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ABSTRACT

Background An outbreak of novel coronavirus (SARS-
CoV-2)-associated respiratory infectious diseases
(COVID-19) emerged in 2019 and has spread rapidly in
humans around the world. The demonstration of in vitro
infectiousness of respiratory specimens is an informative
surrogate for SARS-CoV-2 transmission from patients

with COVID-19; accordingly, viral isolation assays in cell
culture are an important aspect of laboratory diagnostics
for COVID-19.

Methods We developed a simple and rapid protocol for
isolating SARS-CoV-2 from respiratory specimens using
VeroE6/TMPRSS2 cells, a cell line that is highly susceptible
to the virus. We also investigated a correlation between
isolation of SARS-CoV-2 and viral load detected by real-
time RT-PCR (rRT-PCR) using N2 primer/probe set that has
been developed for testing of COVID-19 in Japan.

Results The SARS-CoV-2 isolation protocol did not require
blind passage of inoculated cells and yielded the results

of viral isolation within 7 days after inoculation. Specimens
with cycle threshold (Ct) values of <20.2, determined by
rRT-PCR, were predicted to be isolation-positive. On the
other hand, 6.9% of specimens with Ct values >35 were
virus isolation-positive, indicating that low viral loads (high
Ct values) in upper respiratory specimens do not always
indicate no risk of containing transmissible virus.
Conclusion In combination with rRT-PCR, the SARS-
CoV-2 isolation protocol provides a means for assessing
the potential risk of transmissible virus in upper respiratory
specimens.

INTRODUCTION

The outbreak of novel coronavirus (SARS-
CoV-2)-associated  respiratory  infectious
disease (COVID-19) began in Wuhan, China,
at the end of 2019."” Subsequently, the
number of cases and countries reporting
confirmed cases increased rapidly. On
30 January 2020, the WHO declared the
outbreak a Public Health Emergency of Inter-
national Concern. As of the end of October

Key messages

» The correlation between the results of N2 set real-
time RT-PCR (rRT-PCR) and the presence of trans-
missible SARS-CoV-2 in respiratory specimens
remains unclear.

» An establishment of efficient SARS-CoV-2 isolation
protocol is essential to investigate the correlation
between the results of N2 set rRT-PCR and SARS-
CoV-2 isolation.

» This study provides helpful information for the as-
sessment of potential risk of transmissible SARS-
CoV-2 in respiratory specimens by viral isolation
assays in cell culture in combination with the results
of N2 set rRT-PCR.

2020, more than 43million confirmed cases
have been reported worldwide.*

Real-time RT-PCR (rRT-PCR) has been
used widely to test specimens from patients
suspected of having COVID-19, providing
information about clinical management
and outbreak control.”” Specimens for
SARS-CoV-2 rRT-PCR can be taken from
the upper (nasopharyngeal/oropharyngeal
swabs, nasal aspirate, nasal wash or saliva) or
lower respiratory tract (sputum or tracheal
aspirate or bronchoalveolar lavage).” Upper
respiratory samples are recommended for
initial diagnostic testing for SARS-CoV-2.*

The cycle threshold (Ct) value of rRT-PCR
of respiratory sample reflects the amount
of viral nucleic acid in the respiratory tract.
Specifically, low Ct values indicate abundant
viral nucleic acid. Several studies demon-
strate that Ct values are inversely correlated
with the presence of infectious SARS-CoV-2
virus in specimens.”' Because sensitivity
varies among rRT-PCR assay systems due to
differences in primer/probe sets, reaction
conditions and so on,12 it is important to bear
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in mind that it may not be possible to extrapolate the
correlation between Ct value and the presence of infec-
tious virus to other laboratory settings. In Japan, the
nationwide rRT-PCR method for SARS-CoV-2 laboratory
diagnosis is based on the N and N2 primer/probe sets."”
The N2 set is highly effective for SARS-CoV-2 detection."”
At present, however, the correlation between the results
of N2 set rRT-PCR and the presence of infectious virus in
specimens remains unclear.

