  Cells are treated with pooled libraries 171 

resulting in distinct mutant cell populations (25).  These populations are screened by positive or 172 

negative selection for a phenotype, typically survival, or gene of interest. This technology has 173 

been applied to many different human and nonhuman cell lines (26, 27).  174 

Use of deactivated Cas9 to regulate gene transcription: 175 

Deactivated (d)Cas9 has also been used to upregulate or down regulate gene transcription 176 

(25). When dCas9 is used to activate gene expression this is called CRISPRa (CRISPR 177 

activation) and when it is used to repress gene expression it is termed CRISPRi (CRISPR 178 

interference). One approach to CRISPRa is to fuse dCas9 to VP6, a transcriptional activator.  179 

When this complex binds to the promotor region of a gene, transcription is activated.  Repression 180 
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of gene transcription or CRISPRi can be achieved through binding of dCas9 itself to the 181 

promotor region and presumed steric hinderance or through the fusion of dCas9 to Krueppel-182 

associated box domain, a transcriptional repressor (25).  183 

INFECTIOUS DISEASES APPLICATIONS  184 

 Improved understanding of CRISRP-Cas biology has resulted in expanded applications in 185 

the field of infectious diseases. CRISPR technology provides tools that promise to clarify 186 

fundamental host and microbe interactions, to aid in the development of rapid and accurate 187 

diagnostics, and to advance the prevention and treatment of infectious diseases.  188 

Understanding Host-Pathogen Interactions 189 

Understanding mechanisms by which bacteria, viruses, fungi, and parasites induce human 190 

disease is essential to guide optimal clinical care and rational design of targeted therapies and 191 

vaccines. CRISPR-Cas9 based gene editing has been used across diverse pathogens to inform 192 

gene and protein contributions to molecular pathogenesis (28). Winter et al. employed a 193 

CRISPR-Cas9 single guide (sg)RNA library to elucidate the mechanism by which -hemolysin, 194 

a Staphylococcus aureus virulence factor, induces cytotoxicity (29). These experiments 195 

identified three genes (SYS1, ARFRP1, and TSPAN14) that post-transcriptionally regulate A 196 

Disintegrin and Metalloproteinase domain containing protein (ADAM)-10, reducing its level on 197 

cell surfaces, thus decreasing -hemolysin binding and toxicity. In a genome wide screen of 198 

West Nile Virus (WNV) using a CRISPR sgRNA library, Ma et al. identified seven genes 199 

(EMC2, EMC3, SEL1L, DERL2, UBE2G2, UBE2J1, and HRD1) that when inactivated protected 200 

against WNV-induced neuronal cell death (30). These genes are part of the endoplasmic 201 

reticulum-associated protein degradation pathway, leading the authors to conclude that this 202 
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pathway mediates WNV-induced cytopathology and might provide a target for novel drug 203 

deveolopment. 204 

The genomes of filamentous fungi are difficult to manipulate due to low genome editing 205 

efficiency (31). To address this problem Nodvig et al. modified the Cas9 gene of Streptococcus 206 

pyogenes to include a 3’ simian virus 40 nuclear localization sequence and modified the sgRNA 207 

promoter to be more compatible with fungi (32).  Using this system, the authors introduced 208 

RNA-guided mutations in the alleles of six Aspergillus species supporting the utility of CRISPR 209 

technology for exploration of fungal biology. Parasites, including Toxoplasma gondi and 210 

Trypanosoma cruzi, the etiologic agents of Toxoplasmosis and Chagas disease respectively, have 211 

also been investigated using CRISPR technology. CRISPR-Cas9 was employed by Sidik et al. in 212 

a  high-throughput analysis of T. gondi gene function (33) and by Lander et al. to silence the T. 213 

cruzi gene encoding GP72 protein that is required for flagellar attachment and paraflagellar rod 214 

(PFR) proteins 1 and 2 (34). In the later experiment, the authors demonstrated that PFR proteins 215 

