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Abstract

With the COVID-19 pandemic caused by SARS-CoV-2 now in its sec-
ond year, there remains an urgent need for diagnostic testing that
can identify infected individuals, particularly those who harbor
infectious virus. Various RT-PCR strategies have been proposed to
identify specific viral RNA species that may predict the presence of
infectious virus, including detection of transcriptional intermedi-
ates (e.g., subgenomic RNA [sgRNA]) and replicative intermediates
(e.g., negative-strand RNA species). Using a novel primer/probe set
for detection of subgenomic (sg)E transcripts, we successfully iden-
tified 100% of specimens containing culturable SARS-CoV-2 from a
set of 126 clinical samples (total sgE C; values ranging from 12.3 to
37.5). This assay showed superior performance compared to a pre-
viously published sgRNA assay and to a negative-strand RNA assay,
both of which failed to detect target RNA in a subset of samples
from which we isolated live virus. In addition, total levels of viral
RNA (genome, negative-strand, and sgE) detected with the WHO/
Charité primer-probe set correlated closely with levels of infec-
tious virus. Specifically, infectious virus was not detected in sam-
ples with a C; above 31.0. Clinical samples with higher levels of
viral RNA also displayed cytopathic effect (CPE) more quickly than
those with lower levels of viral RNA. Finally, we found that the
infectivity of SARS-CoV-2 samples is significantly dependent on the
cell type used for viral isolation, as Vero E6 cells expressing
TMRPSS2 extended the analytical sensitivity of isolation by more
than 3 C; compared to parental Vero E6 cells and resulted in faster
isolation. Our work shows that using a total viral RNA Ct cutoff of
> 31 or specifically testing for sgRNA can serve as an effective
rule-out test for the presence of culturable virus.

& Jason W Botten™®""

Keywords culture; infectious; negative-strand; SARS-CoV-2; subgenomic
Subject Categories Methods & Resources; Microbiology, Virology & Host
Pathogen Interaction

DOI 10.15252/emmm.202115290 | Received 14 October 2021 | Revised 25
November 2021 | Accepted 26 November 2021 | Published online 13 December
2021

EMBO Mol Med (2022) 14: e15290

Introduction

Over the past year and a half, SARS-CoV-2, the etiologic agent of
COVID-19, has caused extraordinary disruption on a global scale.
While sensitive and accurate tests were developed early in the pan-
demic to detect the presence of SARS-CoV-2 RNA, it has become
clear that many patients continue to test positive for weeks after the
resolution of symptoms (He et al, 2020; Walsh et al, 2020). In addi-
tion, recent work has shown that the period of RNA positivity can
substantially outlast the period of time in which infectious virus is
present in a patient (Cevik et al, 2021). With current levels of global
spread, and the quarantine and personal protective equipment
(PPE) requirements required following positive tests, there is an
urgent need in this and potential future pandemics to determine
which individuals testing positive by RT-PCR are still capable of
transmitting virus to others. The gold standard to determine infec-
tivity involves culturing patient samples on a susceptible cell line
and confirming the presence or absence of infectious SARS-CoV-2.
This approach is not practical for individual clinical diagnoses, how-
ever, as it requires a biosafety level (BSL)-3 laboratory, is unsuitable
for high throughput processing, and has no FDA-authorized viral
isolation diagnostic test available. Culturing of patient samples has
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indicated that most patients are infectious only until about 10 days
after symptom onset (Wolfel et al, 2020; van Kampen et al, 2021),
but in rare cases infectivity can persist much longer (Baang et al,
2021). Determining when RT-PCR-positive patients are no longer
infectious and can therefore be released from quarantine is a ques-
tion of great clinical relevance and personal importance for many
patients and medical professionals.

SARS-CoV-2, like other coronaviruses, produces a nested set of
subgenomic RNA (sgRNA) species during viral replication that are
required to express the viral structural proteins. Each sgRNA is com-
posed of the 5’ leader sequence from the whole genome appended
to the reading frame for one gene by discontinuous transcription,
with the short Transcription Recognition Sequence (TRS) separating
them (Lai & Cavanagh, 1997; Sawicki & Sawicki, 1998). This process
brings sequences that are tens of kilobases apart in the genome to
be only tens of bases apart in the sgRNA, allowing them to be identi-
fied by routine RT-PCR. Because sgRNAs are generated only during
replication, the detection of sgRNAs in patient samples by RT-PCR
has been used as a marker of active viral replication (Wolfel et al,
2020; Speranza et al, 2021; Wong et al, 2021; Zollo et al, 2021), and
the absence of sgRNA has been used in notable circumstances to
clear patients from quarantine requirements (Haberman et al,
2020). There are conflicting reports regarding the clinical utility of
using the presence of sgRNA as a predictor of infectivity. Some stud-
ies promote its use (Wong et al, 2021; Zollo et al, 2021), while
others (including those using the Wolfel-sgE primer-probe set)
deemed it unsuitable for predicting the presence of infectious virus
(Perera et al, 2020; van Kampen et al, 2021; Verma et al, 2021).
However, the presence of sgRNA has been used to successfully dis-
tinguish input challenge virus from actively replicating virus, partic-
ularly in non-human primate models of SARS-CoV-2 vaccination
and challenge (Chandrashekar et al, 2020; Corbett et al, 2020;
Mercado et al, 2020; van Doremalen et al, 2020; Dagotto et al,
2021). Similarly, there has been recent interest in using the presence
of negative-strand RNA, a direct product of viral RNA replication, to
identify patients with active viral replication (Hogan et al, 2021).
Herein, we sought to develop a sgRNA assay that would overcome
possible limitations of existing sgRNA primer-probe sets and test
whether sgRNA detection can effectively identify clinical samples
harboring infectious SARS-CoV-2.

Results

The Mills assay to measure SARS-CoV-2 subgenomic (sg)RNA is
specific and sensitive

Existing primer sets to detect sgRNAs result in longer amplicons
than used for comparison genomic RNAs (Wolfel et al, 2020), which
we hypothesized might reduce sensitivity, and use probes entirely
within gene coding regions, which might reduce specificity of the
probes for sgRNAs. Accordingly we designed an alternative primer-
probe set (termed Mills-sgE) that targets the sgE mRNA using a for-
ward primer in the leader sequence of the genome, a reverse primer
near the 5’ end of the E gene, and a probe that binds to the TRS
junction between the leader and E gene in the sgRNA (Fig 1).

