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Abstract32

Background: Circulating SARS-CoV-2 RNA may represent a more reliable indicator of infection33

than nasal RNA, but RT-qPCR lacks diagnostic sensitivity for blood samples. 34

Methods: A CRISPR-augmented RT-PCR assay that sensitively detects SARS-CoV-2 RNA was 35

employed to analyze viral RNA kinetics in longitudinal plasma samples from nonhuman primates 36

(NHP) after virus exposure; to evaluate the utility of blood SARS-CoV-2 RNA detection for COVID-37

19 diagnosis in adults cases confirmed by nasal/nasopharyngeal swab RT-PCR results; and to 38

identify suspected COVID-19 cases in pediatric and at-risk adult populations with negative nasal 39

swab RT-qPCR results. All blood samples were analyzed by RT-qPCR to allow direct 40

comparisons.41

Results: CRISPR-augmented RT-PCR consistently detected SARS-CoV-2 RNA in the plasma of 42

experimentally infected NHPs from 1 to 28 days post-infection, and these increases preceded43

and correlated with rectal swab viral RNA increases. In a patient cohort (n=159), this blood-based44

assay demonstrated 91.2% diagnostic sensitivity and 99.2% diagnostic specificity versus a 45

comparator RT-qPCR nasal/nasopharyngeal test, while RT-qPCR exhibited 44.1% diagnostic 46

sensitivity and 100% specificity for the same blood samples. This CRISPR-augmented RT-PCR 47

assay also accurately identified COVID-19 patients with one or more negative nasal swab RT-48

qPCR result.49

Conclusion: Results of this study indicate that sensitive detection of SARS-CoV-2 RNA in blood50

by CRISPR-augmented RT-PCR permits accurate COVID-19 diagnosis, and can detect COVID-51

19 cases with transient or negative nasal swab RT-qPCR results, suggesting that this approach52

could improve COVID-19 diagnosis and the evaluation of SARS-CoV-2 infection clearance, and 53

predict the severity of infection.54
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Introduction55

The global coronavirus disease 2019 (COVID-19) pandemic, resulting from the initial outbreak of 56

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is now responsible for more 57

than 95 million infections and 2 million deaths in more than 200 countries (1), and has severely 58

strained global healthcare systems (2). COVID-19 primarily manifests as a respiratory infection 59

spread by droplet or aerosol transmission (3, 4), but mounting evidence indicates SARS-CoV-2 60

can infect non-respiratory tissue (5, 6) to produce complicated extrapulmonary COVID-19 disease 61

manifestations, which presumably arise when virus present in the respiratory tract is released into 62

the circulation (7, 8). RT-qPCR analysis of swab specimens collected from the upper respiratory 63

tract (e.g., nasal or nasopharyngeal swabs) is the reference standard since nasal tissue 64

represents the most probable exposure site, expresses the SARS-CoV-2 receptor angiotensin 65

converting enzyme-2, and is readily accessible. However, such analyses can yield false negatives 66

due to transient viral shedding or sampling issues in these specimens (9, 10). Lower respiratory 67

tract specimens (e.g., bronchoalveolar lavage fluid) may serve as more robust diagnostic 68

specimen to accurately reflect virus load in the respiratory tract throughout the complete time 69

course of a respiratory infection, but are more invasive, entail greater risk, and require additional 70

training to safely collect; and are thus not practical for use in routine screening for, or assessment 71

of, COVID-19 cases. Further, neither upper nor lower respiratory tract specimens are expected to 72

accurately reflect viral load associated with extrapulmonary infections.73

Sensitive detection of SARS-CoV-2 RNA in peripheral blood samples could theoretically serve as 74

a universal diagnostic for COVID-19. SARS-CoV-2 circulation through the bloodstream appears 75

necessary to initiate infections in the variety of tissues known to be affected by extrapulmonary 76

SARS-CoV-2 infections (11, 12). Evidence also suggests that SARS-CoV-2 virus or sub-genomic 77

RNA may enter the circulation early in SARS-CoV-2 respiratory infection, since excessive 78

cytokine production in SARS-CoV-2-infected pulmonary tissue can lead to pulmonary endothelial 79
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and epithelial cell injury, endothelial dysfunction, microvascular damage, and alveolar and 80

vascular leakage (13). Similar endothelial pathology could also promote the release of viral RNA 81

into the circulation by affected extrapulmonary tissues. Circulating SARS-CoV-2 RNA could thus 82

serve as a potential marker for both pulmonary and extrapulmonary infection. Current blood-83

based COVID-19 assays, however, primarily detect virus-specific antibodies or cytokine or 84

chemokine responses associated with COVID-19 disease severity that cannot provide direct 85

evidence of infection (14, 15). RT-qPCR has been reported to exhibit poor and highly variable86

diagnostic sensitivity (1~40%) when employed to detect SARS-CoV-2 RNA in blood samples from 87

confirmed COVID-19 cases, with most positive samples exhibiting high Ct values indicative of low 88

viral RNA concentration (15-17). Greater analytical sensitivity may therefore be required to reliably 89

detect circulating SARS-CoV-2 RNA for COVID-19 diagnosis.  90

CRISPR (clustered regularly interspaced short palindromic repeats)-based nucleic acid assays91

have been employed to detect trace amounts of nucleic acid targets using a variety of detection 92

methods (18, 19). RT-qPCR sensitivity for SARS-CoV-2 in nasal and nasopharyngeal swab 93

samples can be markedly improved by utilizing CRISPR/Cas12a activity to cleave a quenched 94

