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Abstract

Despite decades of research, human cytomegalovirus (CMV) continues to contribute to significant 

morbidity and mortality in transplant settings and remains the leading cause of viral congenital 

infections. Clinical diagnosis of CMV infection and/or reactivation under these settings is 

completed using real time quantitative polymerase chain reaction (RT-qPCR). This assay performs 

well but is hampered by poor sensitivity and a lack of standardization among testing facilities. A 

point-of-care rapid diagnostic to determine CMV viremia could address these issues and improve 

patient care. In this manuscript, we introduce clustered regularly interspaced short palindromic 

repeats (CRISPR)-Cas12a technology to design and validate a rapid diagnostic for CMV. This 

system was tested using CMV spiked human saliva and urine samples. Sensitivity of the assay 

was ~10 infectious units (IU)/mL. Specificity of the assay was robust and failed to detect other 

herpesviruses. Collectively, we have designed and validated a rapid diagnostic for CMV that 
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overcomes limitations of the current standard diagnostic. This assay has the potential to be used as 

a point-of-care screening tool in transplant and neonatal settings.

Keywords

Cytomegalovirus; CMV; CRISPR-Cas12a; gRNA; Rapid diagnostic; Virus; Congenital CMV

1. Introduction

Cytomegalovirus (CMV) is a double-stranded DNA betaherpesvirus exhibiting 

seroprevalence of 50–80% in the United States and greater than 95% in developing countries 

(Cannon et al., 2010; Bate et al., 2010). In immunocompetent individuals, primary infection 

is controlled by the immune system, but the virus is never cleared resulting in lifelong 

infection. CMV undergoes periodic reactivation characterized by the detection of viral 

DNA or CMV-specific IgM or IgG in the blood, increasing in frequency with age (Parry 

et al., 2016; van Boven et al., 2017). Despite the widespread availability of effective 

antivirals, CMV continues to adversely affect transplantation populations and is the leading 

infectious cause of congenital infections (Dollard et al., 2007). Quantitative detection of 

CMV from bodily fluids is completed using real time quantitative polymerase chain reaction 

(RT-qPCR). This assay is the gold standard for CMV detection. The significant limitations 

of this test include moderate sensitivity (~100–400 copies/mL) (altona-diagnostics. RealStar 

CMV PCR Kit, 2017; testguide.labmed.uw.edu. CMV Quantitative by PCR, 2022) and 

poor standardization between testing sites, despite the 2010 implementation of a World 

Health Organization (WHO) International Standard (Preiksaitis et al., 2016). The lack of 

standardization has resulted in establishing thresholds for preemptive therapy that varies 

between distinct centers (Preiksaitis et al., 2016; Hayden et al., 2017). Further, the assay 

requires expensive equipment and trained laboratory personnel to complete. Standard sample 

analysis requires 24–48 h before results are returned to physicians (testguide.labmed.uw.edu. 

CMV Quantitative by PCR, 2022; Aruplab. Cytomegalovirus by Quantitative PCR, 2022).

Under immunosuppressed conditions, such as transplant settings, CMV can reactivate 

resulting in high levels of viremia (Vallejo et al., 2022; Duan et al., 2022). During 

transplantation procedures, CMV reactivation is directly linked to severe end-organ disease 

(Pneumonia, colitis, retinitis, etc.) and has been associated with decreased overall survival 

and increased non-relapse mortalilty (Teira et al., 2016). In solid organ transplant settings, 

CMV is associated with significant morbidity and patients are at high risk for CMV 

complications during the 3–6 months post-transplantation due to immunosuppressive 

therapies (Fishman, 2007). Antiviral therapy is effective but is limited by toxicity and 

antiviral resistance (Krosky et al., 1998; Imlay and Kaul, 2021). The ability to monitor 

CMV-associated viremia quickly and quantitatively could minimize the impact of toxicity 

and resistance in transplant settings.