We confirmed the accuracy of the Mills-sgE assay by measuring
Mills-sgE in our negative extraction control (HeLa cells), as well as
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clinical samples that had tested negative by Hologic Panther Fusion;
no amplified product was detected. We further confirmed the speci-
ficity of the assay by testing it on excess clinical specimens from the
University of Washington Clinical Virology laboratory (UWVL) that
had previously been measured to have high copy number of 12 dif-
ferent respiratory viruses, including adenovirus (AdV), bocavirus
(BoV), influenza A (IAV), influenza B (IBV), metapneumovirus
(MPV), parainfluenzavirus1-4 (PIV1, PIV2, PIV3, PIV4), rhinovirus
(RhV), respiratory syncytial virus (RSV), and 24 samples positive
for other human coronaviruses. No nonspecific amplification of
other human viruses was detected with the Mills-sgE primer set. In
addition, the Mills-sgE assay did not amplify the commercially avail-
able AccuPlex synthetic SARS-CoV-2 genome, indicating that the
assay specifically identified subgenomic RNA and not full-length
genomic RNA from SARS-CoV-2 (Dataset EV1).

The sensitivity of the Mills-sgE assay was measured with an in
vitro transcribed fragment of sgE that had been quantified by RT-
droplet digital (dd)PCR. Dilutions of the stock were measured in
quadruplicate to determine an initial limit of detection (LoD) and
were then confirmed with 20 replicates at each concentration, where
the LoD was defined as the last dilution to detect at least 19/20 posi-
tives. This identified the LoD at 1.1 copies/ul or approximately 5
sgE copies/reaction (Table 1).

Kinetics of SARS-CoV-2 infection in two Vero E6 cell lines

In order to identify clinical samples that contained infectious virus,
we first tested two cell lines for their ability to support SARS-CoV-2
infection. Vero E6 cells are a standard cell line used for viral isola-
tions (for SARS-CoV-2 and many other viruses) as they are typically
permissive to viral infection due to their inability to produce IFN
alpha or beta. However, they do not express the TMPRSS2 protease
present in lung cells, which are the natural targets of SARS-CoV-2
and thus do not fully recapitulate the physiological entry pathway
(Hoffmann et al, 2020a, 2020b). In contrast, Vero E6 cells that stably
express TMPRSS2 facilitate entry at the cell surface and are a tracta-
ble cell culture model. We therefore investigated the kinetics of
viral RNA and infectious virus production in Vero E6 and Vero
E6-TMPRSS2 cells infected with SARS-CoV-2 strain WAL. Cells were
infected at an MOI of 0.001 and supernatants, and cell lysates were
collected throughout the time course of infection. In Vero
E6-TMPRSS2 cells, viral growth reached peak titer 1 day post-
infection (dpi) and declined to near undetectable levels by 4 dpi,
with nearly complete CPE by 3 dpi (Fig 2A). Viral replication
occurred with slightly delayed kinetics in Vero E6 cells, and though
the peak levels of virus produced were only slightly lower than in
Vero E6-TMPRSS2 cells, more than four logs of virus remained at
8 days post infection (Fig 2B). This delay in infectious virus produc-
tion likely reflects delayed viral entry leading to slower viral spread
and is in keeping with the rate of CPE observed in the two cell lines
over the course of infection; while CPE was visible by 3 dpi in the
Vero E6 cells, it was not complete even at 8 dpi.

We investigated the kinetics of viral RNA expression in both cul-
tures. As expected, viral RNA detected by a primer set for the Enve-
lope (E) gene used by the World Health Organization (referred to as
WHO-E here), which detects primarily positive-strand genomic but
also subgenomic and negative-strand RNA, was observed in both
cells and supernatants. Vero E6 cells supported higher levels of both
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Figure 1. SARS-CoV-2 genome structure and Mills-sgE subgenomic primer/probe set design.

The organization of the SARS-CoV-2 genome is illustrated, including each coding region and untranslated regions (UTR) (names indicated below) as well as Transcription
Recognition Sequences (TRS, gray arrowheads above). Subgenomic RNAs for each viral structural protein (ORF3a and E shown) consist of the Leader (L) sequence from
the 5" UTR appended to the 5" end of the coding region separated by the TRS. The location of primer-probe sets used in this study to detect E (WHO-E gene (Corman et
al, 2020)) and sgE (Wélfel-sgE (Wolfel et al, 2020) and Mills-sgE) are identified by lines with arrowheads (primers) and open circles (probes), respectively, above the

partial sequence of sgE.

Table 1. Mills-sgE limit of detection.

At LoD Beyond LoD

LoD
Concentration Mean Positives Concentration Mean Positives (copies/
(copies/pl) Cr Detected (copies/ul) Cr Detected rxn)
1.06 376 19/20 (95%) 0.53 383 15/20 (75%) 53

cellular GAPDH RNA and intracellular viral RNA production, along
with their sustained production of infectious virus (Fig 2D), than
did Vero E6-TMPRSS2 cells (Fig 2C). In both cell lines, viral RNA
levels within cells declined from their peak during the first 2 days of
infection before plateauing at a stable level for the subsequent
5 days (Fig 2C and D). In supernatants, there was a slight increase
in viral RNA levels observed during the first 2 days of infection, and
then levels remain constant throughout the next 5 days (Fig 2E
and F). As expected, subgenomic E RNA expression detected by the
Mills-sgE primer-probe set was a fraction (6-9 Cr less, roughly 1/50
to 1/500) of total viral RNA that was detected by WHO-E in cells
(Fig 2C and D). Notably, subgenomic E RNA was detected in clari-
fied supernatants (10-11 Cr less than that detected with WHO-E,
roughly 1/1,000 to 1/2,000) (Fig 2E and F), and the ratio of subge-
nomic RNA to total viral RNA remained surprisingly similar
throughout the time course.

In summary, SARS-CoV-2-induced CPE and infectious virus pro-
duction were accelerated and of higher magnitude in Vero E6-
TMPRSS2 cells versus standard Vero E6 cells. Regardless of cell line,
the viral RNA species measured in cells or virions remained

© 2021 The Authors

relatively stable over the time course, even as infectious virus titers
waned. Notably, sgRNA was consistently found in clarified superna-
tants, suggesting it may be packaged into virions.

