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Abstract

Objective
Validate the performance characteristics of two analyte specific, laboratory developed tests

(LDTs) for the quantification of SARS-CoV-2 subgenomic RNA (sgRNA) and viral load on
the Hologic Panther Fusion® using the Open Access functionality.

Methods

Custom-designed primers/probe sets targeting the SARS-CoV-2 Envelope gene (E) and
subgenomic E were optimized. A 20-day performance validation following laboratory devel-
oped test requirements was conducted to assess assay precision, accuracy, analytical sen-
sitivity/specificity, lower limit of detection and reportable range.

Results

Quantitative SARS-CoV-2 sgRNA (LDT-Quant sgRNA) assay, which measures intermedi-
ates of replication, and viral load (LDT-Quant VLCoV) assay demonstrated acceptable per-
formance. Both assays were linear with an R? and slope equal to 0.99 and 1.00,
respectively. Assay precision was evaluated between 4—6 Log10 with a maximum CV of
2.6% and 2.5% for LDT-Quant sgRNA and LDT-Quant VLCoV respectively. Using negative
or positive SARS-CoV-2 human nasopharyngeal swab samples, both assays were accurate
(kappa coefficient of 1.00 and 0.92). Common respiratory flora and other viral pathogens
were not detected and did not interfere with the detection or quantification by either assay.
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Based on 95% detection, the assay LLODs were 729 and 1206 Copies/mL for the sgRNA
and VL load LDTs, respectively.

Conclusion

The LDT-Quant sgRNA and LDT-Quant VLCoV demonstrated good analytical performance.
These assays could be further investigated as alternative monitoring assays for viral replica-
tion; and thus, medical management in clinical settings which could inform isolation/quaran-
tine requirements.

Introduction

Coronavirus Disease 2019 (COVID-19) is an ongoing global pandemic caused by infection
with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Fast genome map-
ping of SARS-CoV-2 has accelerated the development of multiple real-time reverse transcrip-
tion polymerase chain reaction (RT-PCR) assays that have become the gold standard for
detection of viral ribonucleic acid (RNA) and the identification of patients with COVID-19 as
well as asymptomatic carriers [1]. Asymptomatic infection accounts for about 35% (95% confi-
dence Interval: 30.7 to 39.9%) of COVID-19 cases [2]. The pandemic has highlighted the
importance of rapid and reliable/diagnostic testing to detect infected individuals and limit
pandemic spread [3] with high throughput testing continuing to play a major role. Individuals
frequently test positive for viral fragments beyond 6 weeks of onset of symptoms, in a fluctuat-
ing positive/negative pattern [4]. Moreover, a positive result as detected by quantitative real-
time PCR (RT-qPCR) for viral genomic sequences does not attest to the presence of replica-
tion-competent virus, since viral fragments may remain after viral clearance [5-7] and thus,
does not identify infectious potential. There is a compelling need for tests capable of character-
izing infectivity, not just RNA detection.

A key component of the prevention of SARS-CoV-2 transmission is the early identification
and isolation of infected individuals with the highest probability of transmitting the virus
(most infectious). Determination of infectiousness potential relies mainly upon viral culture as
the gold standard, but this capability is not suitable, nor amenable to high throughput. More-
over, it carries an evident infection risk to staff; furthermore, few diagnostics laboratories con-
tain Biosafety Level 3 (BSL-3) facilities to undertake such an effort [8]. Assessment of
subgenomic RNA (sgRNA) has been described as a molecular tool to measure infectious
potential [9]. sgRNAs are produced by the discontinuous transcription of virion structural
genes during active replication and result in the formation of rearranged template sequences
that are not found in juxtaposition in the native RNA genome of the virus [10]. Several canoni-
cal sgRNAs were identified in SARS-CoV-2-infected Vero cells [11] as part of a high-resolu-
tion map of the SARS-CoV-2 transcriptome, epitranscriptome, and in the annotated genome
as well [12]. sgRNAs encode the conserved structural proteins spike (S), envelope (E), mem-
brane (M), nucleocapsid (N) and accessory proteins open reading frame (ORF) 3a, 6, 7a, 7b, 8,
and 10. Since sgRNA is transcribed only in infected cells and is not packaged into virions,
sgRNA levels reflect virus replication [13]. Recently, sgRNA was described as a useful tool for
assessing viral infectivity for organ transplant [14] and monitoring the virological response in
patients who receive remdesivir [15].