Virus isolation using cell culture is the most reliable
laboratory assay for diagnosing viral infection, and this
approach also provides surrogate information regarding
viral transmission. Recent work showed that transmem-
brane protease, serine 2 (TMPRSS2)-expressing Vero
E6 cells (VeroE6/TMPRSS2) are useful for isolating
SARS-CoV-2 from respiratory specimens.'* The appear-
ance of a cytopathic effect (CPE) that includes rounding
and detaching in VeroE6/TMPRSS?2 cells inoculated with
specimens is a reliable indicator of the presence of infec-
tious SARS-CoV-2. In the virus isolation assay, however, it
is necessary to perform blind cell passages until viruses
grow efficiently. It is not clear whether the appearance
of CPE is delayed when SARS-CoV-2 grows poorly or
whether blind passage is needed for the SARS-CoV-2
isolation assay. In this study, we established a protocol for
SARS-CoV-2 isolation from respiratory specimens using
VeroE6/TMPRSS2 cells without the need for blind cell
passages. Furthermore, we demonstrated a correlation
between isolation of SARS-CoV-2 from specimens and
viral load detected by rRT-PCR using the N2 set.

MATERIALS AND METHODS

Cells

VeroE6,/TMPRSS2 cells" were maintained in culture
medium Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).

Specimens

Upper respiratory samples (nasopharyngeal/nasal swabs
or saliva) suspended in phosphate-buffered saline or
viral transport medium were collected from patients
suspected as having COVID-19 as part of public health
diagnostic activities conducted from February to June
at the National Institute of Infectious Diseases (NIID),
Tokyo, Japan. Specimens were examined for rRT-PCR
and virus isolation as anonymous samples.

Patient and public involvement
Patients and the public were not involved in the design,
conduct, reporting or dissemination plans for this study.

rRT-PCR

rRT-PCR for SARS-CoV-2 using the N2 setwas performed as
described previously."” Briefly, 20 uL. of reaction mixture,
consisting of 2x Mastermix and RT from the Quant-
iTect probe RT-PCR kit (Qiagen, Hilden, Germany),

the N2 primer/probe set (NID_2019-nCoV_N_F2
primer, NIID_2019-nCoV_N_R2 primer and NIID_2019-
nCoV_N_P2 probe), and 5pL of RNA extracted from
upper respiratory specimens, was subjected to rRT-PCR
on a LightCycler 480 (Roche, Basel, Switzerland). Reac-
tion conditions were as follows: 50°C for 30min; 95°C
for 15min; and 45 cycles of 95°C for 15s and 60°C for
1 min. For all rRT-PCR-positive samples, Ct values were
obtained. RNA copy number in each reaction was also
determined based on the Ct value of synthetic standard
RNA (500 copies per reaction)."”

Virus isolation

Upper respiratory samples positive for SARS-CoV-2 rRT-
PCR were stored at —80°C before being processed in cell
culture. VeroE6/TMPRSS2 cells were inoculated with
upper respiratory samples as described in Matsuyama et
al"™ Briefly, VeroE6/TMPRSS2 cells seeded on 12-well
culture plates or 12.5 cm? culture flasks were inoculate
with 100-200 pL of respiratory samples mixed with DMEM
supplemented with 5% FBS. At 1-day post-inoculation
(dpi), culture supernatants were replaced with fresh
culture medium. Cell morphology was observed daily
using a microscope. The virus isolation assay was consid-
ered positive when CPE was observed in the inoculated
cells. To confirm the presence of SARS-CoV-2, SARS-CoV-2
spike antigen was detected in cells inoculated with super-
natants of CPE-positive cells (online supplemental figure
S1). Viral isolation was considered negative when the
CPE was not observed until 6 dpi or after blind passages.
Blind passage was performed as follows: a total of 45
upper respiratory samples (Ct values ranging from 20.2 to
40.0, median 32.4) were inoculated to VeroE6,/TMPRSS2
cells as described above. After 5-6 days, in the absence of
obvious CPE, the inoculated cells were trypsinised for the
cell passage. Then, one-third or one-fifth of the cells were
transferred to the fresh culture medium. This procedure
was repeated two more times. All virus isolation proce-
dures were performed in a biosafety level 3 laboratory at
NIID, Japan.