Stability of infectious SARS-CoV-2 particles and viral RNA species

We observed that SARS-CoV-2 RNA species persist for much longer
than infectious virus in cell culture time course experiments, a fea-
ture that was most obvious in Vero E6 TMRPSS-2 cells due to their
viral kinetics but is likely not cell specific (Fig 2). In particular, we
noted an ~ 5 log drop in live virus over a 3-day period in cell culture
experiments performed in Vero E6-TMPRSS2 cells, while RNA levels
remained stable in supernatants for at least 7 days (Fig 2A, C and
E), and likely considerably longer given no decrease was observed
in that time. We hypothesized that this disparity could be due to dif-
ferences in the stability of live virus versus viral RNAs. To test this,
we subjected samples to various real-world handling conditions and
measured the stability of both infectious SARS-CoV-2 virus and
RNAs within those samples. Aliquots of pooled patient specimens at
three different concentrations were subjected to 4°C storage for

EMBO Molecular Medicine 14: 152902022 3 of 15
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Figure 2. Kinetics of SARS-CoV-2 growth in Vero-E6 and Vero E6-TMPRSS2 cells.

A-F Vero E6-TMPRSS2 (A, C, E) or Vero-E6 cells (B, D, F) were infected with SARS-CoV-2 WA1 at an MOI of 0.001. Supernatants were collected twice daily for 2 days,
daily for an additional 2 days, and cells and supernatants were collected for a final time point at Day 7 (for Vero E6-TMPRSS2 cells) or Day 8 (for Vero E6 cells). A, B)
Viral titer was determined by immune-focus forming assay (focus forming units [FFU]/ml), and Day O values are calculated based on known titer of inoculum. RNA
levels were determined by RT-PCR from cells (C, D) or viral supernatants (E, F) for each time point using the indicated primer-probe sets. Note that Cy is plotted
inversely on the Y axes, so that lower RNA concentrations are shown lower on the axes. All data points represent four technical replicates from two independent
experiments and are plotted as mean with error bars plotted as +/— SEM. Limit of detection for infectious titer is plotted as the minimum y value.
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periods between 1 and 14 days, or for —80°C storage interrupted by
up to 5 freeze-thaw cycles (Fig 3A and B). Similarly, viral stocks of
SARS-CoV-2 WALI were subjected to storage at 4°C, room tempera-
ture, or 37°C, or, for —80°C storage, interrupted by up to 6 freeze—
thaw cycles (Fig 3C and D). Both infectious virions and sgE RNA
showed impressive stability through storage at 4°C (Fig 3B and D),
storage at room temperature (Fig 3D), and through repeated freeze—
thaw cycles (Fig 3A and C), though viral infectivity declined precipi-
tously at 37°C (Fig 3D). Only the lowest concentration of pooled
patient sample showed any decrease in sgE concentration through
refrigerated storage (Fig 3B), or through repeated freeze—thaw
cycles (Fig 3A). Thus, it appears that the disparity observed
between levels of infectious virus and viral RNA seen at later points
in our viral growth curves may reflect a drastic difference in stability
at 37°C, with viral RNA far more robust than live virus at this tem-
perature. Collectively, these results suggest that viral RNA and infec-
tious virus contained in COVID-19 clinical samples likely remain
stable under a variety of real-world field conditions, including
freeze—thaws or extended storage at 4°C or room temperature.

Correlation between detection of subgenomic RNA and isolatable
virus in clinical samples

To determine whether detection of sgE by the Mills-sgE primer/
probe set could accurately predict infectivity, we selected 126 clini-
cal specimens across a range of clinical RT-PCR cycle threshold (Cr)
values for WHO-E (range 12.3-37.5, IQR 22.7-32.8) for viral isola-
tion and subsequent analysis. We observed that the Vero E6-
TMPRSS2 cells were more permissive than the parental line (1.9
times the odds of being culturable compared to Vero E6 cells,
P =0.02,95% CI for OR [1.09, 3.36] by Fisher exact test), with infec-
tious virus detectable in 54 versus 32 clinical samples, respectively
(Table 2). This difference in isolation was generally due to enhanced
recovery among clinical specimens with lower levels of SARS-CoV-2
RNA (95% of samples that isolated had a WHO-E Cy of < 30.5, ver-
sus < 27.1 for Vero E6 cells). Only 5% of samples that failed to iso-
late in either Vero E6 or Vero E6-TMPRSS2 cells had a Ct of < 22.6,
in agreement with previous reports (Bullard et al, 2020; Gniaz-
dowski et al, 2020; Jaafar et al, 2020; Singanayagam et al, 2020;
Wolfel et al, 2020; van Kampen et al, 2021). We used our Mills-sgE
assay to specifically determine sgE levels in the same 126 clinical
samples used for viral isolations (Fig 4A and B). The assay was able
to detect template in all clinical samples in which infectious virus
was isolated by either cell line, corresponding to a 100% negative
predictive value for isolatable virus. As we observed in the cell cul-
ture time course, however, there were many clinical samples in
which we detected sgE but not isolatable virus (of the 93 samples in
which we detected sgE we were only able to isolate virus from 52),
resulting in a positive predictive value (PPV) of 56%.

To investigate the relationship between levels of viral RNA and
infectivity, we determined the number of days required for virus in
each clinical sample to replicate to the point that cytopathic effect
(CPE) was visible on Vero E6/Vero E6-TMPRSS2 monolayers.
Greater initial viral RNA levels were broadly associated with faster
viral growth in both cell lines (seen in the progression of colors from
left to right in Fig 5); however, we saw significant variation within
these trends. Our data suggest that when standard SARS-CoV-2 RNA
RT-PCR values are the only available data for patient- or
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population-level viral loads, they are useful in gauging the presence
of infectious virus in patient NP samples (Fig 5). Vero E6-TMPRSS2
cells appear more permissive than parental Vero E6 cells to SARS-
CoV-2 by this measurement as well, with the majority of samples
causing CPE during days 1-3 in Vero E6-TMPRSS2 cells. The same
samples inoculated in parallel on Vero E6 cells took 3-7 days to
cause the same level of cell death (or failed to replicate altogether).
Viral titers at the endpoint of these growth curves (harvested when
unambiguous CPE was observed, generally when ~50% of cells
were dead) spanned a wide range, with final titers as low as 10°
focus forming units (FFU)/ml and as high as 10® FFU/ml in both
Vero E6 and Vero E6-TMPRSS2 cells (Fig 5). Because the samples
used to measure correlates of infectivity were clinical samples, col-
lected for research use only after clinical testing for total E RNA, the
storage conditions to which they were subjected prior to testing
were dictated by the requirements for SARS-CoV-2 RNA detection
and capacity of the clinical laboratory rather than by what was opti-
mal for viral isolation. The time period between sample collection
and freezing for transport to the BSL-3 facility for viral isolation
ranged from 1.5 to over 8 days, and part of that storage may have
been at room temperature with the rest of the storage at 4°C. In our
hands however, freeze-thaw cycles and room temperature storage
of high titer stocks are not associated with any significant loss in
infectivity (Fig 3), suggesting that variation in clinical storage condi-
tions was unlikely to result in a decrease in infectious virus.