1 and 2 are required for flagellar attachment to the cell body and parasite motility. The above 216 

examples emphazie the breadth of CRISPR applications for evaluating host-pathogen 217 

interactions among diverse organisms. 218 

Developing Diagnostics for Infectious Diseases 219 

Rapid and accurate diagnostic tests aid early recognition and treatment of infectious 220 

diseases allowing for improved clinical care and timely implementation of infection control and 221 

other public health measures to limit disease spread.  An ideal rapid diagnostic would be 222 

sensitive and specific, easy to perform and interpret, and portable and affordable so that it might 223 

be used in diverse clinical settings including resource-limited areas. CRISPR-Cas biology has 224 
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contributed to important advances in development of rapid and accurate infectious diseases 225 

diagnostics. 226 

Diagnostics using CRISPR Cas9. CRISPR-Cas9 has been employed by multiple 227 

investigators developing infectious diseases diagnostics. Pardee et al. combined nucleic acid 228 

sequence-based amplification (NASBA), an isothermal amplification technique, with CRISPR-229 

Cas9 to accurately distinguish between closely related Zika virus strains in vitro and in a 230 

macaque model (35). The investigators appended a synthetic trigger sequence to NASBA-231 

amplified viral RNA and used a sgRNA-Cas9 complex to cleave resulting dsDNA.  The presence 232 

or absence of a strain-specific PAM resulted in truncated or full-length DNA fragments upon 233 

Cas9 cleavage.  Full-length strands, but not truncated strands, activated the trigger-switch which 234 

induced a color change on a paper disc allowing for reliable strain differentiation.    235 

In another application, Muller et al. combined CRISPR-Cas9 with optical DNA mapping 236 

to identify bacterial antibiotic resistance genes (36). In this application a gRNA-Cas9 complex 237 

binds and cleaves specific nucleic acid sequence of plasmids containing resistance genes and a 238 

fluorescent dye YOYO-1 and netropsin independently bind DNA based on AT-rich region 239 

selectively, resulting in an emission intensity unique to each DNA segment, like a bar code.  240 

Using this assay the authors were able to distinguish between plasmids producing different 241 

extended-spectrum beta-lactamases (ESBLs) including Cefotaxime (CTX-M)-15 and CTX-M-14 242 

and carbapenemases including Klebsiella pneumoniae carbapenemase (KPC) and New Delhi 243 

metallo--lactamase (NDM)-1.  Addition of multiple crRNAs allowed detection of numerous 244 

resistance genes in the same reaction.   245 

Guk et al. coupled CRISPR-Cas9 with DNA fluorescent in situ hybridization (FISH) to 246 

detect Methicillin-resistant Staphylococcus aureus (MRSA) (37). This method utilizes a 247 
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deactivated (d)Cas9 system where a sgRNA-dCas9 complex coupled with a SYBR-Green I 248 

fluorescent probe recognizes the mecA gene of MRSA. While the complex recognizes the target 249 

DNA sequence, dCas9 does not induce DNA cleavage, thus making it suitable for detection by 250 

FISH.  This assay can detect MRSA at 10 cfu/ml concentration and can distinguish between S. 251 

aureus isolates with and without the mecA gene. 252 

CRISPR Cas12- and 13-based applications. More recent applications of CRISPR for 253 

development of infectious diseases diagnostics take advantage of collateral cleavage induced by 254 

Cas12 and Cas13 nucleases.  The first of these platforms is termed Specific High-Sensitivity 255 

Enzymatic Reporter Unlocking (SHERLOCK) which combines isothermal recombinase 256 

polymerase amplification (RPA) or reverse transcription (RT) RPA with Cas13a cleavage (38).  257 

A crRNA-Cas13a complex binds and cleaves target nucleic acid with high specificity. Non-258 

target RNA coupled to a fluorescent reporter is also cleaved when the crRNA-Cas13a complex 259 

binds target nucleic acid, providing a fluorescent signal for pathogen detection. Using 260 

SHERLOCK, Gootenberg et al. differentiated between closely related Zika virus strains and 261 

Dengue viruses, identified E. coli and Pseudomonas aeruginosa, and distinguished between K. 262 

pneumoniae isolates with different resistance genes (KPC and NDM). The feature that makes 263 

this technology attractive is its ability to discriminate single nucleotide changes.   264 