The potential utility of sgRNA to identify intermediates of replication (potentially indicative
of actively replicating virus) prompted development of high throughput automated specimen-
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to-answer quantitative sgRNA and Viral Load (VL) assays (based on the E target) on the Holo-
gic Panther Fusion®™ platform using its Open Access Functionality. Several Laboratory Devel-
oped Tests (LDTs) targeting different pathogens including SARS-CoV-2 [16] were developed
on the Panther Fusion™ to allow for simultaneous detection of norovirus and rotavirus [17],
subtyping of Influenza A Virus (FluA) [18], characterization of respiratory tract infection with
Influenza A virus (Flu) A, FluB, and Respiratory Syncytial Virus (RSV) [19], and detection/dif-
ferentiation of pandemic and endemic coronaviruses (Human Coronaviruses (HCoV) NL63,
229E, HKU1, OC43 and SARS-CoV-2) [20]. Panther Fusion®™ SARS-CoV-2 LDTs targets
included ORF1a (Hologic Food and Drug Administration Emergency Use Authorization), the
RNA-dependent polymerase gene [21] and E + N1 [22]. However, our novel LDT is the first
quantitative assay and the first to use sgRNA as the target.

In this study, the analytical performance of two LDTs, the SARS-CoV-2 LDT-Quant
sgRNA and LDT-Quant VLCoV assays was evaluated.

Material and methods
Laboratory developed test protocol

Testing was conducted on the Panther Fusion® random access platform. myAccess software
(Marlborough, MA, USA; Panther Fusion™ Open Access™ feature) was used to define the PCR
protocol, RNA thermal profile (S1 Table), specify target names, choose extraction reagent and
detection channels, and set standard curve parameters. Two Laboratory Developed Test
(LDT) protocols were created and termed LDT-Quant sgRNA (sgRNA) and LDT-Quant
VLCoV (Viral Load) assays. Panther Fusion™ Extraction Reagent-S, used for total nucleic acid
extraction, contains an internal RNA control (IC) which is used to monitor the extraction pro-
cess, reverse transcription, and PCR (IC ASR for Internal Control Analyte Specific Reagent,
Table 1). Sample input for extraction was 360 pL (derived from 500 uL Nasopharyngeal swab
in 710 uL Specimen Transport Media: STM, Hologic ASY-10778, Marlborough, MA, USA).
Sample aspiration height was set to “medium” and total elution volume was 50 pL. The tem-
plate volume for each Polymerase Chain Reaction (PCR) was 5 uL. The universal RNA/DNA
cartridge was used. sgE and VL targets (E gene, Table 1) for the LDT-Quant sgRNA (using
sglLead SARSCoV2-F, TAL E3 gene R and TAL E3 P) and LDT-Quant VLCoV (using TAL E3

Table 1. Sequences for the LDT-Quant VLCoV and LDT-Quant sgRNA assays.

Product Name
Forward Primer TAL E3 gene F
Forward Primer sgLead
SARSCoV2-F
Reverse Primer TAL E3 gene R
Probe TAL E3-P

IC Primers Forward/ | RNA IC Primers

Reverse (ASR)
IC Probe RNA IC Probe
(ASR)

NA: Not Applicable

https://doi.org/10.1371/journal.pone.0287576.t001

Source Sequence Position 5 3’ Modification
Modification
This study CGTGGTATTCTTGCTAGTT 26,313 to None None
26,331
Wolfel, 2020 | CGATCTCTTGTAGATCTGTTCIC 44 to 66 None None
]
This study AACGTAARAAAGAAGGTTTTACAAG 26,395 to None None
26,418
This study CTAGCCATCCTTACTGCGCTTCG 26,335 to FAM BHQ-1 (Black Hole
26,357 Quencher 1)
Hologic Proprietary to Hologic (Cat # PRD- NA None None
04307)
Hologic Proprietary to Hologic (Cat # PRD- NA Quasar 705 Proprietary
04309)
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gene F, TAL E3 gene R and TAL E3 P) assays were analyzed in the FAM (6-carboxy-fluores-
cein) channel and IC in the Quasar 705 channel. Fluorescence was detected during the anneal-
ing/extension step. A minimum of one positive channel (IC) was required for a valid result.