Alternatives to Mills-sgE

Because of the wide interest in identifying correlates of infectivity in
patient samples, we compared other commonly used methods to
Mills-sgE. First, we used a primer/probe set designed by Wolfel and
colleagues (Wolfel et al, 2020) to detect sgE in each of the clinical
samples used for viral isolations. This set (termed Wolfel-sgE here)
consists of a forward primer in the 5 leader sequence of the
genome, together with the reverse primer and probe from the WHO-
E gene set developed by the same group (Corman et al, 2020)
(Fig 1). We observed a broad correlation between the levels of
Wolfel-sgE and the level of Mills-sgE in clinical specimens, and thus
with the presence of infectious virus (Fig 6A). For the 83 clinical
samples for which both Wolfel and Mills CT values were success-
fully collected, on average the Mills Ct was 1.58 cycles higher than
Wolfel (IQR 1.36-1.82). These findings are consistent with the
hypothesis that the Mills-sgE primer set detects fewer SARS-CoV-2
RNA species than the Wolfel-sgE primer set due to the fact that the
Wolfel probe is fully in the E coding sequence, while the Mills probe
spans the junction. Interestingly, for ten samples near the limit of
detection (three of which contained isolatable virus), the Mills-sgE
primers were able to amplify RNA that was undetectable using the
Wolfel-sgE primers (Figs 4A and 6A, Dataset EV2). This is in line
with recent studies that have reported that sgRNA levels (using
Wolfel-sgE primers) are insufficient to detect the presence of infec-
tious virus from all samples in which it can be isolated (Perera et al,
2020; van Kampen et al, 2021). While we do not have a complete
explanation at this time for this observation, the Mills-sgE primer
set appears to be more accurate at ruling out the presence of infec-
tious virus than the Wolfel-sgE primer set, consistent with the
hypothesis that the Mills-sgE primer set is more efficient at detecting
true sgE RNAs because of shorter amplicon length.

EMBO Molecular Medicine 14: 152902022 5 of 15
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Figure 3. Stability of sgRNA and viral infectivity during freeze-thaw cycles and storage.

A-D Pooled patient samples at high (5.7 x 10* copies), medium (3.6 x 10 copies), or low (2 x 10" copies) concentrations (A, B), or stocks of SARS-CoV-2 WAL
(C, D) were subjected to —80°C storage interrupted by (A, C) successive freeze-thaw cycles or (B, D) storage at 4°C, room temperature (RT) or 37°C for the
indicated time periods. N = 1 for A, B. For C and D, datapoints are from 3 different viral stocks titered in duplicate and plotted as mean with error bars
plotted as +/— SEM. For C, raw values are plotted while values are normalized to starting titer for D. Limit of detection for infectious titer in C is indicated

by a dashed line.

Because of recent interest in using negative-strand RNA to iden-
tify patients with active viral replication (Hogan et al, 2021), we
tested all the patient samples for which we had sufficient volume
for the presence of negative-strand RNA and compared this to our
previously obtained measures for each sample (Dataset EV2,
Fig 6B). We found that negative-strand E was produced at lower
levels than sgE in all samples (1-7 Cr less than Mills-sgE, roughly
Y2 to 1/128). For low Ct samples, negative-strand E has a similarly
good positive predictive value (PPV) to Mills-sgE or Wolfel-sgE
(Fig 6A and B), with very few clinical samples that were positive for
negative-strand E from which we could not isolate virus. However,
the amount of negative-strand E appears to be even lower than that
of sgE (8-14 Cr less than E, roughly 1/250 to 1/16,000). Accord-
ingly, of the higher-Cy samples we were able to test for negative-
strand E, eight were not detected (NDET) for negative-strand E but
had isolatable virus (Fig 6B). It is clear that the detection of
negative-strand E RNA is substantially less sensitive than detection
of sgRNAs by the Mills-sgE primer set.

6 of 15  EMBO Molecular Medicine 14: €15290 | 2022

To compare the performance of the four diagnostic approaches
tested (WHO-E, Wolfel-sgE, Mills-sgE, negative-strand E), we gener-
ated receiver operating characteristic (ROC) curves, to display the
performance of each primer/probe set (true-positive and false-
positive rates) over the range of Cr values from which we attempted
viral isolation. As the Vero E6-TMPRSS2 cells were the most sensi-
tive cell line for viral isolation, we used the viral growth status for
each clinical sample in this cell line to determine the suitability of
each primer-probe set to correctly identify infectious samples. Of the
markers considered, Ct (E) was the most sensitive marker for infec-
tivity (Fig 7). Cr (Wolfel-sgE) and Cy (Mills-sgE) had similar infec-
tivity sensitivity—specificity profiles, which were both slightly
inferior to Ct (E). Because fewer samples were tested for negative-
strand E (due to limitations in available surplus sample material),
we generated a second set of ROC curves using just the data from
these samples. Cp (negative-strand E) had a similar infectivity
sensitivity—specificity profile to those for both Cr (Wolfel-sgE) and
Cr (Mills-sgE) (Appendix Fig S1). However, with the protocols used

© 2021 The Authors
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Table 2. Viral RNA levels and the presence of culturable virus in clinical samples.

Average viral RNA load (Cy) ©

Viral isolation

Sample WHO- Vero E6-
category® EC Wolfel-sgE® Mills-sgE® Negative-strand Ef TMPRSS2 Vero-E6
High (Cr < 20) 1656 26 242 27.0 (21 measured) 21/22 (96%) 21/22
(96%)
Intermediate (Cy 20 26.2 322 (2 NDET®/54 measured) 33.8 (1 NDET/54 measured) 335 (21 NDET/26 30/54 (56%) 11/54
-30) measured) (20%)
Low (Cy > 30) 338 37.0 (38 NDET/50 measured) 38.2 (32 NDET/50 measured) 37.7 (37 NDET/38 3/50 (6%) 0/50
measured) (0%)
Total 275 30.4 (40 NDET/126 measured) 32.4 (33 NDET/126 measured)  28.6 (58 NDET/85 54/128 (42%) 32/128
measured) (25%)

?Based on the values determined by the WHO-E primer-probe set in original clinical samples.

PAverage is of sample values with a detectable Cr.

‘Levels of E viral RNA (not strand or RNA species specific), as determined by the WHO-E primer-probe set (Corman et al, 2020).
dsubgenomic (sg)E RNA levels, as determined by the primer-probe set described by Wolfel et al (2020).

sgE RNA levels, as determined by the Mills primer-probe set described in this study.

‘Negative-strand E RNA levels as determined by the primer-probe strategy described in Vashist et al (2012).