fluorescent probe in direct correspondence with the concentration of a targeted viral amplicon 95

following RT-PCR (20). Herein, we employed this approach to generate a CRISPR-amplified, 96

blood-based COVID-19 (CRISPR-ABC) assay to detect SARS-CoV-2 RNA in serum and plasma97

from patients and a COVID-19 animal model (Figure 1). This assay detected SARS-CoV-2 RNA 98

in the plasma of non-human primates (NHPs) one day after aerosol exposure, which increased 99

until stabilizing at day 13 post-exposure and thereafter, to precede and correlate with rectal swab 100

viral RNA increases. Nasal swab RNA levels were much less durable, however, peaking at day 101

six post-exposure and then rapidly declining. CRISPR-ABC plasma results demonstrated good 102

concordance with nasal swab RT-qPCR results, and identified COVID-19 cases in adults and 103

children with one or more negative nasal swab RT-qPCR results at the time of the CRISPR-ABC-104
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based diagnosis. Our results indicate that CRISPR-ABC provides a tractable solution for accurate 105

COVID-19 diagnosis and infection monitoring via a plasma sample, detecting cases missed by 106

RT-qPCR and demonstrating durable quantification in patients who have single positive RT-qPCR 107

results, suggesting that CRISPR-ABC analysis of plasma or serum has the potential to improve 108

COVID-19 diagnosis and the evaluation of SARS-CoV-2 infection clearance.109

110

Results111

Analytical validation of a CRISPR-enhanced assay to detect SARS-CoV-2 RNA in blood 112

Previous studies have shown that SARS-CoV-2 RNA is detectable at highly variable rates, upon 113

RT-qPCR analysis of peripheral blood samples from confirmed COVID-19 cases (15-17), with 114

positive samples exhibiting low viral RNA concentrations. We therefore utilized a CRISPR-based 115

signal amplification approach to enhance the detection of a RT-PCR-amplified SARS-CoV-2 gene 116

target. In this approach, a one-step RT-PCR reaction is employed to amplify a SARS-CoV-2 target 117

from extracted plasma RNA, after which the guide RNA-mediated binding of Cas12a to an 118

amplicon target activates its cleavage activity. Cas12a activity in this reaction is proportional to its 119

binding of its target amplicon, and its cleavage of a quenched fluorescent oligonucleotide probe 120

produces a fluorescent signal that indicates a sample’s SARS-CoV-2 RNA concentration after its 121

comparison to a standard curve (Figure 2A). In this assay, plasma-derived RNA was analyzed to 122

detect the SARS-CoV-2 open reading frame 1ab (ORF1ab) for COVID-19 diagnosis and the 123

human ribonuclease P subunit p30 (RPP30) as an internal control for successful RNA extraction124

(Figure 2B; Supplemental Tables 1 and 2). CRISPR-ABC exhibited robust specificity and low 125

background when analyzing healthy human plasma spiked with RNA from viruses responsible for 126

common human respiratory infections (Figure 2C and Supplemental Table 3). After optimizing 127

RT-PCR and CRISPR reaction parameters (Supplemental Figures 1 and 2), CRISPR-ABC 128

exhibited a broad linear detection range (1 - 2×104 copies/μL;), with an estimated limit of 129
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quantification (LoQ) of 1.1 copies/μL (Figures 2D and E), and detected SARS-CoV-2 RNA in ≥95% 130

of healthy plasma replicate samples spiked with ≥0.2 copies/μL of heat-inactivated SARS-CoV-2131

virus (Figure 2F) to yield a limit of detection (LoD) of 0.2 copies/μL. A similar result was obtained 132

when healthy plasma replicates were directly spiked with SARS-CoV-2 RNA (Supplemental 133

Figure 3). The CRISPR-ABC assay LoD was 5× lower than that determined for a standard RT-134

qPCR assay when it was used to analyze the same samples (Supplemental Figure 4) and 5× ~135

100× lower than reported for similar assays analyzing SARS-CoV-2 RNA from spiked nasal, throat, 136

or nasopharyngeal swab RNA extract samples or standards (Supplemental Table 4) .137

138

SARS-CoV-2 RNA expression in serial plasma and mucosal samples  139

Given the uncertainty regarding the potential time course of detectable SARS-CoV-2 RNA in 140

biological specimens during pulmonary and extrapulmonary infection, we employed CRISPR-141

ABC to evaluate viral RNA levels in nasal swab, plasma, and rectal swab samples obtained from 142

NHPs before and after infection with aerosolized SARS-CoV-2 virus (1.4×104 TCID50). This 143

group included four adult male African Green Monkeys aged 7.5 years and four adult male Indian 144

Rhesus Macaques aged 7 to 11 years (Supplemental Table 5), who had plasma and mucosal 145

(nasal and rectal) swab samples collected 1 week prior to SARS-CoV-2 exposure and at 1, 6, 13, 146

and 28 (necropsy) days post-infection, with an additional plasma samples collected at 22 days 147

post-infection (Figure 3A). Few of these NHPs exhibited overt symptoms following, gross 148

pathology at necropsy, or risk factors associated with severe COVID-19, but all were found to 149

have extended SARS-CoV-2 infections based on the detection of viral RNA in their plasma and 150

mucosal swab samples, (Figure 3B and C) and subsequent detection of IgM specific for the 151

SARS-CoV-2 S protein (Supplemental Figure 5), consistent with asymptomatic infection (21).152

All nasal swab samples were positive at day one post-infection, and tended to peak between day 153