Primers Probes Reagents (PPR)

Primers and probes (designed by Allele ID version 7.81; Premier BioSoft), for the LDT-Quant
sgRNA and LDT-Quant VLCoV assays targeted the SARS-CoV-2 envelope gene (Table 1).
Primers and probes (LGC Biosearch Technologies, Middlesex, UK) and salt concentrations
were optimized for each primer/probe reagent (PPR) and are summarized in S2 Table. Salts
and IC ASR primers and probes were provided by Hologic.

Calibrators preparation

Calibrators for the LDT-Quant sgRNA and LDT-Quant VLCoV assays were contrived using 7
concentrations (1E9 to 1E3 copies/mL; E is for exponential) of the armored RNA Quant
SARS-CoV-2 panel (Asuragen, Cat# 52036, Austin, TX, USA) in STM (Hologic ASY-10778,
Marlborough, MA, USA). Calibrators were run in triplicate; standard curves were generated
on myAccess software, then imported to the Panther-Fusion LDT protocols.

LDTs assay controls

Negative Controls for both LDTs were prepared using STM. High and Low extraction controls
for the LDT-Quant VLCoV were contrived using 1E6 and 1E4 copies/mL of the heat inacti-
vated SARS-CoV-2 virus (HI-SARS-CoV-2: VR-1986HK™, ATCC, Manassas, VA, USA,
respectively). High and Low extraction controls for the LDT-Quant sgRNA were prepared
using the Quantified armored RNA consisting of the sgRNA E gene target sequence (ARQ
sgE) custom made for the study by Asuragen (Austin, TX, USA).

Test materials

Precision, linearity, and lower limit of Detection (LLOD) panels for the LDT-Quant sgRNA
LDT-Quant VLCoV and assays were prepared using dilutions of HI-SARS-CoV-2 or ARQ
sgE, respectively. The specificity panel contained commerical common respiratory flora and
other viral pathogens (Zeptometrix, Buffalo, NY, USA or ATCC, Manassas, VA, USA) (S3
Table) added to STM and Viral Transport Media (VTM) diluent (replicating the ratio in a
patient sample submitted to the Panther Fusion®™: 500 uL specimen in 710 uL STM or VTM).
A second set of interference samples was also contrived with the addition of 1E4 Copies/mL
HI SARS-CoV-2 (HI-SARS-CoV-2: VR-1986HK™, ATCC, Manassas, VA, USA) to create a
sensitivity interference panel.

For validation of test accuracy, previously tested specimens covering different cycling
threshold (Ct) ranges (as determined by the Hologic Panther Fusion™ EUA assay) were
obtained from Walter Reed Army Institute of Research (WRAIR, MD, USA) #2790, an
enhanced surveillance public health project. Samples from participants who gave permission
for future research use of their samples (collected from October 14 to November 23, 2020)
were then tested as de-identified samples under WRAIR Protocol #2769.02 (July 2021). The
studies involving human participants were reviewed and approved by Institutional Review
Board at WRAIR. In total, 70 positive and 100 negative nasopharyngeal swab specimens from
U.S. Army trainees isolated for COVID-19 were included [23, 24].
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Data analysis

Data analysis was performed using EP Evaluator (version 12.1.0.18, Data Innovations, Col-
chester, VT, USA), Prism GraphPad (Version 9.3.0, San Diego, CA, USA) or Python Version 3
(Fredericksburg, VA, USA). Linearity was assessed in CLSI EP6 Linearity module based on
Log;o Copies/mL. Probit analysis for the LDTs (LLOD determination) was performed in
Python using a script developed in-house. The LLOD was set at the concentration

where > 95% of the samples are positive.