ENDET: not determined.
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Figure 4. Viral isolation from SARS-CoV-2 RT-PCR-positive clinical samples in Vero-E6 and Vero E6-TMPRSS2 cell lines.

A, B Vero E6-TMPRSS2 (A) or Vero E6 (B) cells were inoculated with a total of 126 clinical NP swab samples representing a range of viral RNA levels, both total E RNA
(Clinical Sample E C; detected by WHO-E primer/probe set) and subgenomic E RNA (Cr detected by the Mills-SgE primer set developed in this study). Culture
supernatants were harvested when cells displayed CPE or at Day 7 if no CPE was observed earlier, clarified, and presence (blue square) or absence (yellow circle) of

SARS-CoV-2 determined by immuno-focus assay.

here, both the negative-strand E and Wolfel-sgE assays were unable
to detect 95% of infective samples (NPV = 87.9 and 92.5%, respec-
tively). Assays for WHO-E and Mills-sgE both had 100% NPV,
detecting 100% culturable samples in Vero-TMPRSS2 cells at Cr
values of 31.0 and 38.7, respectively. Using a Cp cutoff of 40, the
assay for Mills-sgE offered a much lower false-positive rate than the
assay for WHO-E: only 56% of the samples that were positive for E
and did not culture were detectable by the Mills-sgE primer set

© 2021 The Authors

(PPV = 55.9% versus 41.3% for E > C 40). But overall, the best
test for infectivity was a Cr cutoff of 31.0 for WHO-E
(PPV = 61.2%).

Presence of sgE in purified virions

While we were initially surprised by the number of samples with
viral RNA detectable by Mills-sgE and Wolfel-sgE that lacked

EMBO Molecular Medicine 14: 152902022 7 of 15
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Figure 5. Kinetics of SARS-CoV-2 isolation.

Clinical Sample E (C,) pre-isolation

A, B Supernatants from the panel of infected (A) Vero E6-TMPRSS2 and (B) Vero E6 cells shown in Fig 4 were harvested when CPE was observed and the viral titer (FFU/
ml measured by focus forming assay) was determined for the final time point of each sample that successfully isolated. Samples are colored according to the day
CPE was observed and the sample was harvested. Total E RNA C; of the original clinical sample used for viral isolation is plotted on the X axis. Data shown are

from the subset of samples that successfully isolated in each cell line. Limit of detection for infectious titer is 400 FFU/mI.

isolatable virus, and by our observation of sgRNA outside of cells,
there are several potential explanations for this. First, RNA could be
released into the supernatant by infected cells undergoing apoptosis.
Second, given that sgE:E in the supernatants remain relatively con-
stant (including at time points before cell death), it is also possible
that SARS-CoV-2 sgRNA is packaged into virions and actively
released. While not yet identified for SARS-CoV-2, it is generally
thought that packaging signals within the coronavirus genome con-
trol the specific incorporation of genomic RNA and exclude sgRNA
species (Makino et al, 1990; Escors et al, 2003; Kuo & Masters,
2013; Athmer et al, 2018); other reports suggest that subgenomic
RNAs can be packaged and may serve as a template for early repli-
cation (Hofmann et al, 1990; Zhao et al, 1993). To investigate this
possibility, we obtained virus concentrated through a sucrose cush-
ion by ultracentrifugation and compared this to RNA from infected
cells or microcentrifuge-clarified supernatants from those same cells
(Fig 8). Relative to the total amount of E RNA within each sample
type, the two cellular control genes (GAPDH, 18S rRNA) as well as
negative-strand E were found at the highest levels in cells, with
decreasing abundance in clarified supernatants (for GAPDH and
negE) and ultracentrifuge concentrated (for all three) samples,
respectively. The low levels of GAPDH seen in the samples concen-
trated by ultracentrifuge (< 0.1% of levels seen in cellular lysates)
in particular suggest that these samples are enriched for released
SARS-CoV-2 virions. We saw a similar, though less pronounced,

8 of 15  EMBO Molecular Medicine 14: €15290 | 2022

trend for 18S rRNA, which was found at < 3% of levels seen in cel-
lular lysates. Interestingly, we did not observe a reduction in 18S
rRNA levels found in clarified supernatants, possibly reflecting the
release of ribosomes into the supernatant post cell lysis. Intrigu-
ingly, we observed a slight increase in sgE (relative to E) found in
concentrated virus versus clarified supernatant, suggesting the
subgenomic RNA seen outside the cell may be specifically packaged
in virions rather than simply associated with cellular debris.

Discussion

Here, we show that using a threshold Ct (> 31) using WHO-E or
detection of sgRNA offered 100% negative predictive value for the
likelihood of culturable virus being present in a given clinical speci-
men. Our data add to the growing body of knowledge that indicates
quantitative viral load thresholds or subgenomic RNA testing serve
as potential molecular correlates of infectivity beyond qualitative
qRT-PCR tests that detect low levels of genomic RNA (Jefferson et
al, 2020). Our results and others (Alexandersen et al, 2020) indicate
that sgRNA is relatively stable and does not degrade more quickly
than genomic RNA after active replication has ceased, and so while
the absence of subgenomic RNA could be useful as a rule-out test,
the presence of subgenomic RNA is not itself a marker for the pres-
ence of infectious virus or active infection.

© 2021 The Authors
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Figure 6. Detection of sgE by Wadlfel-sgE primer set, or negative-strand RNA in clinical samples.

A The amount of subgenomic E RNA in the panel of clinical samples used to infect Vero E6-TMPRSS2 cells in Fig 4 was measured using a previously published primer-

probe set (Wdlfel-sgE) (Wolfel et al, 2020).

B For a subset of 85 NP swab samples for which sufficient material remained, SARS-CoV-2 negative-strand E RNA levels were determined by strand-specific RT-PCR

with tagged primers.

Data information: Culture supernatants were harvested when cells displayed CPE or at Day 7 if no CPE was observed earlier, clarified, and presence (blue square) or

absence (yellow circle) of infectious SARS-CoV-2 determined by immuno-focus assay.

