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1 | INTRODUCTION January 3, 2020. Subsequently, sporadic outbreaks in Japan were

reported. The number of cases sharply increased in April, sub-
The first case of coronavirus disease 2019 (COVID-19) in Japan sequently marking the first wave of the pandemic in mid-April,
was reported in mid-January 2020. The patient was a Japanese 2020. The number of cases decreased substantially in June;
citizen who had returned to Japan from Wuhan City, China, on however, a rise in cases was reported in July, 2020. By the end of
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2020, the number of cases exceeded than that of initially re-
ported during the first wave in 2020.

COVID-19 is classified as The Designated Infectious Disease on
February 1, 2020 under the Japanese Infectious Disease Control
Law. Hence, it is now possible to implement hospitalization measures
and employment restrictions to the patients. Individuals with con-
firmed COVID-19 infection would be hospitalized regardless of their
symptoms. Furthermore, discharge from the hospital requires con-
firmatory negative polymerase chain reaction (PCR) tests from at
least two consecutive samples collected more than or equal to 24 h
apart.® However, many infected people test positive by repeated
PCR tests, even if they are asymptomatic. These factors lead to
hospital beds being occupied by asymptomatic patients as well as
those with mild symptoms, thereby hindering the hospitalization of
critically ill patients. Moreover, testing numerous negative samples
during recovery phase imposes a heavy burden on laboratories that
conduct PCR tests in terms of time and labor. In consideration of this
situation, the Japanese government reviewed the discharge criteria
in mid-June 2020 and revised that it is not always necessary to have
a negative PCR test.

Currently, the standard method for laboratory testing of
COVID-19 is quantitative real-time reverse-transcription poly-
merase chain reaction (RT-PCR) that determines the cycle threshold
(Ct) values of viral RNA as an index.>™ High Ct values may indicate
low infectious virus titers; however, there is little evidence to sup-
port this possibility. Moreover, it is important to confirm the pre-
sence of infectious virus in the clinical samples to determine whether
a patient infected with severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2), belonging to the family Coronaviridae,
genus Betacoronavirus, can infect others.> *> However, cell culture
assays that detect infectious viruses require specialized skills and
experience, must be safely performed, and are rarely conducted for
SARS-CoV-2. A few studies have reported the detection of cyto-
pathic effects (CPEs) of infectious viruses,"> '° whereas others used
the focus-forming assay.® However, at present, there have been no
quantitative investigations performed on infectiousness of SARS-
CoV-2 in clinical samples. Therefore, in this study, a focus-forming
assay using the peroxidase-antiperoxidase (PAP) staining technique,
typically applied to numerous types of viruses, was developed.*” 2*

Here, infectious SARS-CoV-2 titers in patients with COVID-19
and their corresponding Ct values by RT-PCR were measured. The
findings of the present study will significantly contribute toward
the control of COVID-19 transmission and consequently, reduce the

number of patients requiring long-term hospitalization.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

The Ethics Review Board of Osaka Institute of Public Health (OIPH)
(approval number: 2006-01) and Institutional Review Board of
the Research Institute for Microbial Diseases, Osaka University

(approval number: 2020-6-1) approved this study. Informed consent

was obtained in the form of opt-out on the website.

2.2 | Samples

Samples were handled in a biosafety level (BSL)-3 facility at the
Research Institute for Microbial Diseases of Osaka University,
with the approval of the Safety Management Committee on Pa-
thogens of Osaka University. From mid-July to mid-December
2020, 119 samples (n =52, nasopharyngeal swabs [NPSs]; n= 67,
saliva) were collected from patients with COVID-19 in Osaka
Prefecture. The patients included 62 women and 57 men, in the
age range of 1-99 years. The samples were submitted to OIPH
from hospitals through public health centers and tested by
RT-PCR within 24 h. The remaining PCR-positive samples were
stored at 4°C, following which, they were used to measure the
infectious virus titer in the sample. The testing was conducted at
the Department of Viral Infection, Research Institute for Mi-
crobial Diseases of Osaka University within 4 days of the initial
RT-PCR assay.