Results
Assays calibration

A series of calibrators ranging from 1E9 to 1E3 SARS-CoV-2 RNA input copies (Armored RNA
quantified panel) was used to generate the standard curves for the LDT-Quant VLCoV and
LDT-Quant sgRNA Panther Fusion™ protocols. The assays demonstrated a broad linear, dynamic
range from 1E3 to 1E9 input copies with an R squared (R%) =0.99 (Fig 1, S4 Table). The calibrator
Ct values demonstrated good precision over 6 runs ranging from 1.5 to 2.7% CV (54 Table). Cali-
bration acceptability was -3.16 (£ 0.33) for the slope and 48.4 (+2.07) for the Y- intercept (S4 Table).

Novel LDT-Quant VLCoV and LDT-Quant sgRNA assays specificity /
interference

To assess the specificity of the LDT-Quant VLCoV and LDT-Quant sgRNA assays, a panel of
29 organisms including common respiratory flora and other viral pathogens was selected. All
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Fig 1. Summary of calibration runs. For every calibration run, a standard curve (shown as S1 to S6, S is for standard
curve) for the Ct values obtained for 7 serial dilutions of armored RNA quantified panel (1E9 to 1E3 Copies/mL) was
plotted in Prism.

https://doi.org/10.1371/journal.pone.0287576.9001
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Table 2. Summary results for the specificity panel.

Organism IC (Ct) LDT-Quant sgRNA IC (Ct) LDT-Quant VLCoV
Adenovirus 3 334 TND 33.5 TND
Adenovirus 7a 33.6 TND 33.8 TND
Coronavirus 229E 33.5 TND 335 TND
CoronavirusNL63 33.8 TND 33.7 TND
Influenza A 33.6 TND 335 TND
Influenza B 33.4 TND 33.4 TND
Para Influenza 1 34.1 TND 34.0 TND
Para Influenza 2 33.7 TND 33.9 TND
Para Influenza 3 33.7 TND 33.6 TND
Bordetella pertussis 33.7 TND 33.6 TND
Candida albicans 33.7 TND 33.6 TND
Chlamydia pneumoniae 33.5 TND 334 TND
Human coronavirus OC43 34.0 TND 33.8 TND
Mycoplasmapneumoniae 33.5 TND 33.9 TND
Middle East respiratory syndrome Virus (NATMERS-ST MERS) 33.5 TND 33.9 TND
Severe acute respiratory syndrome Virus 1 (NATSARS-ST SARS1) 33.4 TND 33.4 TND
Pseudomonas aeruginosa 34.0 TND 33.6 TND
Rhinovirus 33.3 TND 33.6 TND
Respiratory Syncytial Virus-A 33.4 TND 335 TND
Respiratory Syncytial Virus -B 33.5 TND 33.6 TND
Staphylococcus epidermidis 33.5 TND 33.5 TND
Streptococcus pneumoniae 33.3 TND 33.8 TND
Streptococcus salivarius 33.2 TND 33.7 TND
Haemophilus influenzae 33.2 TND 33.3 TND
Pneumocystis carinii 33.9 TND 333 TND
Streptococcus pyogenes 33.5 TND 333 TND
Legionella pneumophila 33.8 TND 33.7 TND
Mycobacterium. tuberculosis (DNA) 34.1 TND 34.5 TND
Human coronavirusHKUI (RNA) 335 TND 332 TND

IC: Internal Control; Ct: Cycle ThresholdTND: Target Not Detected

https://doi.org/10.1371/journal.pone.0287576.1002

assessed organisms were Not Detected (TND: Target Not Detected) by the LDT-Quant
VLCoV or LDT-Quant sgRNA assays; internal control (IC) values did not demonstrate the
presence of any inhibition (Table 2). Moreover, when assessed for interference, no pathogen
interfered with the detection or quantification of viral load (LDT-Quant VLCoV) or IC targets
(Table 3).