Congenital CMV (cCMV) infection is the leading pathogenic cause of fetal loss, infant 

neurologic deficits, and birth defects (Zhang et al., 2022; Li et al., 2021). The birth 

prevalence of cCMV is estimated to be ~0.7% worldwide (Kenneson and Cannon, 2007; 
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Fowler and Boppana, 2006). Pregnant individuals exhibiting or suspected of having a CMV 

infection can undergo prenatal CMV antibody screening, but use of this assay for clinical 

decisions is controversial (Leruez-Ville et al., 2020). Suspicion of cCMV may be identified 

during fetal imaging as intracranial calcifications and intrauterine growth restriction (Ito et 

al., 2013). Suspected cCMV cases are referred to a maternal-fetal medicine specialist who 

confirms a cCMV diagnosis using PCR to identify CMV in amniotic fluid via amniocentesis 

(Leruez-Ville et al., 2020; Rawlinson et al., 2017). This assay is high risk to the fetus and 

may jeopardize a healthy pregnancy. Only 10% of cCMV cases are symptomatic resulting 

in neurological sequelae (Boppana and Fowler, 2017). In asymptomatic cases, 10–15% of 

infants develop progressive sensoneural hearing loss and cognitive dysfunction (Fowler and 

Boppana, 2018; Foulon et al., 2019). Recent data has emphasized the importance of early 

antiviral intervention to improve hearing and developmental outcomes in neonates with 

symptomatic cCMV (Kimberlin et al., 2015; Nishida et al., 2016; Yamada et al., 2020). 

Detection of cCMV in neonates is confirmed by RT-qPCR in urine or saliva during the first 

3 weeks of life. This test is ordered based on clinical suspicion, resulting in up to 90% of 

cases being undiagnosed at birth (Sorichetti et al., 2016). As most cases are asymptomatic, a 

universal screening approach is needed to identify the majority of cCMV cases.

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-

associated protein (Cas) system is being explored as a pathogen detection system (Huang et 

al., 2021; Xu et al., 2020; Kaminski et al., 2020a). CRISPR sequences are repeat and spacer 

sequences that can match viral DNA. The Cas protein has helicase and nuclease properties 

that cut DNA upstream of the CRISPR-Cas locus. The CRISPR-Cas system exhibits high 

specificity and sensitivity. CRISPR-Cas12a identifies thymine-rich double-stranded DNA 

protospacer adjacent motifs (PAM). The sticky ends of the staggered cut offered by Cas12a 

allow enhanced target specific DNA assembly compared to traditional restriction enzyme 

approaches (Kim et al., 2017). Cas12a cleaves DNA 18–24 base pairs downstream of 

the PAM site, resulting in sequence recognition after repair, enabling numerous rounds of 

cleavage. This attribute allows Cas12a to be utilized as a diagnostic, in which one side 

is guided to the target by a designed guide RNA (gRNA) and the other end cleaves an 

oligonucleotide fluorescent probe, allowing for quantification. This property is central to the 

model and is leveraged here to develop a CMV assay, similar to previous work (Huang et 

al., 2021; Broughton et al., 2020; Nguyen et al., 2020). An overview of the assay design 

is provided in Fig. 1. Collectively, the need for a low cost, point-of-care rapid diagnostic 

for CMV is critical to change how we think about and treat CMV-associated pathology. 

This work describes the design, optimization and validation a CRIPSR-Cas12a CMV rapid 

diagnostic.

2. Methods

2.1. gRNA and primer design

The CMV Merlin strain sequence (ref: GenBank: AY446894.2) was used to design gRNA 

for CMV detection. The CMV genes UL123 and US28 were scanned for CRISPR-Cas12a 

PAM sequence(s) TTTV (V indicating any base but T). The gRNA sequence is the 

immediate 20–24 base pairs after the PAM sequence. CMV Merlin-specific primer sets were 
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designed using NCBI Primer-Blast. Premier biosoft.com qOligo was used to analyze the 

forward and reverse primers for GC content, melting point, GC clamp, dimers and hairpins. 

Primers and gRNA were ordered from Integrated DNA Technologies (IDT).