A similar technique termed DNA Endonuclease-Targeted CRISPR Trans Reporter 265 

(DETECTR), combines isothermal RPA with Cas12a enzymatic activity (19).  In this assay, 266 

binding of the crRNA-Cas12a complex to target DNA induces indiscriminate cleavage of ssDNA 267 

that is coupled to a fluorescent reporter.  Chen et al. used DETECTR to distinguish between 268 

human papillomavirus (HPV)16 and HPV18 in crude DNA extracts from cultured human cells 269 

and from clinical samples. Crude extracts from twenty-five human anal swabs samples were 270 
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tested using DETECTR and results were compared to an approved polymerase chain reaction 271 

(PCR)-based assay. Following DNA extraction, within one hour DETECTR correctly identified 272 

HPV16 and HPV18 from clinical specimens with 25/25 and 23/25 agreement with PCR, 273 

respectively.  274 

Gootenberg et al. introduced SHERLOCKv2 with improvements that include single-275 

reaction multiplexing with orthogonal CRISPR enzymes, quantitative target detection, enhanced 276 

sensitivity, and portability (39). Detection of up to four targets was achieved by combining 277 

multiple pre-screened Cas13 nucleases and a Cas12 nuclease with nucleic acid-fluorescent 278 

reporter complexes that provided signal detection at different wavelengths.  Quantitative 279 

detection was achieved by optimizing RPA primer concentrations so that sample input and signal 280 

intensity closely correlated across a broad range of sample concentrations. Enhanced sensitivity 281 

was achieved by adding Csm6 to increase cleavage of off-target ssRNA coupled to a fluorescent 282 

reporter.  Portability of the assay was enhanced by replacing the fluorescent readout with 283 

streptavidin-based detection on a later-flow paper test strip.  284 

In a further advance, Myhrvold et al. combined SHERLOCK with HUDSON (heating 285 

unextraced diagnostic samples to obliterate nucleases) (40) whichs eliminates the need for 286 

nucleic acid extraction allowing for pathogen detection directly from bodily fluids (Figure 2A). 287 

During HUDSON heat and chemical reduction inactivates high levels of nucleases present in 288 

body fluids followed by lysis of viral particles releasing nucleic acids into solution. HUDSON 289 

combined with SHERLCOK allowed for highly sensitive detection of Dengue virus in patient 290 

samples of whole blood, serum, and saliva within 2 hours.  These authors also demonstrated 291 

assay specificity and adaptability by distinguishing between four Dengue virus serotypes and 292 
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developing an assay for detection of six common HIV reverse transcriptase mutations within 1 293 

week.   294 

Emerging Therapeutic Applications 295 

Antibiotic-resistant bacteria cause an estimated 2 million infections and 23,000 deaths 296 

annually in the United States and the pipeline for new antibiotics is running dry (41). The global 297 

human immunodeficiency virus (HIV) epidemic, since it’s inception, has claimed an estimated 298 

35 million lives and a similar number of individuals remain persistently infected today (42). 299 

Drug-resistant bacteria and persistent viral infections, including HIV and hepatitis B virus 300 

(HBV), are primary targets of emerging CRISPR-based infectious diseases therapeutics (Table 301 

1). 302 

Rationale for use of CRISPR-Cas systems to target bacterial resistance: 303 

While not all bacteria employ CRISPR-Cas systems, increasing evidence supports the 304 

role of these systems in preventing acquisition of genomic elements that confer antibiotic 305 

resistance, raising the possibility that bacteria’s own defense might be therapeutically applied 306 

against them. Aydin et al. showed that the presence of a Type I-F CRISPR system in E.coli was 307 

associated with antibiotic suscpetibilty (43) and Price et al. showed that Enterococcus faecalis 308 

strains with a deletion in the Cas9 gene were more likely to acquire resistance elements through 309 

conjugation. Additionally, in an in vivo mouse model, plasmid transfer was less effective in E. 310 

faecalis strains with intact CRISPR-Cas systems versus those where CRISPR-Cas function was 311 

impared by mutagenesis (44).   312 

In the setting of human bacterial infection broad spectrum antibiotic use, often initiated 313 

empirically, applies pressure for the development of resistant bacteria. Recent in vitro data 314 