While not unexpected, the findings that more viral RNA leads to
an increased likelihood of viral isolation, a faster induction of CPE,
and an infection that reaches peak titer more quickly, all underscore
the importance of minimizing exposure wherever possible. Infection
with SARS-CoV-2 is not a binary event, as more virus results in a
faster infection while less virus results in delayed growth kinetics.
At least in the setting of tissue culture, this may have important
implications for the induction of the interferon response (Blanco-
Melo et al, 2020). It is also important to note that the reporting
threshold for the presence of infectious virus needs to take cell type
into account. As most current isolation studies have been performed
in Vero E6 cells (Arons et al, 2020; Wolfel et al, 2020; van Kampen
et al, 2021), it is likely the viral RNA level at which infectious virus
was presumed to be absent was artificially high, as in our hands
many samples that did not isolate in Vero E6 cells successfully iso-
lated in Vero E6-TMPRSS2 cells. While we observed that successful
viral isolation was heavily dependent on starting RNA level, we
were unable to isolate virus from several samples with very low Cr
levels, likely reflecting the unknown storage conditions (precise
temperatures, time from sample collection to processing, etc.) typi-
cal of clinical samples, and particularly those collected during a
pandemic.

There are a number of limitations to the work presented here.
Most importantly, it is not known whether viral isolation is a per-
fect laboratory correlate for viral infectivity and transmission in
humans, which can vary significantly by time, distance, anatomy
or mask wearing, and host immune status. We did not specifically
convert CT to viral load given the multiple loci and tests

© 2021 The Authors

investigated and the presence of mixed genomic and subgenomic
transcripts for certain qRT-PCR sets. Cr values are strongly assay-
and instrument-dependent, and so other laboratories would need
to validate the sensitivity of these primers against independent
standard curves in order to calibrate assay performance before put-
ting either the WHO-E Cr limit or the Mills-sgE assay into use in
their own labs. Finally, the viral preparations were not completely
pure, with minor residual 18S rRNA, indicating that ribosome-
protected fragments of sgE could account for some percentage of
the measured sgE.

This work raises several important questions regarding the basic
virology of SARS-CoV-2. The variation in viral titers generated from
samples harvested at similar levels of CPE is intriguing, especially
as we observed relatively little variation in RNA levels seen in these
same samples (Dataset EV2). Potential variations in the ratio of
infectious virus titers to RNA levels have important implications, as
current dogma generally assumes a constant relationship between
total RNA and levels of infectious virus in clinical samples. Higher
levels of viral RNA correlate with poorer clinical outcomes for
instance (Bryan et al, 2020), but in general it has been difficult if
not impossible to routinely measure infectious titers directly in clini-
cal samples.

The presence of abundant sgRNA in viral supernatants at time
points before cell lysis and also in concentrated virions was also
surprising, suggesting that these species may be packaged into
virions, or alternatively, released into the supernatant through an
alternative pathway. However, virus concentration through a
sucrose cushion is not equivalent to highly purified virus (i.e.,
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Figure 7. Receiver operating characteristic (ROC) curve comparing diagnostic performance of WHO-E, Wélfel-sgE, and Mills-sgE primer-probe sets.

ROC curves showing the ability to determine infectivity (as assayed by viral culture in Vero E6-TMPRSS2 cells) using the C; values of WHO-E, Wolfel-sgE, and Mills-sgE
for each of the samples for which these values were determined. For each test, the true-positive rate (chance of correctly predicting samples to be culturable at a given
or lower Cy) was plotted against the false-positive rate (chance of incorrectly predicting samples to be culturable at a given or lower Cy) as a step function line. The lines
show performance of the tests as the (Cy) threshold for a positive result is increased; the lines are solid for detectable values and dashed when a primer set returned an
undetectable value. Each line is labeled with the lowest Cy value that surpassed a 95% sensitivity threshold (the horizontal dotted line) for that marker.
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Figure 8. Relative abundance of sgE, negative-strand E, GAPDH mRNA, and 18S rRNA in cells, supernatants, and purified virus.

Levels of the cellular housekeeping genes GAPDH and 18S rRNA, negative-strand E (negE), and sgE relative to total levels of E RNA were measured in infected cells,
clarified supernatants (4 dpi Vero-E6 samples from Fig 2), and virus concentrated through a sucrose cushion by ultracentrifugation. Data points represent four technical
replicates from two independent experiments (Cell and Supernatant) or three replicates (Concentrated Virus) and are normalized to the total levels of E for each sample,
plotted as mean with error bars plotted as +/— SEM.
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sucrose banding) and will presumably include other extracellular
vesicles such as exosomes. It remains an open question if sgRNA
is still detected in highly purified virions, and whether this changes
at any point during infection. The stability of viral RNA for many
days after the near complete loss of infectivity may suggest an
explanation for how RNA is detected for so long after initial infec-
tion in some patients. However, reports from immunocompromised
patients show that active replication can undergo a cyclical pro-
gression (Baang et al, 2021) and the source of RNA detected weeks
or months after infection remains to be fully elucidated. Given
emerging prevalence of “long haulers” with persistent symptoms,
it is crucial to further investigate when and where viral replication
takes place, and how common a pattern of cyclical replication is in
patients. Finally, the subgenomic RNA assay described here is also
suitable for use in specialized testing situations, such as distin-
guishing active infection from input viral inoculum in animal or
vaccine trials (Dagotto et al, 2021) or from nucleic acid contamina-
tion of scientists working with SARS-CoV-2 plasmids leading to
false-positive screening tests (Montgomery et al, 2021; Robinson-
McCarthy et al, 2021).

Materials and Methods

Viruses and cells

The use of deindentified positive specimens for the above study was
approved by the University of Washington Institutional Review
Board under a consent waiver (STUDY00010205). All experiments
with SARS-CoV-2 were performed in a BSL-3 level laboratory at the
University of Vermont and with approval from the Institutional Bio-
safety Committee, with the exception of diagnostic work (RT-PCR
of primary patient specimens, not cultured virus) which was
performed in BSL-2 laboratories at the University of Washington
with the approval of the Institutional Biosafety Committee. SARS-
CoV-2 strain 2019-nCoV/USA_USA-WA1/2020 (WA1l) was gener-
ously provided by Kenneth Plante and the World Reference Center
for Emerging Viruses and Arboviruses at the University of Texas
Medical Branch and propagated in African green monkey kidney
cells (Vero E6) that were kindly provided by J.L. Whitton. Viral RNA
(courtesy of David Bauer, The Francis Crick Institute, UK) from con-
centrated SARS-CoV-2 (England02 strain, B lineage “Wuhan-like”)
was obtained by clarifying viral supernatants (2 x 3,082 g (max) for
30 min at 4°C in a Beckman Allegra X-30R centrifuge with a $X4400
rotor), overlaying clarified media onto a 30% sucrose/PBS cushion
(1/4™ tube volume) and concentrating by ultracentrifugation in a
Beckman ultra XPN-90 centrifuge with SW32TI rotor for 90 min at
111,063 g (max) at 4°C. Pellets were then resuspended in buffer and
extracted with TRIzol LS. Vero E6 cells expressing the TMPRSS2
protease were obtained from the JCRB Cell Bank (JCRB No.
JCRB1819). Vero E6 cells were maintained in complete Dulbecco’s
modified Eagle’s medium (cDMEM; Thermo Fisher, Cat. #11965—
092) containing 10% fetal bovine serum (Gibco, Thermo Fisher,
Cat. #16140-071), 1% HEPES Buffer Solution (15630-130), and 1%
penicillin—streptomycin (Thermo Fisher, Cat. #15140-122). Vero E6-
TMPRSS2 cells were maintained in the same media with the addi-
tion of G418. Cells were grown in a humidified incubator at 37°C
with 5% CO,.