2.2. Viral DNA propagation and isolation

CMV Towne (ATCC VR-977), Toledo (generous gift from Dr. John Sinclair), and TR 

(generous gift from Dr. Andrew Yurochko) were propagated in Human Foreskin Fibroblasts 

(HFF) (ATCC SCRC-1041) using DMEM (Gibco) supplemented with 10% FBS and 1X 

Glutamax (Gibco). HHV-6A strain HST (acquired from HHV-6 foundation) was propagated 

in HSB-2 cells (ATCC CCL-120.1) using IMDM media (Gibco) supplemented with 

10% FBS. HHV-6B strain Z29 (acquired from HHV-6 foundation) was propagated using 

Molt-3 cells (ATCC CRL-1552) using RPMI-1640 media (Gibco) + 10% FBS. Human 

simplex virus 1 (HSV-1) (generous gift from Dr. Shitao Li) was propagated in Vero cells 

(ATCC CCL-81) grown in DMEM + 10% FBS. All viral strains were purified through 

centrifugation and titered as previously described (Britt, 2010; Combs et al., 2019). Each 

100 μl viral sample was heat inactivated at 60 °C for 30 min and stored at −80 °C after 

use. Viral DNA was isolated using a Quick-DNA/RNA Viral Kit (Zymo Research) following 

manufacturers recommendations. Isolated CMV DNA was stored in nuclease-free water at 

−20 °C until use.

2.3. Human samples

Human saliva and urine samples from three distinct healthy donors were a generous gift 

from Dr. Elizabeth Norton. Deidentified samples (Tulane IRB#15–727936) were collected 

between 2015 and 2016, aliquoted and stored at −80 °C. Samples were thawed and 90 

μL were aliquoted for serial dilution and spiked with 10 μL of titered heat- inactivated 

CMV Towne, TR, or Toledo resulting in a 105 to 10−1 viral IU/mL concentration range. 

DNA/RNA shield was added to the samples and DNA was isolated using Quick-DNA/RNA 

Viral Kit (Zymo Research).

2.4. PCR

PCR reactions were performed for each targeted viral region by combining 5 μL of template 

and 15 μL of PCR mastermix containing 0.5 μL forward primer (10 μM), 0.5 μL reverse 

primer (10 μM) (IDT), 0.2 μL of AccuPrime Taq DNA Polymerase, 2 μL of AccuPrime PCR 

Buffer (10x) (ThermoFisher) and 11.8 μL of nuclease-free water (Invitrogen). Sample DNA 

was amplified using a T100 thermocycler (Bio-Rad) for each 20 μL reaction [denaturation 

(2 min at 94 °C), amplification (38 cycles: 10 s at 98 °C, 10 s at 60 °C, 15 s at 72 °C) and 

elongation (5 min at 72 °C)]. Amplified product was used immediately or stored at −20 °C.

2.5. CRISPR-Cas12a fluorescent detection of target regions

All CRISPR-Cas12a fluorescent detection conditions and concentrations have previously 

been optimized and used at a molar ratio of 1:7.5 (Cas12a/gRNA: fluorescent probe) for an 

RNA virus (Huang et al., 2020). This assay used a 1:3 M ratio (Cas12a/gRNA: fluorescent 

probe) to adjust for a DNA virus. Each 32 μL reaction contained end concentrations of 2 μL 

of RT-PCR product, 10 μM gRNA, 6.7 μM of oligonucleotide fluorescent probe (IDT), 10 
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μM LbCas12a (New England Biolabs), 3 μL of 10x NEBuffer 2.1 (New England Biolabs), 

and 11.8 μL of nuclease-free water. Triplicates were loaded on a 96-well opaque half area 

black flat bottom microplate (Corning) and incubated in the dark for 20 min at 37 °C. A 

Synergy H1 Microplate reader (BioTek) was used to measure fluorescence at 525 nm in 

intervals of 5 min. A positive cutoff was determined to be the mean of the no template 

control (NTC) + 3 times the standard deviation (SD) (3*SD).

2.6. Cross-reactivity and specificity

In silico testing for specificity was completed using the NCBI BLAST tool to assess the 

gRNA/primer sets for cross-reactivity with any other organism (except taxonomy IDs of 

CMV strains) in the nonredundant nucleotide database. In vitro testing for specificity was 

completed by testing HSV-1, HHV-6A (strain HST), and HHV-6B (strain Z29) against 

each CMV-targeted gRNA/primer set. gRNA/primer sets exhibiting cross-reactivity were 

excluded from further use. Cross-reactivity was defined by a positive value (3*SD).