suggest that exposure to broad spectrum antibiotics may suppress CRISPR-Cas activity, aiding 315 
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bacterial acquisition of antibiotic resistance elements. Lin et al. observed that exposure to the 316 

broad spectrum antibiotic imipenem suppressed the CRISPR-Cas activity in K. pneumoniae by 317 

stimulating the transcriptional repressor H-NS (45). These data support biological fitness of 318 

bacteria adapting to external stimuli and the complex interplay between clinical interventions and 319 

consequent microbial responses.  Improved understanding of how CRISPR-Cas systems function 320 

at baseline and under variable conditions will guide rational use of this technology as it expands 321 

into the clinic.  322 

Targeting pathogenic and drug-resistant bacteria.  It has been proposed that CRISPR 323 

technology might be used to develop selective and titratable antimicrobials to eliminate 324 

pathogenic bacteria.  Gomma et al. were among the first investigators to prove this concept in 325 

vitro using a subtype I-E CRISPR-Cas system to selectively kill individual strains of E. coli and 326 

Salmonella enterica in pure and mixed culture experiments (46).  Citorik et al. used RNA-guided 327 

Cas9 delivered by phagmid, a plasmid packaged in phage capsids, to eliminate the eae gene of 328 

enterohemorrhagic E. coli (EHEC), that encodes a virulence factor for bacterial adhesion to host 329 

epithelial cells (47).  Targeting eae in vitro resulted in a 20-fold reduction in bacterial counts 330 

while targeting eae in EHEC-infected Galleria mellonella larvae resulted in improved survival 331 

compared with off-target treated and chloramphenicol treated controls. These authors also 332 

successfully targeted and eliminated the beta-lactamase genes sulfhydryl-variable (SHV)-18 and 333 

NDM-1 of E. coli, individually or combined in a multiplexed system that resulted in bacterial 334 

death.  335 

Elimination of drug resistant genetic elements and restoration of antibiotic susceptibility 336 

while maintaining bacterial viability to limit disruption to normal microbiota has also been 337 

explored in vitro using CRISPR-technology (Figure 2B).  To remove resistance elements without 338 

 on D
ecem

ber 20, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


killing host bacteria, Yosef et al. employed temperate phages to deliver a subtype I-E CRISPR-339 

Cas system that eliminated plasmids encoding NDM-1 and CTM-X-15 and provided protection 340 

against lytic phages, while not killing the host E. coli (48).  Following challenge with lytic 341 

phages, drug-resistant bacteria were eliminated thus enriching for antibiotic sensitized bacteria. 342 

Similarly, Kim et al. used a CRISPR-Cas9 based strategy termed Re-Sensitization to Antibiotics 343 

from Resistance (ReSAFR) to restore beta-lactam antibiotic activity in ESBL-producing E. coli 344 

(49). The authors targeted separate conserved sequence among multiple TEM- and SHV-type 345 

ESBL E. coli strains, respectively.  Targeting these sequences restored susceptibility to 346 

ampicillin and ceftazidime. 347 

These concepts have been similarly applied to gram-postitive bacteria. Bikard et al. used 348 

RNA-guided Cas9 delivered by phagmid, to selectively kill virulent but not avirulent S. aureus 349 

strains, and to eliminate plasmids carrying the mecA methicillin resistance gene, without killing 350 

the host bacteria (50).  The studies outlined here provide preliminary evidence that CRISPR-Cas 351 

systems might be used to therapeutically target specific bacteria to treat acute infection, to 352 

decolonize patients harboring resistant organisms, or to otherwise reshape the human 353 

microbiome in a beneficial fashion.  354 

Targeting persistent viral infection. Following initial infection many viral pathogens 355 

establish persistent infection by integrating their genome into human chromosomal DNA or 356 

maintaining it episomally within host cells. Viral pathogens that cause persistant infection 357 

include but are not limited to HIV, hepatitis viruses, herpesviruses, and papillomaviruses.  In 358 

recent years, CRISPR technology has been used to reduce or eliminate persistent viral infection 359 

in vitro and in animal models raising new hope for cure of latent and chronic viral infections. 360 
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Following acute HIV infection, proviral DNA becomes integrated into host cells resulting 361 

in chronic infection despite antiretroviral therapy. In vitro applications of CRISPR technology 362 

have been used to prevent or eliminate HIV infection.  Hu et al. prevented de novo HIV-1 363 

infection in TZM-bI cells expressing a gRNA-Cas9 construct targeting long terminal repeat 364 

