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ABSTRACT: Since the emergence of SARS-CoV-2 pandemic, clinical
laboratories worldwide are overwhelmed with SARS-CoV-2 testing using
the current gold standard: real-time reverse-transcription polymerase
chain reaction (RT-PCR) assays. The large numbers of suspected cases  Good quality sample
led to shortages in numerous reagents such as specimen transport and Viral transportmedium
RNA extraction buffers. We try to provide some answers on how
strongly preanalytical issues affect RT-PCR results by reviewing the
utility of different transport buffer media and virus inactivation
procedures and comparing the literature data with our own recent
findings. We show that various viral inactivation procedures and
transport buffers are available and are less of a bottleneck for PCR-based Viral inactivation

Covid-19 positive
Covid-19 negative

- ; 34 Ct Cut-off
methods. However, eflicient alternative lysis buffers remain more Preservationof virus ¢, SARS-CoV-2 culture infectivity

structure

difficult to find, and several fast RT-PCR assays are not compatible with

guanidine-containing media, making this aspect more of a challenge in the current crisis. Furthermore, the availability of different
SARS-CoV-2-specific RT-PCR kits with different sensitivities makes the definition of a general cutoft level for the cycle threshold
(Ct) value challenging. Only a few studies have considered how Ct values relate to viral infectivity and how preanalytical issues
might affect viral infectivity and RNA detection. We review the current data on the correlation between Ct values and viral
infectivity. The presence of the SARS-CoV-2 viral genome in its own is not sufficient proof of infectivity and caution is needed in
evaluation of the infectivity of samples. The correlation between Ct values and viral infectivity revealed an RT-PCR cutoff value of 34
cycles for SARS-CoV-2 infectivity using a laboratory-developed RT-PCR assay targeting the RARp gene. While ideally each clinical
laboratory should perform its own correlation, we believe this perspective article could be a reference point for others, in particular
medical doctors and researchers interested in COVID-19 diagnostics, and a first step toward harmonization.

1. FROM COVID-19 SYMPTOMS TO SARS-COV-2 out the article), are based on the use of SARS-CoV-2-specific

RT-PCR primers and probes, designed according to the SARS-CoV-2
genome (Figure 1a). SARS-CoV-2 is an enveloped, positive-
sense, single-stranded RNA virus and possesses a genome
approaching 30 kB. It is arranged in the order of a §’
untranslated region (UTR)—replicase complex [open reading
frame(ORF)lab]—structural proteins [spike (S)—envelope
(E)—membrane (M)—nucleocapsid (N)]—3'UTR and non-
structural accessory proteins.” The RNA-dependent RNA
polymerase (RdRp; nspl2) positioned on ORFlab plays a
crucial role in RNA synthesis with features of rapid mutation

It is now more than a year ago, in December 2019, when
health officials in Wuhan, China, reported on a disease
outbreak with pneumonia syndromes. Since then, the highly
pathogenic 2019 coronavirus disease (COVID-19) linked to
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) virus particles spread worldwide, causing more than 2.19
million fatalities and more than 101 million confirmed cases
worldwide (as of January 29, 2021). With a lack of approved
antiviral agents, only recent vaccines"” and passive immuno-
therapy approaches using COVID-19 convalescent plasma™* at
hand, testing has proven to be critical in the management of Received:  January 11, 2021
the pandemic. Target amplification and its subsequent Accepted:  February 12, 2021
detection is the most widely used approach for viral diagnosis Published: March 6, 2021
and also employed for the detection of coronaviruses.” These

methods, and, in particular, the real-time reverse-transcription

polymerase chain reaction (abbreviated as RT-PCR through-

© 2021 The Authors. Published b
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Figure 1. (a) Genome of SARS-CoV-2 with the most common RT-PCR targets highlighted. (b) Essential steps of the RT-PCR diagnostic
workflow including sample collection, storage in a transport medium, lysis and RNA extraction, reverse transcription, amplification, and detection.
(c) Example of a real-time RT-PCR amplification curve for SARS-CoV-2 and postrun analysis to interpret results.