2.7. Limit of detection

gRNA/primer sets without cross reactivity were tested for limit of detection (LoD) using 

serial dilutions of isolated viral DNA. Isolated DNA dilutions of each sample type (purified 

and spiked) and strain, ranging from 105 to 10−1 IU/mL, were used to create a standard 

curve that was tested using the CRISPR-Cas12a platform with each gRNA/primer set. A 

positive sample was defined as the arithmetic mean of the NTC ± (3*SD). This approach 

was used to determine the lowest viral DNA dilution detectable for each gRNA/primer set 

and sample type/viral strain. This process was repeated in triplicate and from three distinct 

biological donors (described in section 2.3).

2.8. Statistical analysis

Data were expressed as means and standard deviations. One-way ANOVA was used to 

compare intensity responses for sensitivity and specificity thresholds by strain type. Multiple 

comparisons were performed using Dunnett’s multiple comparison test. Statistical analysis 

was performed using GraphPad Prism (Version 9, GraphPad Software Inc.). The type I error 

threshold was set at 5%. Cartoons created with BioRender.com.

3. Results

3.1. Limit of detection using a CRISPR-Cas12a CMV rapid diagnostic

Using the CMV Merlin strain as the standard CMV genome, we identified PAM sequences 

and gRNA within the UL123, UL122, and US28 gene regions (Fig. 2). To validate that 

the identified targets could be detected using a CRISPR-Cas12a system, we added CMV 

into nuclease-free water resulting in a viral concentration range of 105 to 10−1 infectious 

units (IU)/mL. Viral DNA was then extracted from the CMV spiked water. The limit of 

detection using CMV TR was significant at 10 IU/mL (Fig. 3A) and at 100 IU/mL for 

Toledo and Towne (Fig. 3B and C). UL123 recorded a limit of detection as low as 0.1 

IU/mL using the CMV TR and Toledo strains. CMV Towne could be detected at 10 IU/mL. 

US28 exhibited similar limits of detection with values detected at 0.1 IU/mL in TR, Toledo, 

and Towne (Fig. 3D and E) achieving significance at 100 IU/mL for TR, 10 IU/mL for 
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Toledo, and 1 IU/mL for Towne. We were unable to detect UL122 regardless of the CMV 

strain used (Supplemental Figs. 1A–C). These results validate the design and approach of a 

CRISPR-Cas12a system under laboratory conditions.

3.2. Validation of specificity

We next addressed the issue of viral specificity by testing the ability of the CRISPR-Cas12a 

CMV rapid diagnostic to detect other closely related human herpesviruses. Fig. 4A shows 

the CMV UL123 target is detected using the CMV strains TR, Toledo and Towne but the 

alphaherpesvirus human simplex virus 1 (HSV-1), the betaherpesviruses human herpesvirus 

6A (HHV-6A) and HHV-6B were not detected. These observations were repeated using 

US28 targets (Fig. 4B). Positive values were considered greater than the mean of the NTC 

+ (3*SD). Together, these results showed that other closely related herpesviruses do not 

generate false positives with this CRISPR-Cas12a CMV rapid diagnostic.

3.3. Evaluation of CMV-spiked human saliva samples

As CMV is secreted at high levels in saliva, we tested the sensitivity of this diagnostic in 

this fluid. Saliva samples spiked with 105 to 10−1 IU/mL of CMV were tested using the 

UL123 and US28 targets. Detection of UL123 was significant at 0.1 IU/mL using TR and 

Toledo strains (Fig. 5A and B). Towne UL123 was detected at 0.1 IU/mL but was significant 

at 100 IU/mL (Fig. 5C). The limit of detection using US28 was less robust. TR and Toledo 

were detected at 0.1 IU/mL with significance occurring at 1 IU/mL for the Toledo strain and 

100 IU/mL using TR (Fig. 5D and E). The Towne strain was detected at 1 IU/mL; however 

significance was not achieved (Fig. 5F). The results indicate that this CRIPSR-Cas12a 

CMV rapid diagnostic can detect CMV in saliva samples without additional preparation or 

processing of saliva.

3.4. Evaluation of spiked human urine samples

CMV can be detected in urine from infected neonates, so sensitivity of this assay was 

determined using CMV spiked urine samples. UL123 and US28 targets were tested. UL123 

had a limit of detection in urine of 0.1 IU/mL for all CMV strains achieving significance 

at 0.1 IU/mL for TR, 100 IU/mL for Toledo, and 1 IU/mL for Towne (Fig. 6A–C). US28 

exhibited similar results with the limit of detection being lowest using TR and Towne strains 

(0.1 IU/mL) (Fig. 6D and F). Toledo was detected at 10 IU/mL (Fig. 6E). Significance was 

observed at 100, 10, and 100,000 IU/mL for TR, Toledo, and Towne respectively.