(LTR) sequences of HIV (51).  With this construct, the authors also inactivated HIV gene 365 

expression in infected microglial and T-cells. Similar constructs targeting HIV LTR, gag, and 366 

env genes have been used to eliminate HIV proviral DNA from multiple other cells lines (52).   367 

Yin et al. eliminated HIV proviral DNA from neural progenitor cells using multiple 368 

sgRNAs and S. aureus Cas9 (saCas9) delivered by an adeno-associated virus (AAV) vector (53). 369 

This work was extended into a humanized bone marrow/liver/thymus mouse model of chronic 370 

HIV infection where a quadruplex sgRNA-saCas9 system packaged into an AAV vector that was 371 

administered by intravenous infusion excised proviral DNA from animals’ spleen, lung, heart, 372 

colon, and brain tissues (53).  In similar work Bella et al. used CRISPR technology delivered by 373 

a lentivirus vector to eliminate HIV proviral DNA from infected human peripheral blood 374 

mononuclear cells in a transgenic mouse model (54).  375 

Similar to applications for HIV, CRISPR has also been used to prevent and eliminate 376 

Herpes simplex virus (HSV)-1 infection in vitro.  van Diemen et al used gRNAs targeting twelve 377 

different essential genes and two nonessential genes to reduce replication of HSV-1 in Vero 378 

cells.  Interstingly, targeting of multiple genes simunlatenously resulted in greater efficiency of 379 

HSV-1 clearance, than target single genes (55).  Roehm et al. limited HSV-1 infection and 380 

suppressed viral replication in human oligodendroglioma cells using a CRISPR-Cas9 system to 381 

introduce indels to gene targets important for viral replication (56). Other herpesviruses that have 382 

been targeted by CRISPR in vitro include Epstein-Barr Virus (EBV), which predisposes to 383 
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certain lymphomas and nasopharyngeal cancers, and human cytomegalovirus (CMV) which 384 

causes severe disease when acquired congenitally or in immunocompromised hosts.  van Diemen 385 

et al. used a lentiviral vector to deliver a CRISPR-Cas9 system and two gRNAs targeting EBV 386 

nuclear antigen (EBNA)-1 achieving 95% clearance of EBV genomes in latently infected Burkitt 387 

lymphoma cells (55).  These findings raise the possibility that CRISPR-based therapies might 388 

one day be used to eradicate persistent EBV from tissues and prevent development of EBV-389 

associated malignancies.  These authors also used gRNA targeting essential and non-essential 390 

genes for CMV replication and observed that targeting of essential genes decreased replication, 391 

while targeting of non-essential genes had no effect despite effective Cas-9 editing. Of note, 392 

however, while multiple gRNAs led to CMV suppression for up to 11 days, viral escape mutants 393 

emerged, highlighting potential challenges with CRISPR-based therapies (55). 394 

More than 250 milion people are infected with Hepatitis B virus (HBV) worldwide 395 

resulting in an estimated 887,000 deaths each year (57).  While an effective HBV vaccine exists, 396 

a cure remains elusive.  Li et al. used CRISPR-Cas9 to remove a full length 3175-base pair HBV 397 

DNA fragment that was chromosomally integrated and episomally located in chronically 398 

infected cells (58) raising the potential for complete HBV eradication. Scott et al. used a single 399 

stranded AAV vector to deliver sgRNA targeting the S open reading frame of HBV and  S. 400 

aureus Cas9. With this system they inactivated cccDNA of HBV-infected hNTCP-HepG2 cells 401 

(59).  JC virus (JCV) and Human papilloma virus (HPV) have also been targeted in vitro using 402 

CRISPR technology.  Wollebo et al. used a CRISPR-Cas9 system with gRNA targeting the JCV 403 