1 to 13 post-infection, and revert to baseline by days 6 and 28 post-infection (Figure 3B and C),154
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although individual viral peak times varied and mucosal samples were not available at day 22 155

post-infection. Strikingly, plasma samples from most animals (5 of 8) were SARS-CoV-2 positive 156

at day one post-infection (Figure 3C), although virus RNA levels in plasma increased more slowly 157

than in nasal swab samples, tending to peak at 22-28 days post-infection (Figure 3B). SARS-158

CoV-2 positive expression levels observed in rectal swab samples exhibited delayed kinetics 159

versus plasma levels, with only three animals demonstrating positive rectal swab results at day 160

one post-infection and with maximum signal not detected until day 28 post-infection (Figure 3B161

and C). CRISPR-ABC results for rectal swabs from most NHPs (6/8) exhibited gradual viral RNA 162

increases that tended to trail but correlate with results from matching plasma (Spearman’s r = 163

0.9), but not nasal swab (r = 0.1) samples.164

Notably, nasal swab results of four of these NHPs were negative at necropsy, despite continued 165

positive plasma (and rectal swab) results (Figure 3D). Taken together, these results indicate that 166

SARS-CoV-2 RNA circulates early after infection in NHPs that develop asymptomatic SARS-CoV-167

2 infections, and persists after viral clearance in nasal swab samples, suggesting that changes in 168

plasma or rectal swab results may more reliably detect unresolved infections than nasal swab 169

results. RT-qPCR and CRISPR-ABC both detected SARS-CoV-2 RNA signal corresponding to 170

similar viral loads in all NHP nasal swab samples early in infection when RNA levels were high,171

but CRISPR-ABC detected more positive nasal swab results later in infection, and at all timepoints 172

when both methods were used to analyze rectal swab and plasma samples (Supplemental173

Figure 6 and Supplemental Data 1), due to the greater analytical sensitivity of the CRISPR-ABC174

assay.175

176

Plasma-based CRISPR-ABC diagnosis of adult COVID-19 cases.177

Since NHP nasal and plasma SARS-CoV-2 RNA levels demonstrated similar initial detection 178

times following infection and overlapping expression, albeit with altered kinetics, we next 179



8

evaluated the ability of CRISPR-ABC plasma analysis to accurately diagnose COVID-19 cases 180

confirmed by positive nasal or nasopharyngeal swab RT-qPCR results. Diagnostic sensitivity and 181

specificity estimate for the CRISPR-ABC assay were determined by analyzing blood samples 182

collected a median of 6 days after symptom onset from 34 adult symptomatic COVID-19 cases 183

with positive nasal or nasopharyngeal RT-qPCR results (Supplemental Table 6) and archived 184

blood samples collected from 125 individuals in 2019, prior to the first COVID-19 case reported 185

worldwide (negative controls). The CRISPR-ABC negative response threshold defined by the 186

negative control group (mean + 3 × standard deviation of the mean) accurately identified 32/34187

COVID-19 cases (91.2% sensitivity) and 124/125 of the negative controls (99.2% specificity; 188

Figure 4A and Supplemental Table 7). Given the current percent of respiratory specimens 189

testing positive in the US in late December 2020 (12~13%) as a measure of active infections in 190

the diagnostic population and the indicated CRISPR false and true positive/negative rates (22), 191

the PPV and NPV values for the CRISPR-ABC blood assay are estimated to be 94.2% and 98.8%, 192

respectively. Only 23.5% (8/34) of the blood samples from the COVID-19 cases revealed SARS-193

CoV-2 RNA concentrations above the reported 1 copy/µL LoD of RT-qPCR (23) (Figure 4B),194

although RT-qPCR detected SARS-CoV-2 RNA in 44.1% of these samples when a Ct < 40 value 195

was used as the threshold for a positive result, in agreement with the highest reported RT-qPCR 196

sensitivity for SARS-CoV-2 RNA detection in blood (15-17). CRISPR-ABC signal intensity was197

significantly higher (P<0.0002) in hospitalized versus non-hospitalized COVID-19 patients , even 198

after employing a general linear model to adjust for age and symptom duration differences 199

between these groups (Figure 4C and Supplemental Table 6). This agreed with results from 200

previous studies indicating that SARS-CoV-2 RNA levels in blood were associated with disease 201

severity (24-26). However, CRISPR-ABC signal intensity did not differ between hospitalized 202

patients who did and did not require ventilator support or who died of COVID-19-related 203

complications (Supplemental Figure 7). Similarly, RT-qPCR analysis of these blood samples 204

detected SAR-CoV-2 RNA in 1/9 of the non-hospitalized cases and 14/25 of the hospitalized 205
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cases, but it was not possible to detect differences in viral RNA abundance among patients with 206

different disease severity due to the distribution of positive results and lack of Ct variance, with 207

most blood samples having Ct values > 35.208

CRISPR-ABC diagnosis of pediatric cases with negative COVID-19 RT-qPCR results.209

Analysis of plasma samples obtained from 32 children screened for COVID-19 during evaluation 210

for other complaints (15 boys and 17 girls; mean age: 10.3 years, range: 0.2 – 17 years) 211

(Supplemental Table 8) identified 27 children with negative nasal swab RT-qPCR and plasma 212

CRISPR-ABC results, 2 children (P31 and P32) with positive results from both tests, and three 213

children (P28, P29, and P30) with negative RT-qPCR results but positive CRISPR-ABC results214

(Figure 5A). Subsequent analysis of clinical and plasma samples obtained for the 5 children with 215

positive plasma CRISPR-ABC results during a >3-month follow-up period found that none of the 216