3.5. Evaluation of detection time

Last, we characterized how fast the CRISPR-Cas12a reaction was able to detect CMV. 

Again, using a range of CMV IU (105 to 10−1 IU/mL), detection of CMV as measured 

by fluorescent intensity was plotted against time. Consistent with the limit of detection 

results (Fig. 3), we were able to consistently detect CMV at 101 IU/mL within 15 min 

after addition of the amplified sample (Fig. 7A–L) using UL123 and US28 CMV targets. 

The total length of this assay is approximately 90 min: 5 min for DNA extraction, 30 

min of PCR amplification, 15 min for CRISPR-Cas12a fluorescent detection, and 30 min 

for sample preparation between steps. Strain-specific differences and CMV target-specific 
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differences were observed. Regardless, this data supports the potential for rapid analysis 

using CRISPR-Cas12a detection after target amplification. This finding further substantiates 

the potential of this assay to detect diverse CMV strains using various bodily fluids.

4. Discussion

Implementation of a robust, quantitative, cost-effective point-of-care diagnostic for CMV 

has the potential to significantly reduce CMV-associated morbidity and mortality. Rapid 

results or universal screening can prevent or reduce CMV associated pathologies, improving 

patient outcomes and lessening the enormous economic burden resulting from CMV-

associated disease. In this study, we describe the design, optimization, and validation of 

a CRISPR-Cas12a CMV rapid diagnostic. The assay was tested using human saliva and 

urine in which CMV is commonly detected. Collectively, these results provide a path toward 

the development of a rapid diagnostic for CMV that can be used to minimize the severity 

of CMV-associated congenital infections. A direct comparison between this assay and the 

current standard assay using neonatal urine and saliva patient samples must be completed 

prior to definitive conclusions.

We validated this rapid diagnostic test using biologically relevant samples. Urine samples 

have been found to be reliable indicators of cCMV. Significantly higher viral loads are 

observed in infant urine samples than umbilical cord blood or cerebral spinal fluid (CSF) 

(Halwachs-Baumann et al., 2002). This observation may suggest that urine is representative 

of early CMV infection. Additionally, difficulty with plasma CMV isolation has previously 

been observed (Kaminski et al., 2020b). Urine collection is simple and requires no medical 

training, making it ideal for universal CMV screening in a medical facility or monitoring 

in an at home setting. Urine poses unique obstacles such as PCR inhibition due to high 

urea concentrations (>50 mM) while testing for CMV (Khan et al., 1991). Inhibition of 

amplification complicated by a high urea content in urine samples may display a lower limit 

of detection, which prompted us to test how this might hinder this assay.

We also tested saliva in parallel and results were similar to previously reported CMV 

detection sensitivity (Yamamoto et al., 2006; Ross et al., 2014). Previous publications 

using RT-PCR to detect cCMV in saliva report a limit of detection of approximately 

200 copies/mL or failed to report quantification (Ross et al., 2014), (eurofins-viracor. 

Cytomegalovirus, 2022). It should be noted that a study by Ross et al., did not include a viral 

DNA extraction step (Ross et al., 2014). This may explain lower sensitivity versus the results 

reported here. This approach also provides insight into improving the CRISPR-Cas12a assay 

and transitioning to a true point-of-care assay. Saliva provides a simple and less invasive 

collection process than blood and urine making it the preferred sample type for this assay.

There are two key limitations to this study. This assay was not directly used on fresh clinical 

samples and this study did not validate the use of the CRISPR-Cas12a assay with whole 

blood. Expanded use of this assay to other relevant clinical cohorts, such as transplantation 

patients, would require experimental confirmation that results reported in this manuscript 

can be replicated using blood. Clinical samples may have a lower sensitivity due to PCR-

inhibitory molecules in the sample that interfere with amplification (Sidstedt et al., 2018). In 
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clinical validation, we plan to use the WHO standard for CMV to standardize these results 

using international units and to directly compare to current standard of care assays. Without 

this standardization, we have chosen to report the results in infectious units/mL, as it more 

accurately represents the samples used in this study. Unfortunately, infectious units/mL is 