2.3 | Real-time RT-PCR

The samples were centrifuged at 15,000 rpm for 5 min. Viral RNA
was extracted from 200 pl of the supernatant using the MagDEA
Dx SV Kit (Precision System Science) or from 140ul of the
supernatant using the QlAamp Viral RNA Mini Kit (QIAGEN)
according to the manufacturer's instructions. Real-time quanti-
tative reverse transcription PCR (RT-qPCR) assays targeting the
viral N gene using the QuantiTect Probe RT-PCR Kit (QIAGEN)
and N2 sets of primers and probes were designed according to
the method published by the National Institute of Infectious
Diseases, Japan (https://www.niid.go.jp/niid/en/examination.
html). The components of the RT-qPCR reaction mixture were
as follows: 10.0 yl of 2x Master mix, 1.0 yl of forward primer
(10 uM), 1.4 ul of reverse primer (10 uM), 0.8 ul of probe (5 uM),
0.2 ul of Quantitect RT mix, 1.6 ul of deionized water, and 5 pl of
template RNA. Reverse transcription was performed at 50°C for
30 min, followed by denaturation at 95°C for 15 min, and
45 amplification cycles at 95°C for 15s and 60°C for 60s.
A Step-One Plus Real-Time PCR System and a Quant Studio
5 Real-Time PCR System (Life Technologies) were used for the

analysis.

2.4 | Focus-forming assay for viral infectivity

Vero-E6/TMPRSS2 (JCRB 1819) cells were seeded in 24-well
plates (2 x 10° cells/well) and incubated in an atmosphere con-
taining 5% CO, at 37°C. On the following day, the medium in
each well-containing cell monolayers was removed. The cell
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monolayers were then inoculated with 100 pl of serially diluted
(10-fold) clinical samples under BSL-3 containment. After 30 min
of absorption, the diluted samples were aspirated and washed
three times with serum-free minimum essential medium (MEM).
The cells were covered with 0.5 ml of Dulbecco's Modified Eagle
Medium (DMEM) containing 1% carboxymethyl cellulose, 2%
fetal bovine serum, and antibiotics (200 units/ml penicillin,
200 pg/ml streptomycin, and 0.25 pg/ml amphotericin B). Eigh-
teen hours after inoculation, 20% formalin (0.5ml) (10% for-
malin) was added to the cells, and they were incubated for 30 min
at room temperature. The formalin-containing medium was re-
moved, and the cells were washed three times with phosphate-
buffered saline (PBS). The cells were then fixed in absolute
ethanol for 5 min at room temperature under BSL-2 containment.
Four immunological reactions using the PAP staining technique
were subsequently performed for 40 min at room temperature.
Each well contained 400 pl of each antibody, including anti-SARS/
SARS-2 NP mouse monoclonal antibody (EastCoast Bio) diluted
to 1pg/ml, antimouse rabbit 1gG antibody (MP Biomedicals) di-
luted at 1:1000, antirabbit goat 1gG antibody (MP Biomedicals)
diluted at 1:500, and rabbit PAP (Jackson Immuno Research)
diluted at 1:200. After each reaction, the cells were washed three
times with PBS. In the final step of the PAP staining technique,
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the peroxidase reaction was developed for approximately 5 min
according to a previously published method?? using 0.01% H,0,
and 0.3 mg/ml of 3’-3’-diaminobenzidine tetrahydrochloride in
PBS. The wells were then washed with tap water and dried, and
the stained foci were macroscopically counted. Virus infectivity
is expressed as focus forming units (FFUs).

2.5 | Virus isolation

VeroE6/TMPRSS2 cells were seeded in 24-well plates (2 x 10°
cells/well) one day before the experiment. The medium was re-
moved from the plates and 100 pl/well of clinical samples were
added. After 30 min, the samples were aspirated, and the cells
were washed three times with serum-free MEM. Cells were then
cultured in 1 ml of DMEM containing 2% fetal bovine serum, 200
units/ml of penicillin, 200 ug/ml streptomycin, and 0.25 pg/ml
amphotericin B in an atmosphere containing 5% CO, at 37°C for
up to 5 days. CPEs were macroscopically observed each day. The
culture supernatant was collected when the appearance of CPEs
was detected. Virus isolation is a qualitative test method that can
detect even a small amount of virus, so it was considered to

complement the focus counting method.