Table 1. Some Selected SARS-CoV-2 RNA Detection Assays

developer kit extraction amplification cycler
Thermofisher TagPath COVID-19 CE-IVD RT- MGI Nucleic Acid Extraction Kit on the ORFlab, S, N QuantStudio S Real-Time PCR System
Scientific PCR Kit MGI SP-960 instrument (Applied Biosystems)
Altona RealStar SARS-CoV-2 RT-PCR AltoStar Purification Kit 1.5 extraction kit E, S CFX96 Touch Deep Well Real-Time PCR
Diagnostics Kit 1.0 on AltoStar Automation System AMI16 Detection System (Bio-Rad Laboratories)
Beijing Real-Time Fluorescent RT-PCR  MGI Nucleic Acid Extraction Kit on the ORF1 QuantStudio 5 Real-Time PCR System
Genomics Kit for Detecting SARS-CoV-2 MGI SP-960 instrument (Applied Biosystems)
Institute
DiaSorin Simplexa COVID-19 direct None S, ORFlab LIAISON MDX
Molecular
BD BD SARS-CoV-2 reagents for BD BD MAX ExK TNA-3 N1, N2 BD MAX
MAX system
Seegene AllPlex 2019-nCoV assay StarMag 96 Extraction Kit on Microlab E, N, RdRp CFX96 Touch Real-Time PCR Detection
Nimbus System (Bio-Rad Laboratories)
Qiagen QIAstat-Dx respiratory panel Included automated RNA extraction E, ORF1b QIAstat
Cepheid Xpert Xpress SARS-CoV-2 Included automated RNA extraction N2, E GeneXpert Infinity
Institut Pasteur  laboratory developed'” QIAamp Viral RNA Mini Kit (Qiagen, RdRp (two target 7500 Real-Time PCR System (Applied
Paris France) regions, named IP2, Biosystems)

1P4)

and recombination.” Theoretically, the amplification of the
target genes using assay-specific primers and probes should
have not only high specificity but also high sensitivity. In
addition, multiple mutations were detected over the entire
genomes of SARS-CoV-2, speculated to influence the rate of
disease transmission and mortality but also the false-negative
rate, if the mutation occurs at the position of primers or probes
of the currently used target genes.””

Two of the first real-time RT-PCR assays receiving
emergency use authorization (EUA) in February 2020 were
the COVID-19 RT-PCR panel assay (IDT) as well as the
RealStar SARS-CoV-2 RT-PCR (Altona Diagnostics). Since
then, a large panel of COVID-19 RT-PCR assays are available
(a nonexhaustive selection in Table 1 and reviewed in ref 10)
and allowed not only better management of the crisis but
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helped in understanding both the disease and its epidemiol-
ogy.'"'> These assays are all based on some of the essential
steps of RT-PCR (Figure 1b), including (i) lysis of SARS-
CoV-2 virus particles and purification of nucleic acids from
collected samples (oropharyngeal, nasopharyngeal swabs, and/
or lower respiratory tract samples, e.g, sputum, tracheal
aspirates, or bronchoalveolar lavage specimens) dispersed in a
universal or viral transport medium (UTM/VTM), (ii) reverse
transcription to complementary DNA (cDNA), (iii) amplifi-
cation of the specific region of the cDNA, and (iv) optical
detection. The assays differ in the primers/probes used to
amplify/detect the different target regions of the SARS-CoV-2
genome (Table 1), which consequently affects their
sensitivity.'”~'> The difference is generally more pronounced
for samples with low viral load, with a median cycle threshold

https://dx.doi.org/10.1021/acsomega.1c00166
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(Ct) of >33, as recommended by the “Société Frangaise de
Microbiologie”."®

If SARS-CoV-2 RNA is present, then each round of
amplification results in a doubling of the amount of the target.
As a result, amplification occurs exponentially, producing an
exponential curve of amplification (Figure 1c) visualized by the
use of a fluorescent nucleic acid probe. The Ct value is defined
as the number of cycles of amplification required for the
fluorescence of a PCR product to be detected crossing a
threshold, which is above the background signal (a low-level
signal in the assay regardless of whether the target is present or
not) (Figure 1c).

This rather complex process is based on the use of correct
preanalytical procedures, namely, appropriate transport media,
storage conditions, and lysis buffers without causing RNA
damage as well as on a correct interpretation of the Ct values.
The risk of false-positive laboratory tests increases as the
probability of COVID-19 infection decreases. One key
parameter with infected patients harboring low virus loads
(either at the very beginning or at the end of the infection) is
high Ct values near the detection limit of the assay (Figure 1c).
The risk of false-negative results is correlated with a lack of
sensitivity of the analytical method, when the infectious dose is
too low but is most strongly affected by the preanalytical steps
(storage and transport) and the sampling approach itself (i.e.,
type and quality of the specimen). Indeed, nasopharyngeal
swabs are recommended for screening and need to be correctly
performed to contain a sufficient number of infected cells in
order to give a right picture of the infection state of the patient.
What guidance can be given to enable the discernment of true
positives from false positives> How much does sample
preparation and the use of lysis buffers and heat inactivation
affect the results? Are Ct values correlated to viral infectivity or
does a positive result only indicate that the person has come
into contact with the genomic sequence at some time in the
recent past?