determined by viral titering, which adds an additional factor of error and could impact 

the limit of detection. Also, similar to PCR based assays, this assay does not distinguish 

between infectious virus and viral DNA. This is important when interpreting results from 

patients on letermovir as they may have DNAemia but not infectious virus. Understanding 

the limitations of this assay using a range of clinical samples will provide insights into areas 

of improvement or reassessment of specificity and/or limit of detection. We are currently 

validating the CRIPSR-Cas12a system on transplant patient samples, directly comparing 

the rapid diagnostic results to the standard of care (RT-qPCR) results. An area of interest 

that would benefit this assay is the elimination of the in vitro amplification of nucleic acid, 

currently included in this protocol. The current protocol for this assay does not eliminate 

the need for PCR-based amplification. We are currently testing a number of methods to 

eliminate this step from the protocol, enabling this diagnostic to be a true rapid, point-of-

care diagnostic.

Under transplantation settings, the current standard of care for CMV includes blood draws 

and RT-qPCR analysis for CMV viremia. Antiviral concentrations are adjusted accordingly 

after the return of results. An assay that can return results immediately could increase 

antiviral efficacy and shorten antiviral schedules, while also decreasing antiviral toxicity 

and viral resistance concerns. Current diagnostic kits cite an in vitro limit of detection of 

0.238 International Units/μL (approximately 400 copies/mL) (altona-diagnostics. RealStar 

CMV PCR Kit, 2017), with most commercially available tests displaying a limit of detection 

of 100 copies/mL or higher (Aruplab. Cytomegalovirus by Quantitative PCR, 2022). Some 

assays can detect 10 copies/mL but specificity is limited as a result (94%) (Waggoner et al., 

2012; fda.gov. Abbott RealTime CMV, 2017). A similar PCR-based assay used the CMV 

UL123 region for detection reported a limit of detection of 300 International Units/mL (534 

copies/mL) (testguide.labmed.uw.edu. CMV Quantitative by PCR, 2022). Validation of this 

CRISPR-Cas12a assay using blood, could potentially permit integration of this assay with 

current diagnostics. This could increase specificity and the limit of detection of current 

assays.

The aim in this manuscript was to provide a proof-of-concept design to validate further 

exploration using CRISPR-Cas12a technology as a rapid diagnostic for CMV. There were 

unexpected results during this study. The CRISPR-Cas12a targets were designed using 

an identical approach but yield a wide variation in results. We are uncertain why the 

UL122 failed to produce a signal. We also do not have a strong explanation for the 

difference in sensitivity between UL123 and US28. Experiments are continuing to further 

define biochemical factors that may impact CRISPR-Cas12a design. An advantage of the 

CRISPR-Cas12a system, is that multiple targets can be integrated into a single assay. We 

are testing other CMV targets that could be included in future tests. Alternatively, different 

CMV panels may be developed to provide results for distinct clinical requirements. The 

results show high specificity to CMV, high sensitivity with accurate measurements below 

100 IU/mL, and detection of CRISPR-Cas12a tagged targets from a pre-amplified product 
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in under 20 min. These results were completed using saliva and urine, further showing 

the promise of future development of a point-of-care CMV diagnostic. The goal is to 

validate this CRISPR-Cas12a CMV rapid diagnostic in clinical trials in the near future after 

continued improvement and validation.

In summary, this study shows the promise of a CRISPR-Cas12a rapid diagnostic for the 

detection of CMV in saliva and urine. This assay can be applied to other body fluids 

such as blood or ocular fluid to detect CMV infection. This assay is low-cost, easy to use 

and quantitative, permitting repeated testing during CMV-associated complications. We are 

further validating this assay in various human clinical samples including neonatal samples 

to prove the feasibility and affordability of a universal neonatal CMV screen. Achieving an 

at-home version would lessen the requirement of a visit to the doctor’s office and is of great 

interest in future work.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overview of the CRISPR-Cas12a assay used in this manuscript.
Urine or saliva was spiked with HCMV. Viral DNA was isolated using commercially 

available kits. HCMV DNA target sequences were amplified using a thermocycler. 