T-antigen.  Using a lentivirus vector with a doxycycline inducible Cas9 gene these authors 404 

transduced HJC-2 cells and successfully eliminating T-antigen expression (60).  Kennedy et al. 405 

targeted HPV-16 and HPV-18 with gRNAs against E6 and E7 oncogenes in conjunction with 406 
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CRISPR-Cas9 to inactivate these oncogenes in HPV transformed cells.  Interestingly, E6 407 

inactivation led to increased p53 expression, while inactivation of E7 resulted in increased Rb 408 

expression, each resulting in cell death and highlighting a potential role for the treatment of 409 

HPV-associated malignancy (61).   410 

DISCUSSION 411 

 Prokaryotes’ have diverse CRISPR-Cas systems that provide heritable adaptive 412 

immunity. As new insights into the composition and function of these systems come to light, 413 

clinical applications for CRISPR technology will continue to expand.  Infectious diseases impose 414 

an enormous burden worldwide and new tools are need to study underlying mechanisms, and to 415 

accurately diagnose and treat infections in all settings. CRISPR-Cas9 technology is advancing 416 

understanding of microbal-host interactions not previously possible and is being applied to 417 

develop new diagnostics for infectious diseases adding to the existing armentarium.  Perhaps the 418 

most excitingly advance in CRISPR-based diagnostics for infectious diseases is application of 419 

non-specific nucleic acid cleavage observed in CRISPR-Cas type III, V, and VI systems to 420 

develop accurate and portable diagnostics. These emerging platforms will by necessity require 421 

careful validation against approved diagnostics and field testing to ensure end-user functionality.   422 

 CRISPR-based therapies hold promise for the treatment of cancer and inherited disorders 423 

such as sickle cell disease, and for the prevention and treatment of infectious diseases.  The 424 

transition from pre-clinical observations to proven and approved therapies has not yet occurred, 425 

as no approved CRISPR-based therapies are available and only a limited number of early clinical 426 

trials are ongoing.  Efficient and targeted delivery of CRISPR technology in vivo, absent 427 

significant on- or off-target toxicity, remains a challenge. Viral vectors including adenoviruses 428 

and lentiviruses may deliver a CRISPR construct to the target of interest, although concerns 429 
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related to potential carcinogenesis and immunogenicity remain. Non-viral vectors including lipid 430 

and polymer nanocarriers such as polyethylenimine, poly(L-lysine), polyamidoamine 431 

dendrimers, and chitosan are also under investigation (62).  Recent reports suggest that CRISPR-432 

Cas9 can induce damage to the p53-mediated DNA repair mechanism raising concerns given the 433 

association between p53 mutations and cancer (63).  434 

To date early investigations into CRISPR-based therapies targeting infectious diseases 435 

have focused on prevention and treatment of pathogenic drug resistant bacteria and persistant 436 

viral infections.  This is good news as these infections, including multidrug resistant bacteria, 437 

HIV, and HBV significantly contribute to the global disease burden. Challenges remain beyond 438 

safe and effective delivery of CRISPR-based therapies for infectious diseases. Bacterial and viral 439 

plasticity may result in genetic polymorphisms of gRNA targets rendering CRISPR-based 440 

therapies ineffective. PAM sequence mutations have also been shown to allow phage to escape 441 

CRISPR-Cas system (64, 65). Whether this can be addressed by packaging and delivering 442 

multiple gRNAs with diverse targets remains to be seen.    443 

Moving forward with CRISPR-Cas as a treatment in the realm of infectious disease will 444 

require standardized methods for safe delivery of treatment.  If successful, one could imagine an 445 

antibiotic resistance decolonization strategy where patients who are colonized with 446 

carbapenemase producing organisms are given an oral formulation of targeted CRISPR-Cas 447 

aimed at removing resistance organisms from the gastrointestinal tract thus postitively 448 

restructuring the human microbiome. Safe and effective CRISPR-based therapies for persistent 449 

viral infections would remarkable change the global landscape of infectious diseases. While 450 

these challenges are formidable they are not insurtmountable suggesting that a future infectious 451 