2. DOES THE SUCCESS OF RT-PCR DEPEND ON THE
SAMPLE QUALITY AND PREPARATION?

Diagnostics of viral infection using PCR or RT-PCR is now
well-established for many viruses. Most of the time, these
techniques are performed on blood-derived specimens, i.e.,
whole blood, serum, or plasma. In these cases, there is no need
for transport buffers and virus inactivation is not performed.
Other preanalytical issues, like storage or lysis, also apply to
these specimen types. However, in SARS-CoV-2 diagnostics,
two additional challenges apply. First, the specimen type is not
blood-derived but, in general, a respiratory swab specimen.
Therefore, there is a need to place this specimen in some kind
of a transport medium. Second, the pathogen is classified
biosafety level 3 (BSL-3) and diagnostic procedures except
virus culture can be performed in BSL-2 level facilities with
appropriate protective measures.'* Because of high specimen
numbers, automatization of diagnostic assays is necessary, and
due to the severity of the illness and high infectiousness of the
virus, many laboratories, including ours, perform virus
inactivation before analysis. The success of the diagnosis of
SARS-CoV-2 depends largely on the quality of the collected
specimens and the conditions under which they are trans-
ported and stored before being processed in the laboratory.
The most important point is that the specimen is of good
quality, i.e. it contains virus/virus-infected cells. This is
especially critical for nasopharyngeal swab specimens.

6530

Amplification of a cellular gene, e.g, G6PDH, enables
monitoring of the cellular content as a surrogate marker of
the specimen quality. However, in routine practice, most
commercial assays include instead an internal control, e.g., an
artificial RNA that is added to the specimen prior to RNA
extraction, which only monitors extraction and amplification
steps. In the case of SARS-CoV-2, specimens are mostly
dispersed in nutrient solutions such as a viral transport
medium (VTM) or a universal transport medium (UTM). The
constituents of an appropriate viral transport medium are
selected to create an isotonic solution containing proteins to
protect the viral structure, antibiotics to inhibit microbial
contamination, and one or more buffers to control the pH.
Often, VIM/UTM are based on Hanks balanced salt
solutions, calcium and magnesium, proteins (fetal bovine
serum and albumin), as well as antibiotics such as gentamycin
and amphotericin. Viral transport media are prepared with the
idea of sustaining the viability of the viruses for detection in
cell culture. While these complex solutions present a challenge
for molecular SARS-CoV-2 diagnostics such as electro-
chemical-," electrical-** and/or optical-based biosensors'*"**
due to eventual surface antifouling,'””® they are less of a
bottleneck for PCR-based methods.

For RT-PCR, effective RNA extraction remains one of the
main issues. The key chemical constituent of the lysis buffer is
guanidium thiocyanate, a chaotropic agent that denatures
proteins, helps the liberation of nuclear RNA and genomic
DNA, and protects against RNAse enzyme degradation. In
standard formulations, such as those commercialized by, e.g.,
Qiagen (AVL buffer), up to 6 M guanidium thiocyanate is
used.”” With the epidemic doubling in size every 3—7 days and
the increased need of RNA extraction reagents such as
guanidium thiocyanate, this chemical became scarce and
alternatives were sought after. Scallen and her colleagues
validated that a lysis buffer containing only 4 M guanidinium
thiocyanate and Triton X-100 (3% v/v) was effective for the
extraction of SARS-CoV-2 RNA from respiratory specimens
and allowed easing the burden on hospital laboratories.”® The
inclusion of a detergent such as Triton X-100 enhances the
disintegration of the viral envelope during extraction. We have
recently demonstrated the utility of a specimen transport buffer
containing next to Tris-EDTA 10 X (100 mM Tris/10 mM
EDTA), only 2.53 M guanidine thiocyanate (30%), and Triton
X-100 (2.5% v/v, 34.4 mM).”* When respiratory specimens
were diluted in this buffer, the quantity of viral RNA for two
SARS-CoV-2 targets was stable at room temperature until at
least day S. There was a slight increase in Ct values for the
SARS-CoV-2 targets after day S, whereas Ct values for the
cellular control gene G6PDH remained stable until day 30.
After 30 days of storage at room temperature, SARS-CoV-2
RNA could be detected consistently in the case of high virus
loads (i.e., Ct values of up to 30) but not in the case of low
virus loads. These results confirm that lower guanidine
concentrations had no negative effect on stabilizing viral
RNA. This transport buffer could solve two issues: the
problems of shortages in a viral transport medium and limited
cold room capacities. However, it has to be kept in mind that
some rapid RT-PCR assays are not compatible with guanidine-
containing media as guanidine thiocyanate is unstable in a
sodium hypochlorite solution, commonly known as bleach and
a widely used cleaning reagent in molecular testing workflows
and is also an inhibitor of the Taq polymerase, which leads to

https://dx.doi.org/10.1021/acsomega.1c00166
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uninterpretable results when using assays without an RNA
extraction step.24_26