3 children with negative nasal swab RT-qPCR results had a subsequent positive RT-qPCR result, 217

although all three children exhibited specific antibodies at or shortly after their first evaluation 218

(Figure 5B-D), indicating the existence of a previous or ongoing SARS-CoV-2 infection. These 219

children demonstrated positive plasma CRISPR-ABC results from 17 to 45 days after their initial 220

positive result. 221

Both children who had positive nasal swab RT-qPCR results at or shortly after their initial 222

evaluation had a second positive RT-qPCR test only after a sustained interval with one or more 223

negative RT-qPCR tests (Supplemental Figure 8). Nasal samples collected 7-15 days after the224

first and second positive result for each child were no longer positive, although at least one 225

matching and subsequent CRISPR-ABC positive samples was available for three of the four RT-226

qPCR positive nasal swab samples among these children. No intervening CRISPR-ABC negative 227

samples or comparator positive plasma sample was available at the time of the second positive 228

RT-qPCR nasal swab result for one of these children (Supplemental Figure 8A), preventing 229

CRISPR-ABC confirmation. However, the second child, a 2-month-old infant at first evaluation, 230
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had both intervening negative plasma samples and positive plasma samples that matched the 231

second positive RT-qPCR nasal swab result (Supplemental Figure 8B), suggesting this child 232

may have contracted a second SARS-CoV-2 infection. SARS-CoV-2 IgG tests were consistently 233

positive for this infant, although it was unclear if these results reflected maternal IgG transfer,234

since the infection status of the mother was not available. Finally, CRISPR-ABC results for all five 235

children identified by this method demonstrated serial consistency, with no intermittent negative 236

results aside from those observed in the single potential case of recurrent infection, and a 237

prolonged positive interval relative to RT-qPCR, which detected no sequential positive results.238

239

CRISPR-ABC diagnosis of at-risk patients with negative COVID-19 RT-qPCR results.240

Enhanced detection of COVID-19 is necessary to improve screening and containment efforts and 241

identify patients who are misdiagnosed due to false negative RT-qPCR results. More sensitive 242

detection methods are also of critical importance for certain at-risk patient populations, such as 243

individuals with chronic pre-existing conditions, including cancer, where a positive diagnosis may 244

influence available treatment options. Given that individuals with hematological cancer are 245

reported to develop more severe disease and have higher case fatality rates (27, 28), we246

employed CRISPR-ABC to analyze plasma samples from a small cohort of adults with a history 247

of leukemia who presented with symptoms consistent with COVID-19 (29, 30), including two 248

cases who required supplemental oxygen during their hospitalization. RT-qPCR results for 249

respiratory samples from all these patients were consistently negative despite concurrent clinical 250

findings that were highly suggestive for COVID-19, but CRISPR-ABC results were positive for 251

four of five of these patients (Figure. 6 and Supplemental Figures 9-11). Two of the four patients 252

with positive plasma CRISPR-ABC results improved after receiving COVID-19 convalescent 253

plasma (CCP) therapy, one had milder symptoms and recovered without CCP therapy, and one 254

deteriorated and died despite aggressive measures, with the exception of CCP treatment255
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(Supplemental Data 2). The single patient who had a negative CRISPR-ABC result responded 256

to enhanced antibiotic/antifungal therapy. In all cases, CRISPR-ABC results were judged to be 257

consistent with clinical findings, as discussed in Supplemental Results.258

259

Discussion260

Nasal swab RT-qPCR results are considered the reference standard for COVID-19 diagnosis; 261

however, mounting evidence indicates that the sensitivity of such tests varies with time since 262

exposure, sample collection technique, and sample type. Lower respiratory tract samples tend to 263

exhibit higher SARS-CoV-2 RNA detection rates (e.g. bronchial lavage fluid: 93%; sputum: 72%) 264

than found in upper respiratory tract specimens (nasal: 63%; oropharyngeal: 32%), potentially265

due to differences in virus replication and shedding among lower and upper respiratory tract tissue, 266

with extrapulmonary samples exhibiting even lower sensitivities (feces: 29%; blood: 1%) (16). RT-267

qPCR quantification of the amount and ratio of sub-genomic to genomic SARS-CoV-2 RNA in 268

sputum and oropharyngeal samples collected at serial timepoints after symptom onset has found 269

evidence of viral replication in sputum samples until 10 to 11 days after symptom onset, the last 270

analyzed interval, but only at 4 to 5 days after symptom onset when analyzing oropharyngeal 271

samples (33). Nasopharyngeal swabs were not analyzed to evaluate viral replication in nasal 272

tissue following symptom onset, but their viral genomic RNA levels correlated with those observed 273

in oropharyngeal swabs (33). 274

These observations suggest that RT-qPCR analysis of nasal or nasopharyngeal swab specimens 275

may not accurately reflect the status of lower respiratory tract infections, particularly at extended 276

intervals after symptom onset, since oropharyngeal samples tended to decline from symptom 277

onset, while sputum samples peaked a week after symptom development and slowly declined, in 278

correspondence with viral RNA in stool (33).279
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Our results indicate that SARS-CoV-2 RNA is routinely detectable in NHP plasma one day after 280

SARS-CoV-2 aerosol exposure, that viral RNA in these animals’ peaks by approximately 1-week281

post-exposure in nasal samples and by 2 weeks in plasma, and that plasma SARS-CoV-2 RNA 282

levels tend to precede and parallel rectal swab virus RNA levels. These findings are in good 283

agreement with results from human studies discussed above. Strikingly, however, SARS-CoV-2 284