Amplified HCMV target sequences were mixed with CRISPR-Cas12a reagents and 

incubated for 20 min. A fluorescent plate reader was used to detect HCMV. Created with 

BioRender.com.
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Fig. 2. Primer and guide RNA (gRNA) sequences for CRISPR-Cas12a detection of CMV.
Forward and reverse primer and guide RNA (gRNA) sequences for UL123, US28, and 

UL122 CMV gene targets were identified and validated. PAM sequences were identified as 

TTT(V) (V being any base pair except T). Primers were designed against the gRNA region 

following the PAM sequence. Created with BioRender.com.
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Fig. 3. Limit of Detection using a CRISPR-Cas12a CMV assay.
The CMV strains Towne, TR, and Toledo were serially diluted (IU/mL) into nuclease free 

water, prior to DNA extraction and PCR amplification. Resultant samples were assayed 

using a CRISPR-Cas12a based fluorescence detection assay. The limit of detection of the 

CMV gene UL123 using the CMV strain A) TR, B) Toledo, or C) Towne. The limit of 

detection of the CMV gene US28 using the CMV strain D) TR, E) Toledo, or F) Towne. 

N = 3 for all experiments. Positive is calculated by the mean of the NTC + (3*SD) and is 

indicated by the dotted line.*(P < 0.05), **(P < 0.01), ***(P < 0.001), ****(P < 0.0001), 

determined using a one-way ANOVA with a Dunnett’s multiple comparison test single 

pooled variance. NTC = no template control. a.u. = arbitrary units. IU = infectious units.
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Fig. 4. Viral specificity of a CRISPR-Cas12a assay.
The CMV targets UL123 and US28 were tested for specificity against HSV-1, HHV-6A, 

HHV-6B and the CMV strains Towne, TR, and Toledo. Virus was spiked in nuclease free 

water at 105 IU/mL followed by DNA extraction and PCR amplification. Samples were 

then tested using a CRISPR-Cas12a assay. Specificity using A) UL123 and B) US28 were 

assayed. N = 3. Positive is calculated by the mean of the NTC + (3*SD) and is indicated 

by the dotted line. *(P < 0.05), ***(P < 0.001), ****(P < 0.001) statistical significance 

determined using a one-way ANOVA with a Dunnett’s multiple comparison test single 

pooled variance. IU = infectious units.
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Fig. 5. The limit of detection in saliva using a CRISPR-Cas12a CMV assay.
Saliva samples were spiked with CMV followed by DNA isolation and amplification. The 

limit of detection for UL123 is reported in A) TR, B) Toledo and C) Towne. Comparison of 

limit of detection against US28 targets using D) TR, E) Toledo, and F) Towne CMV strains. 

N = 3, Positive is calculated by the mean of the NTC + (3*SD) and is indicated by the dotted 

line. *(P < 0.05), **(P < 0.01), ***(P < 0.001), **** (P < 0.001). Significance determined 

using a one-way ANOVA with a Dunnett’s multiple comparison test single pooled variance. 

NTC = no template control. a.u. = arbitrary units. IU = infectious units.
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Fig. 6. Limit of detection in urine.
CMV was serially diluted (IU/mL) into human urine, followed by DNA extraction and PCR 

amplification before CRISPR-based fluorescence detection. Limit of detection of UL123 

targets using A) TR, B) Toledo, or C) Towne. Limit of detection of US28 targets using 

D) TR, E) Toledo, or F) Towne. N = 3. Positive is calculated by the mean of the NTC + 

(3*SD) and is indicated by the dotted line. *(P < 0.05), **(P < 0.01), ***(P < 0.001), ****(P 

< 0.001). Significance determined using a one-way ANOVA with a Dunnett’s multiple 

comparison test single pooled variance. NTC = no template control. a.u. = arbitrary units. IU 

= infectious units.
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Fig. 7. Rapid detection of CMV products using CRISPR-Cas12a assay.
Fluorescent intensity progression at 5-min intervals over 20 min showing UL123 detection 

in A) TR, B) Toledo, C) Towne and US28 in G) TR, H) Toledo, and I) Towne. (N = 3). 

The 15-min timepoint of UL123 detection (black box) is displayed with significance in D) 

TR, E) Toledo, and F) Towne and US28 detection (black box) for J) TR, K) Toledo, and L) 

Towne respectively. *(P < 0.05), **(P < 0.01), ***(P < 0.001), ****(P < 0.001). NTC = no 

template control. a.u. = arbitrary units. IU = infectious units.
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