Assay precision

Precision of the LDT-Quant VLCoV and LDT-Quant sgRNA assays was evaluated first based
on results of the Low (1E4 Copies/mL) and High Extraction (1E6 Copies/mL) controls
included for each assay. A Levey-Jennings analysis of 20 separate runs for each assay demon-
strated the values for the High and Low run controls were consistent between runs: average of
6.74 (£0.33); 4.76 (£0.33) and 6.21 (£0.33); 4.11 (+0.33) Log;o Copies/mL for the LDT-Quant
VLCoV and LDT-Quant sgRNA assays, respectively (Fig 2A and 2B). No amplification signal
was detected for any negative run controls (N = 80) whose results were reported as “Target
Not Detected” (TND).
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Table 3. Analytical interference results.
Organism
Baseline 1 (Mean, N = 3)
Adenovirus 3
Adenovirus 7a
Coronavirus NL63
Influenza A
Influenza B
Para Influenza 1
Para Influenza 2
Human coronavirus OC43
Mpycoplasma pneumoniae

Severe acute respiratory syndrome Virus 1 (NATSARS-ST
SARS1)

Pseudomonas aeruginosa
Rhinovirus
Respiratory Syncytial Virus -A
Staphylococcus epidermidis
Streptococcus pneumoniae
Streptococcus salivarius
Haemophilus influenza
Pneumocystis carinii
Streptococcus pyogenes
Mycobacteruim tuberculosis (DNA)
Human coronavirus HKU1 (RNA)
Baseline 2 (Mean, N = 3)

Middle East respiratory syndrome Virus (NATMERS-ST MERS)

Baseline 3 (Mean, N = 3)
Bordetellapertussis (Mean, N = 3)
Candida albicans (Mean, N = 3)
Chlamydia pneumoniae (Mean, N = 3)
Human coronavirus 229E (Mean, N = 3)
Legionella pneumophila (Mean, N = 3)
Para Influenza 3 (Mean, N = 3)
Respiratory Syncytial Virus -B (Mean, N = 3)

NA: Not applicable, IC: Internal Control, Ct: Cycle Threshold

https://doi.org/10.1371/journal.pone.0287576.t003

Viral Load Log;, (Copies/mL) | Difference From Baseline | IC (Ct) | Difference From Baseline

4.84
4.70
4.88
4.69
4.78
4.58
4.78
4.85
4.84
4.65
4.81

4.59
4.65
4.57
4.81
4.64
4.75
4.68
4.66
4.87
4.65
4.66
4.71
4.73
4.62
4.58
4.66
4.68
4.67
4.58
4.59
4.66

N/A 33.96 N/A
-0.14 33.8 -0.16
0.04 33.7 -0.26
-0.15 33.7 -0.26
-0.06 33.5 -0.46
-0.26 33.5 -0.46
-0.06 33.4 -0.56
0.01 33.2 -0.76
0.00 33.5 -0.46
-0.19 33.5 -0.46
-0.03 33.6 -0.36
-0.25 34.1 0.14
-0.19 33.8 -0.16
-0.27 33.9 -0.06
-0.03 33.2 -0.76
-0.20 33.8 -0.16
-0.09 33.7 -0.26
-0.16 34.1 0.14
-0.18 33.3 -0.66
0.03 34.0 0.04
-0.19 34.1 0.14
-0.18 33.9 -0.06
NA 34.1 NA
-0.02 33.6 -0.5
NA 33.83 NA
-0.04 33.63 -0.20
0.04 33.47 -0.36
0.06 33.67 -0.16
0.05 33.60 -0.23
-0.04 33.63 -0.20
-0.03 33.83 0.00
0.04 34.00 0.17

Precision for each assay was also evaluated by performing duplicate testing of three (3)
panel members (1E6, 1E5 and 1E4), over 20 days (Fig 3). The CV for the LDT-Quant VLCoV
and LDT-Quant sgRNA were acceptable, with the maximum CV of 2.5% and 2.6%, respec-
tively (Tables 4 and 5).

Linearity

Linearity of the LDT-Quant VLCoV assay was evaluated on serial dilutions of heat inactivated
SARS-CoV-2 (ATCC). A panel consisting of six (6) concentrations serially diluted from 8 to 3
Log;o Copies/mL was prepared and tested in triplicate on a single run. The results demon-
strated excellent linearity with a regression slope of 1.009 verifying the linearity throughout the
range evaluated (Fig 4A). The linearity of the LDT-Quant sgRNA assay was evaluated using
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Fig 2. Precision of (A) LDT-Quant VLCoV and (B) LDT-Quant sgRNA assays positive extraction run controls. The precision of the High (in black) and Low
(in blue) extraction controls is shown in a Levey-Jennings plot for 20 assay runs on log10-transformed values. Solid and dotted lines indicate +3SD and +2SD
respectively.
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Fig 3. Viral load and sgRNA precision. Three concentrations of analyte spanning the reportable range were used to
evaluate the precision of the LDT-Quant VLCoV and LDT-Quant sgRNA assays. Samples at each concentration (1E6,
1E5 and 1E4 Copies/mL) were tested in duplicate in one run per day over 20 days using two operators.

https://doi.org/10.1371/journal.pone.0287576.g003
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Table 4. Precision results for the LDT-Quant VLCoV.