RNA was detectable in the NHP plasma one day post-exposure in NHPs that lacked any sign of 285

acute respiratory infection and developed asymptomatic infections, indicating that detectable viral 286

RNA concentrations may accumulate in plasma early after infection in patients with mild SARS-287

CoV-2 infections. 288

The emerging consensus in primate COVID-19 model development is that most species emulate 289

asymptomatic human infection as a productive infection ensues post-exposure, but that there are 290

few clinical signs that accompany an ultimately self-limiting disease (21). Most NHP COVID-19 291

models develop productive infections in most mucosal and respiratory tissues, despite developing 292

primarily asymptomatic infections, where viral RNA is detected as early as day one post-infection 293

in nasal and pharyngeal sites, and keep high levels of viral replication for 7–18 days (34-36). 294

Clinical manifestations of human COVID-19 are dictated primarily by the presence of age and 295

pre-existing comorbidities, including weight, that drive severe outcomes (37, 38). However, while 296

age has been shown to increase disease severity in at least one NHP COVID-19 model (39), the 297

effects of comorbidities known to promote human COVID-19 severity have not yet been evaluated 298

in NHP disease models. Our NHP findings indicate that severe disease is not required produce 299

RNAemia. We observed that a lower aerosol dose than used in previous NHP COVID-19 studies 300

(40, 41) still induced productive infection and RNAemia in animals that developed asymptomatic 301

disease. However, further NHP studies are required to determine the lower limit necessary to 302

produce productive infection and/or RNAemia.303
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RT-qPCR exhibits poor and highly variable ability to detect SARS-CoV-2 RNA in blood samples 304

from patients with confirmed COVID-19 cases (15-17). The reasons for the difference in RNAemia 305

observed among these studies among these studies are unclear, but could reflect differences in 306

sample collection and storage procedures. We observed that CRISPR-ABC demonstrated 91.2% 307

diagnostic sensitivity in a small cohort of adults diagnosed with COVID-19 by their 308

nasal/nasopharyngeal swab RT-qPCR results, while RT-qPCR exhibited 44.1% diagnostic 309

sensitivity when employed to analyze the same samples. This RT-qPCR result was in good 310

agreement with the highest mean detection rate (41%) (17) that reported among studies that 311

evaluated serum or plasma SARS-CoV-2 RNA levels by standard clinical RT-PCR (15-17). 312

However, the reported plasma SARS-CoV-2 RNA detection rate in that study was found to be 313

higher in severe than mild cases (45% versus 27%), and tended to peak by the second week after 314

admission, while the fraction of positive respiratory samples tended to peak in the first week post-315

admission (17). A second study also reported that increased plasma SARS-CoV-2 RNA levels 316

were associated with increased risk for progression to critical disease and death (42), although 317

this study employed digital droplet RT-qPCR, which is not practical for use in routine high-318

throughput clinical applications.319

CRISPR-ABC detected SARS-CoV-2 RNA in the plasma of several asymptomatic pediatric and 320

adult patients with suspected COVID-19, but who had one or more negative nasal swab RT-qPCR321

test results, consistent with concurrent or subsequent detection of SARS-CoV-2 antibodies, 322

clinical presentation, or responses to CCP therapy. These results suggest that plasma CRISPR-323

ABC assays may enable detection of active SARS-CoV-2 infections in individuals not diagnosed 324

by nasal swab RT-qPCR results. This potentially includes patients with cryptic extrapulmonary 325

infections, as indicated by a positive CRISPR-ABC result detected for a patient with a RT-qPCR 326

negative bronchoalveolar lavage test result. CRISPR-ABC may also be useful in evaluating of 327
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confirming disease diagnosis in COVID-19 patients who exhibit viral clearance by nasal swab RT-328

qPCR results but who later exhibit evidence of disease recurrence (43, 44). 329

Taken together, these results support the potential for CRISPR-ABC to identify symptomatic 330

COVID-19 cases missed by one or more nasal swab RT-qPCR tests and suggest that detection 331

of circulating SARS-CoV-2 RNA by CRISPR-ABC may serve as a more accurate means to 332

diagnose COVID-19 cases, judge longitudinal infection kinetics, and evaluate COVID-19 333

treatment responses or cures than nasal swab RT-qPCR results (Supplementary Table 9). 334

However, one potential limitation is that this study analyzed refrigerated serum or plasma samples 335

three to seven days after their collection, and thus our results may differ from those obtained from 336

freshly collected samples. Future studies using freshly obtained plasma and serum are required 337

to address this question. It will also be important to determine if quantification of SARS-CoV-2 338

RNA level in plasma and serum by CRISPR-ABC has utility for the rapid evaluation of COVID-19 339

prognosis, progression, and treatment response. Finally, while the existence of secondary 340

infection sites suggests that SARS-CoV-2 can spread through the circulation, it is unknown what 341

fraction of SARS-CoV-2 RNA detected by our assay is present in replication-competent virions; 342

whether this amount changes during disease development, or with infection severity; and how 343

long it persists after diagnosis. This may have implications for the screening of blood donations, 344

given rare instances of detectable viral RNA in blood from asymptomatic or pre-symptomatic 345

individuals during a local outbreak but not after disease containment (45, 46). However, it is not 346

clear if this RNA is indicative of infectious virus, or if such virus might be present at levels sufficient 347

to promote an infection, or would survive normal blood processing and storage procedures. 348