Receiver operating characteristic analysis

A receiver operating characteristic (ROC) analysis to
determine cut-off Ct value for successful viral isolation
was performed using the STAT Flex (V.7.0) software
(Artec, Osaka, Japan).

RESULTS

Establishing a procedure for SARS-CoV-2 isolation

A total of 203 upper respiratory specimens (nasal/
nasopharyngeal swab or saliva) positive for SARS-CoV-2
rRT-PCR were inoculated to VeroE6/TMPRSS2 cells for
isolation of virus. In cells inoculated with 72 of these
specimens, obvious CPE was observed within 4 dpi. To
determine whether blind cell passages were necessary for
SARS-CoV-2 isolation, cells inoculated with 45 specimens
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Inoculate upper respiratory specimens to Vero E6/TMPRSS? cells, then
incubate the cells at 37°C in the CO, incubator

|

1 dpi

Replace the culture medium with fresh medium
|

2-4 dpi

CPE is obvious within 4 dpi, if infectious SARS-CoV-2 exists in the specimen

!

6 dpi

The virus isolation assay is negative if CPE is not observed until 6 dpi

Figure 1
inoculation.

that did not exhibit CPE at 5 dpi were subjected to
cell passaging. After the third cell passage, no CPE was
observed in these cells. The cells inoculated with these 45
specimens were considered to be virus isolation-negative.
This result indicated that the cell passage after inocula-
tion with respiratory specimens was not needed for isola-
tion of SARS-CoV-2 when using VeroE6/TMPRSS2 cells.
Also, because CPE was obvious within 4 dpi in all cases
that were virus isolation-positive, we decided to make the
observation at 6 dpi, which allows an additional margin
for detecting CPE in cultured cells (figure 1). According
to this protocol, the remaining 86 specimens were virus
isolation-negative, as CPE was not observed at 6 dpi or
after longer incubation.

Correlation of virus isolation and rRT-PCR

The Ct values were obtained from 203 specimens that
were positive according to real-time PCR conducted by
the Virus Diagnosis Group (NIID Toyama) using a previ-
ously reported method."” The Ct values among isolation
positives (n=72) ranged between 7.6 and 37.3 (median
22.1), whereas those among isolation negatives (n=131)
ranged between 20.2 and 40.0 (median 32.7). There
was a significant difference (p<0.0001) in the Ct values
between isolation positives and negatives (figure 2A).
Isolation probability decreased progressively as Ct values
increased. Among 73 specimens with Ct values ranging
from 30 to 35, and 29 specimens with Ct value >35,
one (1/73, 1.4%) and two (2/29, 6.9%) were isolation-
positive, respectively (figure 2B). ROC analysis indicated
that positive virus isolation had an area of 0.94 (95% CI
0.90 to 0.98, p<0.0001) with 100% specificity at Ct values
<20.2; the cut-off Ct value for 87.5% specificity (=sensi-
tivity) was 28.1.

Our rRT-PCR results were based on the N2 primer/
probe set, and the Ct values might not be applicable
to rRT-PCR with other primer/probe sets. Because the
viral loads could be calculated using synthetic standard
RNA used in the rRT-PCR assay, RNA copy numbers in

Flowchart for the SARS-CoV-2 isolation assay established in this study. CPE, cytopathic effect; dpi, day post-

the specimens were calculated based on the Ct value of
a standard synthetic RNA sample included in each rRT-
PCR assay. The lowest RNA copy number among isolation-
positive samples was 2.4x10” copies/mL (Ct value=37.3),
whereas the highest RNA copy number among isolation-
negative samples was 3.2x10° copies/mL (Ct value=20.2).