HI-SARS-CoV-2 Log;o Viral Load Mean Log;, Viral Load Within Run | Viral Load Total SD
(Copies/mL) (Copies/mL) SD/CV /CV
6.00 6.69 0.138/2.1 0.138/2.1
5.00 5.74 0.115/2.0 0.136 /2.4
4.00 4.75 0.118/2.5 0.118/2.5

https://doi.org/10.1371/journal.pone.0287576.t1004

custom made sgRNA for the E gene. A panel consisting of seven (7) concentrations of ARQ
sgE serially diluted from 7 to 3 Log;o Copies/mL was prepared and tested in triplicate on a sin-
gle run. The results demonstrated acceptable linearity as well with a regression slope of 1.024
(Fig 4B).

Lower Limit of Detection (LLOD)

The limit of detection for the LDT-Quant VLCoV and LDT-Quant sgRNA assays was evalu-
ated independently for each assay by replicate measurements of HI-SARS-CoV-2 or ARQ sgE
dilutions ranging from 500,000 to 10 Copies/mL (Table 6A and 6B). For the LDT-Quant
VLCoV assay, all replicates (16/16) were detected at and above 2,000 Copies/mL HI-SARS-
CoV-2 while only 13/16 replicates were detected at 1,000 Copies/mL HI-SARS-CoV-2

(Table 6A). None of the 14 replicates at 10 Copies/mL were detected. For the LDT-Quant
sgRNA, 12 of the 12 replicates were detected at and above 800 Copies/mL ARQ sgE while only
8/12 replicates were detected at 400 Copies/mL (Table 6B). None of the twelve (12) replicates
at 50 Copies/mL and none of the 12 replicates at 10 Copies/mL were detected. Analysis of
results using the Probit Analysis (Python code developed in-house) indicated that the assays’
LLOD at 95% Confidence Interval (CI) are 1206 and 729 Copies/mL for the LDT-Quant
VLCoV and LDT-Quant sgRNA assays, respectively (Fig 5).

Comparison to other qRT-PCR assays

As there is no quantitative or gold standard SARS-CoV-2 assay available, the performance of
the LDT-Quant VLCoV and LDT-Quant sgRNA assays was compared first to the EUA
approved assay (Panther Fusion®™ SARS-CoV-2 Assay by Hologic). Seventy SARS-CoV-2 posi-
tive samples and 100 negative samples, previously tested using the Panther Fusion™ EUA,
were tested in our study. All positive specimens (70/70) were detected in the LDT-Quant
VLCoV while only 64/70 positive samples were detected in LDT-Quant sgRNA. Positive
Agreement (PPA), Negative Agreement (NPA) and Cohen’s Kappa were 100% for the
LDT-Quant VLCoV (Table 7). For the LDT-Quant sgRNA, PPA, NPA and Cohen’s Kappa
were 100%, 94.3%, and 92.6%, respectively.

Quantitative results were also evaluated against the results of the manual, research use only
(RUO) version of the assay [23] with only samples quantified in both assays included in the
analysis. The LDT-Quant VLCoV and LDT-Quant sgRNA assays correlate well with the viral
load and sgRNA Manual Assays (slopes of 0.84 and 0.992 respectively) (Fig 6A and 6B). One