Further studies are therefore necessary to address this questions and other questions outlined 349

above.350

351

Methods352
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Key Reagents: SuperScript™ IV One-Step RT-PCR System (1235820) and nuclease-free water 353

(4387936) were purchased from Thermo Fisher Scientific Inc. EnGen Lba Cas12a (M0653T) and 354

NEBuffer™ 2.1 (B7202S) were purchased from New England Biolabs. Primers, gRNA, and 355

probes (Supplemental Table 1) were synthesized by Integrated DNA Technologies, Inc. A 356

synthetic SARS-CoV-2 RNA reference standard (NR-52358, Lot 70033953) and heat inactivated 357

2019-nCoV/USA-WA1/2020 (NR-52286, Lot 70037779) were obtained from BEI Resources.358

359

CRISPR-ABC assays: CRISPR-ABC requires an RT-PCR-based target amplification prior to 360

CRISPR-mediated fluorescent signal production. For RT-PCR reactions, 5 μL of isolated RNA 361

was mixed with 15 μL of one-step RT-PCR mix containing 10 μL of 2X Platinum SuperFi RT-PCR 362

Master Mix, 0.2 μL of SuperScript IV RT Mix, and 2.8 μL of nuclease-free water, 1 μL of 10 μM 363

forward primer, and 1 μL of 10 μM reverse primer. RT-PCR reactions were incubated at 55°C for 364

10 min to allow cDNA synthesis then subjected to a standard PCR protocol [denaturation (5 min 365

at 98°C), amplification (38 cycles: 10 s at 98°C, 10 s at 60°C, 15 s at 72°C) and elongation (5 min 366

at 72°C)]. For CRISPR reactions, 20 μL of the completed RT-PCR reaction was transferred to a 367

96-well half-area plate and mixed with 10 μL of the CRISPR reaction reagents (3 μL of 10× 368

NEBuffer 2.1, 3 μL of 300 nM gRNA, 1 μL of 1 μM EnGen Lba Cas12a, 1.5 μL of 10 μM fluorescent 369

probe, and 1.5 μL of nuclease-free water), then incubated for at 37°C for 20 minutes in the dark. 370

CRISPR-mediated fluorescence signal was then excited at 495nm and read at 520nm using a 371

SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices). Refinement of assay 372

parameters to maximize detection sensitivity by optimization of RT-PCR amplification cycles and 373

the CRISPR cleavage reaction parameters was performed as described in Supplemental374

Figures 1 and 2. CRISPR-ABC specificity was evaluated in silico analysis using SnapGene 375

software (version 5.0.8) and by triplicate CRISPR-ABC assays that analyzed 5 μL of a sample 376
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containing 1×104 copy/μL of a virus that represents a common cause of human respiratory 377

infection (Supplemental Tables 2 and 3).378

379

RT-qPCR Assay: The RT-qPCR was performed with the CDC 2019-Novel Corona-virus (2019-380

nCoV) Real Time RT-qPCR Diagnosis Panel for target N1 gene of SARS-CoV-2. In each reaction, 381

5 μL of RNA sample was mixed with 1.5 μL of Combined Primer/Probe Mix, 5 μL of TaqPathTM382

4X 1-Step RT-PCR Master Mix (Thermo Fisher), and 8.5 μL of nuclease-free water. RT-qPCR 383

reactions were performed using a QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher 384

Scientific Inc., Wal-tham, USA) using the reaction conditions specified for this assay.385

386

Standard curve LoQ, LoD, positive result cut-off threshold: A SARS-CoV-2 RNA standard 387

curve was generated by serially diluting the SARS-CoV-2 RNA reference standard (1.05 × 105388

RNA copies/μL) in nuclease-free water to generate 0.2, 0.6, 1, 2, 20, 2×102, 2×103, 2×104 and 389

2×105 copy/μL standards. The LoQ was defined as LoQ = 10 × Sy/s, where Sy is the standard 390

deviation of the zero standard and s is the slope of the calibration curve. To assess the assay 391

LoD, healthy donor plasma was spiked with inactivated SARS-CoV-2 and serially diluted to 392

generate concentration standards (0.1, 0.2, 0.3, 0.5, and 1 copies/μL) that were processed for 393

RNA, which was analyzed in 20 replicate assays. RNA was extracted from plasma samples using 394

the Zymo Quick-DNA/RNA Viral Kit (D7020). The LoD is defined as lowest concentration of 395

SARS-CoV-2 RNA (genome copy/μL) that can be detected at least 95% of the time in replicate 396

samples. The mean + 3×SD of the CRISPR-ABC value of the adult healthy control samples was 397

used to set the threshold for a positive sample results in plasma from individuals with suspected 398

SARS-CoV-2 infections.399

400
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NHP COVID-19 models and procedures: A total of eight NHPs were employed in this study; 401

four adult male African Green Monkeys aged 7.5 years and 4 adult male Indian Rhesus Macaques 402

aged 7 to 11 years (Supplemental Table 4). All animals were exposed to an inhaled dose 403

(~1.4×104 TCID50) of aerosolized SARS-CoV-2, and evaluated for 28 days post-infection by twice 404

daily monitoring by veterinary staff. Blood samples were drawn from all animals at 7 days prior to 405

SARS-CoV-2 exposure and at day 1, 6, 13, 22, and 28 post-infection. Nasal and rectal swab 406

samples were not collected at day 22 post-infection, but otherwise nasal and rectal swab samples 407

were at the same time as the blood draws.408

409

Virus Information: SARS-CoV-2 isolate USA-WA1/2020 employed in the NHP models was 410

acquired from BEI Resources (NR-52281, and the harvested stock was determined to have a 411

concentration of 1 × 106 TCID50/ml. The virus was passaged in VeroE6 cells in DMEM media with 412