© 2021 The Authors
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Viral growth curves

Viral growth kinetics were measured in Vero E6 or Vero E6-
TMPRSS2 cells at an MOI of 0.001. Separate wells were seeded for
each time point, and growth curves were conducted in technical
duplicate for each biological experiment. Supernatants and cell
lysates were collected twice daily 1 and 2 dpi, and again on 3, 4, 7,
and 8 dpi (Vero E6-TMPRSS2 cells were harvested for the final time
at Day 7 due to faster growth Kkinetics in this cell type). For each
time point, the supernatant was removed and clarified to remove
cellular debris, before being split into separate aliquots for RNA
extraction (mixed 1:1 with AVE lysis buffer) and viral titration (by
focus assay). Dead cells/debris that was pelleted after clarifying
supernatants was combined with cells scraped from each well into
PBS and spun again to obtain a pellet of all cell materials from each
time point. This pellet was then lysed in AVE viral lysis buffer for
RNA extraction.

Viral and RNA stability

High-concentration viral stocks (prepared as above in DMEM, 10%
FBS, 1% HEPES, 1% pen/strep) were used to measure viral stability
over time and after multiple freeze-thaw cycles. Stocks were stored
at the indicated temperatures in the dark, and aliquots were
removed at the indicated days or after each freeze-thaw cycle for
assay. Similarly, high-
concentration clinical specimens were pooled and diluted in PBS to
create high, medium, and low quantity controls (roughly Ct 24, 30,
and 36, respectively). Aliquots of these controls were stored at 4°C
and then extracted after the indicated days or after the indicated
numbers of freeze-thaw cycles for measurement by RT-PCR.

measuring infectious virus by focus

Viral isolations

Nasopharyngeal patient samples previously verified as SARS-CoV-2
positive by the University of Washington Virology Laboratory were
used for viral isolations and viral RNA measurements. Each sample
was frozen once at —80°C before viral growth experiments. Vero E6
or Vero E6-TMPRSS2 cells were seeded in diagonally adjacent wells
of 24-well plates (12 wells seeded/plate to minimize cross contami-
nation risk) at 3.5 x 10° cells/well 1 day prior to infecting. 100 ul of
each clinical sample was used to inoculate parallel Vero E6 or Vero
E6-TMPRSS2 monolayers, for 1 h at 37°C with rocking. After the 1-
hr incubation, wells were individually aspirated, washed with PBS,
and overlaid with 1 ml standard Vero media containing 2% FBS.
Wells were monitored daily, and 100 pl of media was removed each
day for subsequent RNA extraction. When unambiguous CPE was
observed, cells were harvested and lysates clarified for subsequent
RNA extraction and focus forming assays. Cells were suspended in
RLT buffer (Qiagen), and viral supernatants were mixed 1:1 with
AVE Viral Lysis Buffer (Qiagen) before RNA extraction.

Focus forming assay

Viral titer was determined by focus forming assay in a 96-well plate
format. Serial 10-fold dilutions of clarified viral supernatants were
used to inoculate Vero E6 cell monolayers (60,000 cells/well seeded
1 day prior) in 96-well white polystyrene microplates (Thermo
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Fisher, Cat. #07-200-628). 50 ul of each virus dilution was inocu-
lated onto the cells and incubated at 37°C in a 5% CO, incubator for
60 min, after which the wells were overlaid with 1.2% methylcellu-
lose in DMEM and incubated at 37°C in a 5% CO, incubator for
24 h. Infected cells were fixed in 25% formaldehyde in 3x PBS. Cells
were permeabilized with 0.1% Triton X-100 in 1x PBS for 15 min
and then incubated with a primary, cross-reactive rabbit anti-SARS-
CoV N monoclonal antibody (Sinobiological, distributed by Thermo
Fisher, Cat. #40143-R001 at a dilution of 1:20,000) followed by a
peroxidase-labeled goat anti-rabbit antibody (SeraCare, Milford,
MA, USA, Cat. #5220-0336 diluted to 1:2,000) and then the peroxi-
dase substrate (SeraCare, Cat. #5510-0030).

RNA extractions

Total nucleic acid (TNA) in all clinical NP samples, the highest-
concentration sample from the AccuPlex SARS-CoV-2 Verification
Panel (Member 1: 100,000 copies/ml of synthetic whole SARS-CoV-2
genome, SeraCare, Cat. #0505-0168), and cell and supernatant sam-
ples from viral culture were all extracted with an automated guanidi-
nium lysis/magnetic silica bead absorption method using either
Roche MagNA Pure LC instrument and Total Nucleic Acid Isolation
Kit—High Performance (Roche, Cat. #05 323 738 001) or MagNA
Pure 96 instrument and DNA & Viral NA Small Volume kit (Roche,
Cat. # 05 467 497 001) according to manufacturer instructions. All
extractions used 200 pl of input volume and were eluted into 50 pl.

RT-PCR

Specific viral RNA was reverse transcribed into cDNA and then
amplified in real-time PCR reactions using AgPath-ID One Step RT-
PCR kit (Life Technologies, Thermo Fisher, Cat. #4387424 M), using
5 ul of extracted TNA per 25-ul reaction. RT-PCRs used one of five
sets of primers/probes: (i) WHO-E, using the E_Sarbecco-F/R/P set;
(ii) Wolfel-sgE, using sgLeader-F with E_Sarbecco-R/P; (iii) Mills-
sgE, using sgleader-F2, sgE-R, and sgE-P; (iv) GAPDH, using the
primer/probe set for Rhesus macaque (Thermo Fisher, Cat.

Table 3. Primer/probe sequences.

Emily A Bruce et al

#4331182, Rh02621745_g1); and (v) 18S rRNA, using the primer/
probe set for human (Thermo Fisher, Cat. #4331182,
Hs99999901_s1). RT-PCR was performed on an ABI 7500 real-time
PCR system as previously described (Nalla et al, 2020) (Table 3).