Table 5. Precision results for the LDT-Quant sgRNA.
ARQ sgE Log;, (copies/ sgRNA Mean Log;, (copies/ sgRNA Within Run SD / sgRNA Total SD /

mL) mL) Cv CV

6.00 6.23 0.094/ 1.5 0.094/ 1.5
5.00 5.14 0.093/1.8 0.106/ 2.1
4.00 4.08 0.091/2.2 0.108/ 2.6

https://doi.org/10.1371/journal.pone.0287576.t1005
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Fig 4. Plot of results from the (A) LDT-Quant VLCoV and (B) LDT-Quant sgRNA assays linearity experiment to determine reportable range. Assigned values
(converted to Log,) were plotted on the x-axis versus measured values (converted to Log;o) on the y-axis using EP Evaluator CLSI EP6 Linearity module based
upon Log;o (Copies/mL).

https://doi.org/10.1371/journal.pone.0287576.9004

Table 6. A and B: LLOD data for the LDT-Quant VLCoV (A) and LDT-Quant sgRNA (B) assays.

(A)
HI SARS-CoV-2 Copies/mL Viral Load Detected Ratio Viral Load % Detected
500,000 16/ 16 100%
100,000 16/ 16 100%
50,000 16/ 16 100%
10,000 16/ 16 100%
2,000 16/ 16 100%
1,000 13/16 81.25%
800 15/16 93.75%
600 11/16 68.75%
100 5/16 31.25%
50 5/14 35.71%
10 0/14 0%
(B)
ARQ sgE Copies/mL sgRNA Detected Ratio sgRNA % Detected
10,000 12/12 100%
5,000 12/12 100%
1,000 12/12 100%
800 12/12 100%
400 8/12 66.60%
200 4/12 33.33%
100 3/12 25%
50 0/12 0%
10 0/12 0%
https://doi.org/10.1371/journal.pone.0287576.t1006
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https://doi.org/10.1371/journal.pone.0287576.9005

noted difference between the manual assay and the Panther assay is the requirement of RNA
dilution for the manual assay if the result is over log 8 while the Panther assay does not saturate
until results are equal to / greater than log 9.

Kinetics of viral load and sgRNA

To assess dynamics of the 70 SARS-CoV-2 positive samples over time, mean sgRNA and viral
load results per day were calculated and plotted over the course of study period. Analysis in
GraphPad of the exponential growth equation (nonlinear fit) demonstrated that sgRNA and
VL had parallel kinetics and sgRNA could be detected 16 days post initial diagnostic test (Fig
7). In 45% of tested individuals (32/70), SARS-CoV-2 was detected post day 10 of initial diag-
nostic test for which 84% (27/32) had detectable sgRNA.

Assay performance with SARS-CoV-2 Variants of Concern (VOC)

As the validation was performed using material derived from SARS-CoV-2 Washington strain
(2019-nCoV/USA-WA1/2020) performance of the primers/probe sets was evaluated against
VOCs; results demonstrated that amplification and quantification performance was not
affected when using SARS-CoV-2 Alpha, Beta, Delta, and Omicron variants (Table 8).

Table 7. Positive Agreement (PPA), Negative Agreement (NPA) and Cohen’s Kappa.

LDT-Quant VLCoV LDT-Quant sgRNA

Agreement 100% (97.8 to 100%) 96.5% (92.5% to 98.4%)
Positive Agreement 100% 100%
Negative Agreement 100% 94.3%
Cohen’s Kappa 100% 92.6% (86.8 to 98.4%)

https://doi.org/10.1371/journal.pone.0287576.1007
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Discussion

The COVID-19 pandemic has rapidly accelerated the development and implementation of
new molecular approaches for diagnosis of SARS-CoV-2 by increasing test sensitivity and
decreasing test turn-around time. These advances highlight the need for quantitative results to
better understand the temporal evolution of viral load, duration of infectivity, the likelihood of
community transmission, and potential for predicting disease severity [25, 26].

The ever-expanding number of SARS-CoV-2 tests with different performance characteris-
tics and limitations [25] in conjunction with the need to minimize duration of isolation within
the military settings drove the development of a high throughput, Panther Fusion® (Hologic)
SARS-CoV-2 sugbenomic RNA (sgRNA) assay for detection and quantitation of sgRNA.

In this study, two quantitative RT-PCR assays were developed and validated to measure
SARS-CoV-2 sgRNA and genomic viral loads (E target). The limits of detection were 1206 and
729 Copies/mL for the LDT-Quant VLCoV and LDT-Quant sgRNA assays, respectively. Ana-
Iytical specificity studies demonstrated neither cross-reactivity nor interference with common
respiratory pathogens.