2% FBS sequence confirmed by PCR and/or Sanger sequencing. Plaque assays were performed 413

in Vero E6 cells.414

415

Clinical sample and data collection: Human nasal swab and plasma/serum specimens 416

analyzed in this study and demographic data were collected after obtaining prior written informed 417

consent from adult patients or the legal guardians of pediatric patients, who also indicated their 418

assent, or under a general research use consent, in compliance with approved IRB protocols. 419

Samples analyzed in the adult cohort (Supplemental Table 6) were obtained from patients who 420

had matching blood and nasal swab samples analyzed by the Weill Cornell Medicine and the 421

Tulane Molecular Pathology Laboratories between March 17 to December 13, 2020, and whose 422

COVID-19 status was determined based on clinical indications and current CDC guidance. 423

Sensitivity and specificity studies were conducted using blood samples remaining after routine 424

clinical testing at Weill Cornell Medicine and the Tulane Medical Center under a standard consent 425
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provision for research use of remnant clinical samples. Nasal swab results, demographic data,426

and plasma samples from indicated cases was obtained from children who were screened for 427

COVID-19 at regional children’s hospital in Orleans Parish, Louisiana between March - July15, 428

2020 under a separate IRB (Supplemental Table 7). Eligibility criteria included any child (≤18 429

years) receiving care at the Children’s hospital. Blood was drawn as part of care in the emergency 430

room, inpatient floors, ambulatory clinics, or as part of routine pre-operative studies for time-431

sensitive surgeries. Plasma samples corresponding to the described adult case studies were 432

obtained from individual who were treated at Tulane Medical Center between April 27 and July 433

14, 2020, under a third IRB protocol. Due to hospital regulations, refrigerated samples were 434

release to our study team between three and seven days after blood draw. All identifying data 435

was removed and samples were coded with a unique subject identification. Clinical results for 436

nasal swab were determined using the CDC 2019-nCoV real-time RT-qPCR Diagnostic Panel.437

438

CCP treatment of adult case studies: Following written informed consent in accordance with 439

the Declaration of Helsinki, ABO compatible CCP was infused over 1-2 hours following 440

premedication with 650 mg of acetaminophen and 25 mg of diphenhydramine. One patient was 441

treated after obtaining individual emergency Investigational New Drug (eIND) approval from the 442

FDA (Figure. 4a patient), while a second patient (Supplemental Figure 5 patient) was enrolled 443

in the investigator initiated clinical trial Expanded Access to Convalescent Plasma to Treat and 444

Prevent Pulmonary Complications Associated With COVID-19. This clinical trial is open to 445

enrollment at Tulane University, IND: 020073, approved by the IRB of Tulane University (IRB ref: 446

2020- 595), and registered in clinicaltrials.gov website under Identifier: NCT04358211.447

448

Blood and swab samples collection and processing procedures: Human and NHP blood 449

samples were collected and rapidly processed to isolate plasma/serum. NHP plasma samples 450
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were immediately stored at – 80°C until processed for RNA. Human plasma was obtained from 451

the volume remaining in plasma stored at 4°C for potential further clinical tests. Refrigerated adult 452

serum and pediatric plasma samples refrigerated samples were released to our study team after 453

3-7 days and 7 days after blood draw, respectively. All identifying data was removed and samples 454

were coded with a unique subject identification. Samples were then heat inactivated for 30 455

minutes at 56°C, and stored at -20°C until processed for RNA. Human and NHP nasal swab 456

samples and NHP rectal swab samples were collected in 200 μL of DNA/RNA Shield (R1200, 457

Zymo Research) and stored at -80°C until processed for RNA. NHP and clinical specimens were 458

processed in an enhanced BL2/BL3 space in accordance with a protocol approved by the 459

Institutional Biosafety Committee. RNA samples were isolated from 100 μL of plasma or swab 460

storage buffer using the Zymo Quick-DNA/RNA Viral Kit (D7020) following the assay protocol, 461

and RNA was eluted in 50 μL and stored at – 80°C until analysis.462

463

COVID-19 IgG test: Purified SARS CoV-2 spike protein was kindly provided by Kathryn Hastie 464

(Scripps Research Institute Torrey Pines La Jolla, CA). The protein was used to coat wells of 465

ELISA plates at 0.5 μg/ml in fresh 0.1 M NaHCO3 for 1 h at room temperature. Wells were washed 466

five times and blocked with PBS containing 0.5% Tween, 5% dry milk, 4% whey proteins, 10% 467

FBS for 30 min at 37 °C. In parallel, a set of wells not coated with antigen were incubated with 468

blocking buffer. Sera were heat inactivated and tested at 1:100 dilution in blocking buffer. 100 μL 469

of diluted serum samples were incubated in wells for 1 h at room temperature. The wells were 470

washed and incubated with peroxidase-conjugated goat anti-human IgG-Fc (Jackson 471

ImmunoResearch, #109-035-008) diluted 1:5,000 in blocking buffer. After a final wash step, color 472

was developed by the addition of Tetramethylbenzidine (TMB)-H2O2 as the substrate for 473

peroxidase. Color development was stopped by the addition of 1M phosphoric acid. Color was 474

read as absorbance (optical density) at 450 nm in a 96 well plate reader. For each sample, OD 475