3. IMPORTANCE OF SARS-COV-2 INACTIVATION
AND ITS CONSEQUENCES FOR RT-PCR

To allow safe transportation of clinical specimens from
collection points to laboratories, as well as for performing
experiments involving SARS-CoV-2 in general, inactivation
procedures are performed. The efficiency of SARS-CoV-2
inactivation depends on several factors, including next to its
concentration, the sample matrix and contact time. Up to date,
only limited data on the efficacy of SARS-CoV-2-specific
inactivation approaches are reported in the literature (Table
2),7"*% as risk assessments have largely been based upon virus
inactivation information from related coronaviruses such as
SARS-CoV-1.7

Table 2. Inactivation Procedures of SARS-CoV-2

method conditions inactivation  refs
heat 100 °C (S min) yes 31
80 °C (60 min) yes 29

60 °C (30 min) yes 32

56 °C (45 min) yes 31

56 °C (30 min) no 31

uv 0.01J ecm™ no 29
irradiation 0.04 J cm™ yes 29
chemical sodium dodecyl sulfate (1 h, 0.5%) yes 28
Triton X-100 (1 h, 0.5%) yes 28

NP-40 (1 h, 0.5%) yes 28

Tween 20 (1 h, 0.5%) no 28

guanidine thiocyanate (1 day, 1.27 M) no 24

Triton X-100 (1 day, 2.5% v/v)
TRIzol (10 min,10%) yes 31
formalin (10 min, 0.5—2%) yes 31

Heat inactivation is the most widely employed method for
SARS-CoV-2.** Patterson et al. heated SARS-CoV-2 at 80 °C
for 1 h and demonstrated complete virus inactivation. The
complete inactivation of SARS-CoV-2 viral particles upon
heating at 60 °C for 30 min was confirmed by us recently.*”
These results are in line with the data by Jureka et al,”" where
S min at 100 °C was sufficient for virus inactivation, while 45
min at 56 °C was required for complete inactivation. We
recently confirmed that virus inactivation can be achieved upon
heating at 35 °C for 45 min.*”

It is important to note that heat inactivation at 60 °C for 30
min preserved the antigenic spike protein function (Figure 1a),
used currently in several point-of-care antigenic tests."’** This
was confirmed by affinity studies between heated and
nonheated SARS-CoV-2 receptor-binding domain (RBD)
and SARS-CoV-2 surface receptor using surface plasmon
resonance (SPR) binding curves (Figure 2a). Heating the RBD
at 100 °C for 60 min showed no binding affinity to SPR chips
modified with RBD-specific VHH-72 surface ligands.”” A lower
binding efficiency was still observed for RBD heated for 45 min
at 60 °C. This contrasts with RBD treatment for 30 or 15 min
at 60 °C, where only a slight degradation of the protein seems
to have taken place and binding events are comparable to those
recorded for non-heat-treated specimens. In addition, heat
treatment at 60 °C did not have a negative effect on the RNA
stability (Figure 2b—d), making it an ideal and clean
inactivation process.
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Figure 2. Quantification of SARS-CoV-2 following exposure to
different inactivation conditions: (a) surface plasmon resonance
(SPR) binding curves recorded on a T200 Biacore for the receptor-
binding domain (RBD, 200 nM) and RBD for different time intervals.
The interface was modified with SARS-CoV-2-specific VHH-72
nanobodies.”® (b—d) RNA stability after heat inactivation: SARS-
CoV-2 RNA-positive nasopharyngeal swab specimens were pooled
and divided into equal volumes and heated for 30 min at 60 °C. The
aliquots were either kept at room temperature (RT), 4 °C, or —80 °C
for the indicated times before RNA extraction and RT-PCR was
performed in triplicate.’> As a control, untreated specimens were
included. Ct values are indicated for the SARS-CoV-2 targets IP2 (b),
IP4 (c), and the cellular control G6PDH (d) (Figure 2—2d report
mean values of three samples).