Assays were assessed using a small cohort of clinical samples totaling 170 accuracy samples
(70 samples positive for SARS-CoV-2 from asymptomatic individuals and 100 samples nega-
tive for SARS-CoV-2), previously tested by Hologic Panther Fusion™ EUA. Results showed
acceptable accuracy:100% for the LDT-Quant VLCoV and 92.6% for the LDT-Quant sgRNA.
The slightly lower accuracy for the LDT-Quant sgRNA is likely due to the lower abundance or
absence of sgRNA in low viral load samples and /or due to the lower volume of input material
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https://doi.org/10.1371/journal.pone.0287576.9007

for the Panther Fusion® as compared to the RUO Manual Assay. Alpha, Beta, Delta and Omi-
cron SARS-CoV-2 VOCs were accurately quantified for both targets attesting to the assay’s
robustness in detection of evolving VOCs. This finding contradicts earlier report that E gene
variant alters the analytical sensitivity characteristics of viral detection [27] and is explained by
our target design (Nucleotide 26,372 is not in the sequence of the primers/probe set for TAL
E3). Moreover, computational modeling showed that the E gene is less prone to genetic varia-
tion compared to other SARS-CoV-2 genes [28].

As reference materials were not commercially available for E sgRNA and the variability of
sgRNA in commercial Heat Inactivated SARS-CoV-2 reagents lots from commercial sources
were major hurdles in this study, an armored RNA harboring the full sequence of sgRNA for

Table 8. Performance of the LDT-Quant sgRNA and LDT-Quant VLCoV using variants of concern (VOC).

vocC Vendor, Catalog ID and Lot Expected Quantified
Number Log,o (Copies/mL) as quantified by Digital ~LDT-Quant VLCoV (Log;o LDT-Quant sgRNA (Log;o
Droplet PCR Copies/mL) Copies/mL)
SARS-CoV-2 ATCC, VR-3326HK™, 5.78 6.61 4.73
Alpha 70043248
SARS-CoV-2 Beta ATCC, VR-3327HK™, 6.2 6.85 4.67
70045506
SARS-CoV-2 Delta ATCC, VR-3342HK™, 6.18 6.84 5.07
70048932
SARS-CoV-2 ATCC, VR-3347HK™, 6.28 6.72 5.29
Omicron 70050282

https://doi.org/10.1371/journal.pone.0287576.t008
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the E gene was custom manufactured by Asuragen. This Armored RNA was effectively lever-
aged for the creation of assay controls, linearity studies, and development of LLOD panels.
Although designing the armored RNA resulted in a delay in analytical validation, overall it
provides reliable assay controls and enhances the ability to evaluate sgRNA dynamics in future
studies.

Limitations of this study include the small sample size, e.g., 70 SARS-CoV-2 samples from a
serially tested cohort totaling over 1100 specimens representing 229 recruits isolated for
COVID-19 [23]. While samples spanned low, moderate, and high viral load ranges, results
could not be correlated to infectivity by viral culture since all samples were archival frozen
samples.

Our study focused on analytical performance of the two (2) novel LDTs, it did not validate
sgRNA as a biomarker for infectiousness. Albeit a manual version of the LDT-Quant sgRNA
assay leveraged for serial testing in support of an enhanced surveillance public health project
demonstrated that a cycle threshold below 30.49 on the Panther Fusion®™ assay or manual
sgRNA assay result above 3.09 Log;, Copies/mL demonstrated highest sensitivity and specific-
ity for identification of active infection in military recruits. Additionally, use of this same assay
in support of SARS-CoV-2 vaccine efficacy trials in Non-human Primates [29-31] and Ham-
sters [32] provided evidence that sgRNA is a useful biomarker for virus replication/clearance
in these animal models. These results suggest that further studies are required to evaluate
potential use of these assays as biomarkers for therapeutic management and/or as surrogate
markers to predict the duration of infectious viral shedding; thus, reducing the isolation time
in both public and military settings. Clinical utility of the LDT-Quant sgRNA is a critical prior-
ity in our laboratory; studies leveraging sequential samples from a larger longitudinal cohort
study are planned.
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