(A) (C)
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1:2 1:10 1:100 1:1

»

FIGURE 1 Focus-forming infectivity assay of samples from patients with coronavirus disease 2019 using the peroxidase-antiperoxidase
(PAP) staining technique. (A) and (B) Representative images of a 24-well plate (A), and a serially diluted (10-fold) sample (no. 91) and a control
sample (no. 81) (B). (C) Higher magnification of sample no. 91 at 1:10 dilution
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saliva (B) samples

3 | RESULTS
3.1 | Focus-forming assay for SARS-CoV-2
infectivity

Figure 1 shows a representative 24-well plate with foci of SARS-
CoV-2 in samples obtained from patients with COVID-19, which
were stained using the PAP technique. The number of foci was in-
versely proportional to sample dilution (Figure 1B). Higher magnifi-

cation of the foci revealed aggregates of clear cells (Figure 1C).

3.2 | Comparison of SARS-CoV-2 Ct values and
infectious virus titers

The infectious virus titers of RT-PCR-positive samples were measured
and correlated with the Ct values by Pearson's product moment cor-

relation coefficient (Figure 2). The infectious virus titers in the NPS

Nasopharyngeal swab Saliva
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(A) and (B) Correlation between cycle threshold (Ct) values and infectious virus titers in nasopharyngeal swab (NPS) (A) and

samples were inversely correlated with the Ct values (r=-0.506,
p=0.001) and difficult to measure when Ct values were more than 30
(Figure 2). In contrast, there was a low correlation between the
infectious virus titers in saliva and the Ct values (r=-0.261,
p =0.027). The infectious virus was not detected in most of the sam-
ples with Ct values more than 30. However, despite the high Ct value
(39.4) for a single saliva sample, it showed a high infectious virus titer
(800 FFUs/mL). The infectious virus was undetectable in the
RT-PCR-negative samples of both NSP and saliva. The samples were
then grouped according to the Ct values, and the geometric mean
titers for each group were calculated (Table 1). The results confirmed
the results of Fig. 2 more clearly in that samples with Ct value
<20 showed high infectious virus titer (18,686 FFUs/mL) and 100%
virus isolation rate in NPS, and those with Ct values >25 showed low
infectious virus titers and virus isolation rates. The infectious virus
titers of NPS samples were uniformly higher than those of saliva
samples. The results of virus isolation were consistent with those of

the infectivity assay, which was performed in parallel (Table 1).

TABLE 1 Geometric mean virus titers

and virus isolation rates in NSP and saliva

Ct value Geometric mean of Virus isolation Geometric mean of
of gPCR viral titer (FFU/ml) rates (%) viral titer (FFUs/ml)
<20 18,686 (n=10) 100.0 (10/10) 156 (n=13)

20-25 3983 (n=9) 100.0 (9/9) 29 (n=10)

25-30 126 (n=5) 60.0 (3/5) 54 (n=6)

30-35 <5 (n=11) 16.7 (2/12) <5(=7)

35-40 <5(n=5) 0.0 (0/4) <5 (n=23)

>40 <5 (n=12) 0.0 (0/12) <5(n=8)

Virus isolation
rates (%)

grouped by Ct values
84.6 (11/13)

90.0 (9/10)

83.3 (5/6)

14.3 (1/7)

8.7 (2/23)

0.0 (0/6)
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(B) Viral titer (n=22)
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(A) and (B) Cycle threshold (Ct) values (A) and infectious virus titers (B) in nasopharyngeal swab (NPS) (closed circle) and saliva

(open circle) samples on the day of sample collection after the onset of COVID-19 symptoms. COVID-19, coronavirus disease 2019; qRT-PCR,

quantitative reverse-transcription polymerase chain reaction

3.3 | Ct values and infectious virus titers on the
day of sample collection after the onset of COVID-19
symptoms

For some samples with known dates of COVID-19 symptom onset, the
Ct values and infectious virus titers were investigated depending on the
difference in the number of days between the date of onset and that of
sample collection (Figure 3). Samples that were taken a few days after
onset had low Ct values and high infectious titers. However, in samples
collected 10 days post the onset, Ct values were high with >30 and the
infectious virus was undetectable in both NPS and saliva samples.

4 | DISCUSSION

OIPH initiated tests for suspected COVID-19 infections in late January
2020. Samples were sent from hospitals and tested within 24 h using
real-time RT-PCR. A Ct cutoff value of 40 was used to differentiate
between infected and uninfected patients. Most of the initial samples
were NPSs and sputum; however, testing for saliva samples started in
late July, which in line with the notification from the Japanese govern-
ment on June 2, 2020, that enables PCR tests using saliva for persons
within 9 days of onset. Currently, the majority of samples comprise NPSs
and saliva.