20

values observed with control wells were subtracted from OD values observed with S protein to 476

calculate net OD. Positive samples had a net OD of >0.4. The cut off OD value was based on 477

preliminary screening of >50 pre-COVID19 human sera in which no false positives were detected.478

479

Statistical analysis: Statistical analyses were performed using GraphPad Prism 8 (version 8.4.2). 480

Significant different of continuous characteristics between groups were determined as indicated 481

in specific figure legends. Differences were considered statistically significant at P < 0.05.482

483

Study approval: All NHP studies were performed at the Tulane National Primate Research 484

Center, which is fully accredited by the Association for Assessment and Accreditation of 485

Laboratory Animal Care, and all animals received care that fully complied with the NIH guide to 486

Laboratory Animal Care. The Institutional Animal Care and Use Committee of Tulane University 487

approved all animal procedures used in this study and the Tulane Institutional Biosafety 488

Committee approved all procedures for sample handling, inactivation, and removal from BSL3 489

containment.490
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Graphical Abstract620

621



25

Figrues and Figure legends622

623

Figure 1. Flow diagram describing the numbers and disposition of the study subjects.624

625
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626

Figure 2. Analytical validation of the CRISPR-ABC assay. (A) CRISPR-ABC assay schematic. 627
A SARS-CoV-2 ORF1ab target amplified from plasma RNA is quantified by comparing target- and 628
CRISPR-mediated probe cleavage against that produced by a standard curve generated by RT-629
PCR of SARS-CoV-2 ORF1ab RNA samples of known concentration. (B) CRISPR-ABC signal in 630
positive control (PC; 104 copies/μL) and no template control (NTC; nuclease-free water) samples. 631
(C) CRISPR-ABC specificity with healthy human plasma spiked with or without indicated virus632
RNA or virions. (D) Limit of detection and (E) linear range of the assay. Shading denotes the 95% 633
confidence interval of the fitted line. (F) CRISPR-ABC reproducibility for replicate plasma samples 634
spiked with 0 to 1 copies/μL of inactivated SARS-CoV-2 virus. Graphs present the mean ± SD of 635
three technical replicates for each sample. (****, p < 0.0001 for a difference between the zero-636
concentration sample and all other groups by one-way ANOVA adjusted for multiple comparisons).637



27

638

Figure 3. CRISPR-ABC analysis of samples from SARS-CoV-2-infected NHPs. (A) sample 639
collection timeline (plasma and nasal and rectal swabs) versus SARS-CoV-2 infection. (B)640
CRISPR-ABC signal at the indicated sample timepoints. Shading indicates the 95% confidence 641
interval of the fitted line. (C) CRISPR-ABC signal for samples from individual NHPs at indicated 642
timepoints. SARS-CoV2 RNA abundance is expressed as the relative photoluminescence (PL) 643
intensity of the sample, since most samples had values below the LoQ of the CRISPR-ABC assay 644
(Supplemental Data 1). Dotted lines indicate the positive result threshold. Data represent mean 645
± SD of three technical replicates for each sample.646
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647

Figure 4. Plasma CRISPR-ABC results of adult COVID-19 cases. (A) CRISPR-ABC signal in 648
baseline blood samples of 34 adults with COVID-19 diagnosed by nasal or nasopharyngeal RT-649
qPCR and 125 archived blood samples collected before the COVID-19 pandemic; (B) SARS-650
CoV-2 RNA copy number in these 34 COVID-19 subjects; (C) Comparison of CRISPR-ABC signal 651
values of blood samples from hospitalized (n=25) and non-hospitalized COVID-19 patients (n=9)652
by a general linear model analysis adjusted for age. Panel A and C present as box plots with 653
maximum, Q3, median, Q1, and minimum value of PL intensity of different group. Dotted lines 654
indicate the positive result threshold. Dashed lines in panel A indicate the linear range and LoQ 655
and LoD of the CRISPR-ABC assay. All samples were analyzed in triplicate. (****, p < 0.0001 by 656
Mann-Whitney U test; ***, P<0.001 by general linear model analysis adjusting for age and 657
symptom duration differences between these groups).658
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659

Figure 5. Plasma CRISPR-ABC results of pediatric cases. (A) Positive (red) and negative (blue) 660
results for paired nasal swab RT-qPCR and plasma CRISPR-ABC assays of 32 children screened 661
for COVID-19. (B-D) Positive (red) and negative (blue) results for COVID-19 plasma CRISPR-662
ABC, nasal swab RT-qPCR, and serological results at the indicated time points after first 663
evaluation. Data indicate the mean ± SD of three technical replicates. 664



30

665

Figure 6. CRISPR-ABC plasma results for symptomatic adults with negative RT-qPCR 666
results. Case history summaries for two of five patients with one or more negative nasal swab 667
RT-qPCR results. (A), Case history for a symptomatic patient with CT scan results consistent with 668
COVID-19, who had multiple RT-qPCR negative results by nasal swab, but had a CRISPR-ABC 669
positive plasma sample upon retroactive testing and improved after receiving COVID-19 670
convalescent plasma, consistent with a COVID-19 diagnosis. (B), case history for a patient with 671
symptoms and CT scan results consistent with COVID-19, who had negative RT-qPCR and 672
CRISPR-ABC test results, but subsequently improved after receiving enhanced antibiotic and 673
antifungal treatment and was determined not to have had COVD-19. Red arrows on CT scan 674
images denote COVID-19-associated “ground glass” opacity regions. The CRISPR-ABC results 675
present the mean ± SD of three technical replicates for each sample.676
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