Negative-strand amplification

To avoid the nonspecific priming exhibited in reverse transcription
of viral RNA, strand-specific amplification was accomplished in two
steps, following the method of Vashist and colleagues (Vashist et al,
2012). First, viral negative-strand RNA was reverse transcribed with
SuperScriptlll RT (Life Technologies, Cat. #18080-044) in half-
reactions following manufacturer instructions, with 5 ul of extracted
TNA in each 10-pl RT reaction. A primer containing a non-viral Tag
sequence, Tag-E_Sarbecco-F, was used to prime the cDNA synthe-
sis. Second, only cDNA resulting from the tagged RT reaction was
amplified in real-time PCR reactions using QuantiTect Multiplex
PCR kits. Each 30 ul PCR contained 5 ul of cDNA, 4.7 ul water,
14.3 ul NoROX (Qiagen, Cat. #204745), 0.7 ul Hi Rox (Qiagen, Cat.
#204545), 2.5 ul each of 10 uM Tag-F and E_Sarbecco-R primers,
and 0.3 pl of 10 uM E_Sarbecco-P probe. PCR was performed on an
ABI 7500 real-time PCR system with the following cycling parame-
ters: 15’ at 95°C followed by 40 cycles of 60" at 94°C and 60" at
60°C (Table 3).

sgE transcript

A synthetic gBlock containing a T7 promoter, the SARS-CoV-2 geno-
mic leader, TRS, and the first 154 bases of E gene was ordered from
IDT. This gBlock was used as template for in vitro transcription
reactions with HiScribe T7 RNA Synthesis Kit (New England
Biolabs, Cat. #E2040S) following manufacturer instructions. RNA
was transcribed for 16 h at 37°C, then DNase treated and purified
using illustra G-25 spin columns (GE Healthcare, Buckinghamshire,
United Kingdom, Cat. #27532501). Concentration of the resulting
RNA was determined first by NanoDrop spectrophotometer of two
high-concentration dilutions (approximately 1 pg/ul and 100 ng/pl)

Component Assay used Sequence Source
sgleader-F2 Forward Primer Mills-sgE 5’- CCA ACC AAC TTT CGA TCT CTT GT —3' IDT (Custom)
sgE-R Reverse Primer Mills-sgE 5'- CGT ACC TCT CTC TTC CGAAAC G -3’ IDT (Custom)
sgE-P1 Probe Mills-sgE 5’-FAM- TCT CTA AAC GAA CTT ATG TAC TC —3MGBEC —3' IDT (Custom)
E_Sarbecco-F Forward Primer (Corman et WHO-E 5- ACA GGT ACG TTA ATA GTT AAT AGC GT —3 IDT (Cat.

al, 2020) #10006888)
E_Sarbecco-R Reverse Primer (Corman et WHO-E, Wolfel-sgE 5'- ATATTG CAG CAG TAC GCA CACA -3’ IDT (Cat.

al, 2020) #10006890)
E_Sarbecco-P Probe (Corman et al, 2020) WHO-E, Wolfel-sgE 5- FAM-ACA CTA GCC ATC CTT ACT GCG CTT CG -BHQ1 —3' IDT (Cat.

#10006892)

sgleader-F Forward Primer (Wolfel et al, 5- CGATCTCTTGTAGATCTGTTCTC —3'

2020)

Wolfel-sgE IDT (Custom)

Tag-E_Sarbecco-F Forward Primer Negative-strand E 5- CGG GAA GGC GAC TGG AGT GCC ACA GGT ACG TTA ATA GTT

(RT) AAT AGC GT —3'

IDT (Custom)

Tag-F Forward Primer Negative-strand E 5- CGG GAA GGC GAC TGG AGT GCC —3'

(PCR)

IDT (Custom)
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The paper explained

Problem

Patients can test positive for COVID-19 RNA for substantial periods of
time after they are no longer infectious. This poses challenges for
quarantine and isolation decisions in a range of settings. An RT-PCR-
based test that could predict infectivity of a clinical specimen would
improve clinical and public health decision-making processes.

Results

We tested four RT-PCR-based tests (total E gene RNA, negative-strand
RNA, and two subgenomic RNA primer-probe sets) for their ability to
predict whether a given clinical specimen contained culturable SARS-
CoV-2 at BSL-3. Culturable virus was not detected in specimens with
an E gene C; above 31, or in specimens where sgE was undetectable
by the primer-probe set developed in this study.

Impact

Our data suggest that infection prevention measures would be most
effective if focused on individuals who have E gene Crs of below 31,
or sgE levels detectable by the Mills primer set developed in this
study. Individuals above these thresholds are unlikely to have cultur-
able levels of SARS-CoV-2 virus. These data can inform the level of
sensitivity needed by novel testing modalities in order to detect viral
loads corresponding to a risk of transmission.

measured in duplicate followed by a dilution in PBS to an approxi-
mate concentration of 2 x 10'! copies/ml, and then by reverse tran-
scription droplet digital PCR (RT-ddPCR) system (Bio-Rad,
Hercules, CA, USA) of two low-concentration dilutions (approxi-
mately 100 and 10 copies/ul) measured in duplicate with the Mills-
sgE primer/probe set.

Statistical analysis

ROC curves were generated using R and plotted with the ggplot2
package (R Development Core Team, 2018). For each potential scor-
ing marker (CT_e, CT_sgel, CT_sge2, neg_e), samples were ordered
by that marker, followed by culturable status. The false-positive rate
was calculated as the cumulative count of culturable samples (after
ordering by marker intensity) divided by the total count of cultur-
able samples; the true-positive rate was calculated as the cumulative
count of non-culturable samples (after ordering) divided by the total
count of non-culturable samples. The false-positive rate was plotted
on the X axis of the ROC curves and the true-positive rate on the
Y axis.

Experimental design

The sample size for this study was based on previous literature and
what was feasible to obtain during a period of high positivity rates
and limited testing capacity in the Seattle area. The only samples
excluded from analysis are listed in the supplemental dataset
(Dataset EV2) and were excluded because CPE was likely the result
of contamination from neighboring wells during isolation (based on
the kinetics, plate placement, and initial RNA levels of samples dur-
ing the course of isolation). The RNA level (cycle threshold) of each
clinical specimen was blinded from the investigator performing
infectious virus isolations at BSL-3. Because clinical specimens were

© 2021 The Authors
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isolated in the two Vero E6 cell lines in parallel, no additional mate-
rial was available for duplicate isolations.

Data availability

The data supporting the findings of this study are available within
the manuscript and its supplementary materials. R code is available
at https://github.com/emilybrucelab.

Expanded View for this article is available online.
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