DISCUSSION

Because the demonstration of in vitro infectiousness of
respiratory specimens is an informative surrogate for
SARS-CoV-2 transmission from patients with COVID-19,
the cell culture-based viral isolation assay is an impor-
tant aspect of laboratory diagnostics for COVID-19. In
this study, we demonstrated that when using VeroE6/
TMPRSS2 cells for virus isolation, the cell culture passage
after inoculation was not necessary for investigation of
viral infectivity of respiratory specimens. A total of 45
upper respiratory specimens did not exhibit CPE after
the third passage of inoculated cells. These results
enabled us to establish a simple and rapid protocol for
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Figure 2 Correlation of successful virus isolation with
cycle threshold (Ct) value from SARS-CoV-2 real-time
RT-PCR (rRT-PCR) in 203 positive upper respiratory
specimens. (A) Ct values obtained from rRT-PCR of upper
respiratory specimens were compared between virus
isolation positives and negatives. (B) Percentage of positive
(black bar) and negative (grey bar) viral isolation of upper
respiratory specimens according to the range of Ct values,
expressed as probabilities.
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SARS-CoV-2 isolation that did not require blind passage
(figure 1), and that yielded the results of viral isolation
within 7 days after inoculation.

The Ct value of rRT-PCR reflects the quantity of viral
RNA in the clinical specimens. Several studies have
demonstrated that successful isolation of SARS-CoV-2 in
cell culture is correlated with Ct value, suggesting that
patients with COVID-19 with relatively high Ct values
may not be contagious. The efficiency of SARS-CoV-2
isolation differs among cell lines,14 and the Ct value
varies among rRTI-PCR systems with different primer/
probe sets targeting different viral genes (eg, E, RdRp,
N and so on). Using VeroE6/TMPRSS2 cells, we inves-
tigated the correlation between virus infectivity and Ct
values determined by rRT-PCR using the N2 set'” in a
total of 203 upper respiratory specimens. Specimens with
Ct values <20.2 were predicted to be isolation-positive;
infectivity decreased significantly as Ct value progres-
sively increased. The results were consistent with previous
studies reporting that SARS-CoV-2—positive isolation
samples had significantly lower Ct values than negative
samples.g_11 Interestingly, we showed that 6.9% of spec-
imens with Ct values >35 were virus isolation-positive,
indicating that low viral loads (high Ct values) do not
always indicate no risk of containing transmissible virus
in upper respiratory specimens. Similar results were
obtained from a UK study in which virus was recovered
from 8% of samples with Ct values >35.""

In other studies, specimens with Ct values >34 are
found not to be Contagious,9 ' and in 50% tissue culture
infectious dose (TCID,)) assays, infectivity is significantly
reduced when RT-PCR Ct values are >24.'° Furthermore,
Wolfel et al showed that infectious virus is not recovered
from specimens with RNA copies <1.0x10°/mL." In this
study, we detected infectious virus from specimens with
<1.0x10° copies/mL. This discrepancy might be due to
differences among rRT-PCR systems and virus culture
procedures, including the cells used for isolation.

Based on the N2 set primer/probe for rRT-PCR, spec-
imens with Ct value lower than 20.2 were all infectious,
and although the probability of the presence of infectious
virus decreased significantly as Ct values increased, it was
still possible for specimens with Ct values >35 to include
infectious virus, although the positivity rate was low. One
limitation of this study was that we could not access the
clinical information of the subjects (date of onset, date
of specimen collection and presenting symptoms). Infor-
mation on clinical course (acute/recovery phase) could
have been useful for estimating better the probability of
virus isolation from specimens with various Ct values.

In summary, we established a SARS-CoV-2 isolation
protocol that can assess existence of infectious virus in a
specimen within a week. Using the protocol in combina-
tion with the rRT-PCR system that has been used in Japan,
we clarified that specimens with Ct values <20.2 were
all contagious, and also that specimens with Ct values
>35 were not always free of infectious virus, in contrast
to earlier studies. Results suggested that Ct values of

specimen may provide useful information for decision-
making of countermeasure against COVID-19 from the
standpoint of assessing whether patients with COVID-19
can spread infectious virus.
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