Although the viral RNA load is slightly higher in the sputum than in
NPS samples,?*> 2 NPSs are optimal for detecting viral shedding from the
upper respiratory tract, which contributes to the transmission of infec-
tion?*"?” It has been demonstrated that saliva contains a large copy
number of viral genes and the burden of saliva collection is small. Con-

sequently, medical personnel is at low risk of exposure to the virus.*?¢~3*

In the present study, Ct values and infectious virus titers were de-
termined using NPS and saliva samples.

Detection of infectious SARS-CoV-2 has been mainly performed
using viruses propagated in cultured cell lines.>'%?-162%34 Although
virus culture is a qualitative method, it has been applied to investigate
the presence of infectious viruses over time.>®** Examples of techniques
to measure infectious viruses include plaque and focus-forming assays to
quantitatively employ a stock preparation of SARS-CoV-2.2° A study
found a significant correlation between infectious virus titers obtained
using plaque and focus-forming assays.>* However, there exist no reports
detailing quantitative infectious virus measurements using clinical
COVID-19 samples. Hence, in this study, a microplate immunoassay was
developed, wherein the virus infection produced a clear, easily detectable
focus.

The Ct values and infectious virus titers of NPS and saliva samples
were measured, and the significance of the correlations was investigated
(Figure 2). In the same Ct value groups, we found that infectious virus
titers in the saliva were significantly lower than those in NPS samples
(Table 1). Many studies report that the sensitivity of saliva for the
diagnosis of SARS-CoV-2 infection is lesser than that of NPS
samples.>?%3°> For example, RT-PCR analyses of NPS and saliva samples
from the same infected person revealed that if the Ct value for the NPS
sample is less than or equal to 26, the saliva sample is 100% positive by
RT-PCR.?” However, if the Ct values for the NPS samples range from 26
to 33 or are more than 33, then the positivity rate of saliva samples is
48% or 14.6%, respectively.?” Another study using NPS and saliva sam-
ples collected from 622 patients who visited a COVID-19 screening clinic
found that the median Ct values for NPS samples are significantly lower
than those for saliva samples, suggestive of a higher viral load in NPS
samples.®?
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The present study demonstrated that when the Ct value was more
than 30, the infectious virus was difficult to detect in NPS or saliva
samples (Figure 2), which is consistent with the results of previous
studies.”*"*%2 One of the studies in which analysis of virus cultures
prepared from 183 RT-PCR-positive specimens (n=9, sputum; n= 174,
NPS) found a significant correlation between the Ct value and the rate of
positive cultures. Furthermore, all samples (100%) with Ct values ranging
from 13 to 17 have been shown to yield the infectious virus.” The po-
sitive culture rate, which has been found to decrease as the Ct value
increases, is 12.5% at Ct = 33% and 0% when Ct was more than or equal
to 34. An analysis of virus cultures of 47 specimens obtained from
RT-PCR-positive residents of a nursing facility showed that when the Ct
value is more than or equal to 30, the viral culture is mainly unsuccessful
and the maximum Ct value of virus-positive cultures is 34.3.° However,
during interpretation of such data, one must consider that virus titers
vary with time and varied sampling methods and multiple tests may be
required to accurately evaluate such patients.

The date of disease onset in some patients was known, and the Ct
values and virus titers on the date of sample collection after disease
onset were analyzed (Figure 3). The findings were consistent with those
of previous studies, which indicated that the amount of infectious virus
peaks immediately after the onset of symptoms and decreases subse-
quently.’®***” Further, the infectious virus is undetectable after 10 days
of disease onset, and the Ct values of RT-PCR samples after 10 days are
more than or equal to 30.2%*%” Therefore, it is unlikely that transmis-
sible infectious virus is present in patients 10 days after the onset of
symptoms.

In Japan, individuals infected with SARS-CoV-2 with a positive PCR
test are eligible for admission to a designated medical institution, and this
standard is strictly enforced when the number of patients is small.
However, with an increase in the number of patients, hospital admission
may not be possible, which significantly increases the number of patients
who must wait elsewhere before they can be treated. The present study
demonstrated that in patients with positive PCR test results, who were
asymptomatic or mildly infected, the infectious virus produced was with
very low titers when the Ct value was more than or equal to 30, which
indicated that others were less likely to be infected. These findings will
significantly aid efforts to mitigate the severe stress on the healthcare
system in Japan, as well as in other countries, should the COVID-19

pandemic continue at the present alarming pace.
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