disease community might routinely integrate CRISPR technology into daily practice.   452 
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Figure 1: Biological Diversity of the CRISPR-Cas System 655 
A. The CRISPR-Cas defense mechanism has three stages adaptation, maturation, and 656 

interference.  In the type 1-E system adaption begins with the recognition of foreign 657 
DNA and associated PAM by the Cas1-Cas2 complex. The host protein IHF, not part of 658 
the Cas operon, bends the host DNA allowing the Cas1-Cas2 complex to integrate the 659 
newly acquired spacer sequence. During maturation pre-crRNA transcribed from the 660 
CRISPR array is generated ad processed into individual mature crRNAs.  In the final step 661 
of interference mature crRNAs guide type-specific Cas nuclease to their respective target 662 
nucleic acid sequence resulting in cleavage of foreign DNA.   663 

 664 
B. Maturation in the class 1 systems of type I-E and type III-A is carried out by Cas6 which 665 

cleaves the pre-crRNA into mature crRNA. In the type 1-E system a Cas6 monomer 666 
remains bound to the crRNA, and in the type III-A system a Cas6 dimer dissociates from 667 
the crRNA. Maturation in class 2 system is performed by the same protein utilized in 668 
interference.  In type II-A systems, maturation requires binding of a tracrRNA to the pre-669 
crRNA forming a tracrRNA-crRNA complex.  Cas9 binds the tracrRNA-crRNA complex 670 
and cleavage of the pre-crRNA to mature crRNA is performed by RNase III.  Maturation 671 
is carried out by Cas12 in the type V-A system and by Cas13 in the type VI-A system.   672 

 673 
Interference in Class 1 systems is mediated by a multi-protein complex while a single 674 
nuclease mediates interference in Class 2 systems. In the type I-E system Cascade binds 675 
to a mature crRNA and the complex recognizes the protospacer and associated PAM 676 
sequence on foreign DNA. Cascade binding generates conformational changes in target 677 
DNA resulting in the R-loop structure and recruitment of Cas3 to cleave the non-bound 678 
strand of target DNA.  In the type III-A system the Csm complex binds to mature crRNA. 679 
This complex then recognizes target nucleic acid sequences, resulting in cleavage of 680 
ssRNA and double stranded DNA. DNA cleavage results in cyclic adenylate production 681 
which activate Csm6 cleavage of non-specific RNA. In the type II-A system, interference 682 
is mediated by Cas9 bound to mature crRNA-tracrRNA. The resulting complex 683 
recognizes the PAM on target DNA resulting in double stranded cleavage leaving blunt 684 
ends.  The type V-A system utilizes Cas12 bound to mature crRNA to recognize foreign 685 
DNA and the associated PAM inducing double stranded cleavage with staggered ends.  686 
Type VI systems employ Cas13 which along with its mature-crRNA recognizes target 687 
ssRNA with it associated PFS.  Binding to ssRNA initiates cleavage of the target ssRNA 688 
along with indiscriminate cleavage of nonspecific ssRNA.  689 

 690 
Figure 2: Diagnositc and Therapeutic Applications of CRISPR-Cas 691 

A. A CRISPR-based rapid diagnostic combines HUDSON with SHERLOCK allowing for 692 
rapid dectection of viral nucleic acid directly from body fluids.  HUDSON employs heat 693 
and chemical reduction to inactivate high levels of nucleases present in body fluids and 694 
lyses viral particles releasing viral nucleic acids into solution. SHERLOCK integrates 695 
isothermal nucleic acid amplification by RT-RPA followed by T7 dependent transcription 696 
and detection of target RNA through Cas13 mediated cleavage of nonspecific RNA 697 
coupled to a fluorescent reporter.    698 

B. CRISPR therapeutics include the potential to remove antibiotic resitance plasmids from 699 
drug-resitant bacteria.  New Delhi metallo--lactamase (NDM) producing bacteria are 700 
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transfected with a phagemid containing Cas9 and a sgRNA targeting a spacer in the 701 
NDM.  The sgRNA-Cas9 complex cleaves the NDM gene resulting in bacteria that are 702 
antibiotic susceptible.   703 

 704 
  705 

  706 
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Figure 1: 707 
 708 
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Figure 2: 711 
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Table 1: Potential Targeted Therapeutics for CRISPR-Cas Systems  714 

Organism CRISPR

-System 

Gene Target Finding Reference 

E. coli, S. 

enterica  

Type I-E 

(Cas3) 

ftsA, asd, msbA, nusB, fucP, ogr, 

groL, arpA, PentC, phoH, PppsR 

Selective removal of individual strains in pure and mixed culture Gomaa (46) 

(2014) 

EHEC, E. coli Type II 

(Cas9) 

eae, BlaSHV-18 BlaNDM-1, gyrA Phagemid targeted eae in vitro resulted in 20-fold reduction in EHEC, and in vivo 

improved survival in Galleria mellonella. Targeting SHV-18 and NDM-1 was bactericidal 

Citorik (47) 

(2014) 

E. coli  Type I-E 

(Cas3) 

BlaNDM-1, BlaCTX-M-15 Eliminated antibiotic resistance plasmids leading to enrichment of antibiotic sensitized 

bacteria using CRISPR-Cas along with temperate and lytic bacteriophages 

Yosef (48) 

(2015) 

E. coli Type II 

(Cas9) 

BlaTEM, BlaSHV,  Restore beta-lactam sensitivity in ESBL producing E. coli  Kim (49) 

(2016) 

S. aureus Type II 

(Cas9) 

aph-3, mecA Phagemid delivery to selectively kill virulent and avirulent Staphylococcus aureus, along 

with eliminate mecA gene without killing host 

Bikard (50) 

(2014) 

HIV-1 Type II 

(Cas9) 

LTR U3 region Inactivated gene expression and replication in infected T-cells and microglial cells along 

with used multiplex gRNAs to prevent HIV-1 infection in TZM-bI-cells  

Hu (51) 

(2014) 

HIV-1 Type II 

(Cas9) 

LTR, Gag, Pol Excision of chronic HIV-1 in the spleen, lungs, heart, colon, and brain from humanized 

mice with adeno-associated vector  

Yin (53) 

(2017) 

HIV-1 Type II 

(Cas9) 

LTR Removal of HIV-1 DNA from human peripheral blood mononuclear cells engrafted in a 

humanized mice model with a multiplex of gRNAs delivered with a lentivirus vector  

Bella (54) 

(2018) 

HSV-1 Type II 

(Cas9) 

Essential: UL15, UL27, UL29, 

UL30, UL36, UL37, UL42, 

UL5, UL52, UL8, UL54, UL9 

Nonessential: US3, US8 

Simultaneous targeting of essential genes with two gRNA is superior than one gRNA in 

clearing HSV-1 infected cells. 

Van Diemen 

(55) (2016) 

HSV-1 Type II 

(Cas9) 

ICP0, ICP4, ICP27 Limited HSV-1 infection cycle in human oligodendroglioma cells Roehm (56) 

(2016) 

EBV Type II 

(Cas9) 

EBNA1, OriP Targeting Burkitt Lymphoma cells infected with EBV with two gRNA against EBNA1 

resulted in 95% loss of EBV genome 

Van Diemen 

(55) (2016) 

CMV Type II 

(Cas9) 

Essential: UL44, UL54, UL57, 

UL70, UL105, UL86, UL84 

Nonessential:US6, US7, US11 

Targeting of essential genes led to inhibition of CMV replication although targeting of 

non-essential genes did not.   

Van Diemen 

(55) 

(2016) 

HBV Type II 

(Cas9) 

Repeat region of integrated 

genome 

Removal of integrated and episomally located HBV genome from HBV cell line Li (58) 

(2017) 

HBV Type II 

(Cas9) 

S open reading frame Inactivation of cccDNA of HBV in hNTCP-HepG2 cells with adeno-associated virus 

vector 

Scott (59) 

(2017) 

JCV Type II 

(Cas9) 

T-antigen Suppressed JC virus replication in HJC-2 cells using lentivirus vector delivery Wollebo (60) 

(2015) 

HPV Type II 

(Cas9) 

E6, E7 Targeting of E6 and E7 with gRNA delivered by lentivirus vector resulted in death of 

HPV transformed cells.   

Kennedy (61) 

(2014) 
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