Next to heat, UV irradiation, based on the modification of
the nucleic acid structure, proved to be effective in SARS-CoV-
2 inactivation.”” The approach is dependent on the exposed
light energy with 0.01 J cm™ leading to partial viral
inactivation, while light energy values higher than 0.04 ]
cm™? resulted in complete inactivation.

Chemical inactivation using various detergents and
chemicals, such as formaldehyde®* and p-propionolac-
tone,” " was also evaluated. In the case of sodium dodecyl
sulfate (SDS), Triton 126X-100, and NP-40, a commercially
available ethoxylated nonylphenol surfactant, complete in-
activation of SARS-CoV-2 was achieved.”® However, upon
treatment with Tween 20 (0.5%) for 1 h, all specimens
remained infectious. This was also the case using our proposed
transport buffer based on Tris-EDTA 10 X (100 mM Tris/10
mM EDTA), guanidine thiocyanate (30%, 2.53 M), and Triton
X-100 (2.5% v/v, 34.4 mM) at a dilution of 1/2 and 9/10. In
contrast, SARS-CoV-2 treatment with TRIzol (10%) and a
formalin (0.5—2%) solution for 1 h at room temperature
proved to be effective in SARS-CoV-2 inactivation.”’ The same
was true when SARS-CoV-2 was exposed to f-propiolactone
(0.5%) for 16 h at 4 °C, followed by 2 h at 37 °C.*" While
heating of specimens is usually performed in the diagnostic
laboratory, chemical inactivation using appropriate specimen
transport buffers would enable virus inactivation before
transport and thus facilitates transport and preanalytical
procedures.”®

27,28,31
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Figure 3. Clinical significance of SARS-CoV-2 RT-PCR results. (a) Timeline of SARS-CoV-2 infectivity taking into account our own findings and

those of others.>”

9 (b) Ct values (target IP2) as a function of time after the symptom onset in nasopharyngeal swab specimens of COVID-19

patients. Ct of specimens with undetectable SARS-CoV-2 RNA were set to 50. (c) Correlation of Ct values with SARS-CoV-2 infectivity. Vero E6
cells were infected with 10-fold dilutions of a SARS-CoV-2 isolate. The plates were incubated for 6 days in 5% CO, at 37 °C and examined daily
using an inverted microscope (ZEISS Primovert) to evaluate the extent of the virus-induced cytopathic effect in cell culture. The calculation of the
estimated virus concentration was carried out by the Spearman and Karber method*®*” and expressed as TCID;o/mL (50% tissue culture infectious
dose). TCID;o/mL values were transformed to PFU mL™" using the formula PFU mL™' = TCIDg,/mL X 0.7.°° RNA extraction and RT-PCR
(target IP4 and target IP2) were performed in duplicate for each dilution. Ct of dilutions with undetectable SARS-CoV-2 RNA were set to S0.

4. PREDICTING INFECTIOUS SARS-COV-2 FROM
DIAGNOSTIC SPECIMENS

Next to the sampling and specimen preparation, the use of an
appropriate cutoff value for the proper interpretation of SARS-
CoV-2 PCR results is of paramount importance. However,
these values can only be interpreted correctly by having an idea
about the health history of the patient, as pointed out lately by
communication by Public Health England.”” Byrne et al.*’
published one of the first overviews of infectious periods of
SARS-CoV-2 up to April 1, 2020. Substantial variations were
observed with mean infectious period of asymptomatic cases
between 6.5 and 9.5 days, shortening in presymptomatic cases
to 1—4 days, with 13.4 days estimated from the onset of the
symptoms to a negative RT-PCR.*’ This review was
complemented more recently by a review and meta-analyses
by Weiss and co-workers*' and Cevik et al.** with data on
nasopharyngeal swab samples taken in the first week after the
onset of COVID-19 symptoms.*"** These specimens revealed
high viral loads in both studies.*"** Figure 3a schematically
illustrates the viral load dynamics from the symptom onset to
recovery for symptomatic cases. It is believed that infectious-
ness begins 2—3 days prior to symptoms’ onset and peaks
around the symptom onset.”> The infectious period is thus
approximately 9—10 days. In fact, virus load is already high
before the symptom onset and almost half of transmissions to
secondary cases occur in the presymptomatic period.”*™*° The
timeline of SARS-CoV-2 RNA was lately confirmed by some of
us"” using data from 520 COVID-19 patients. The Ct values of
nasopharyngeal swab specimens were plotted against the time
after the symptom onset (Figure 3b). The lowest Ct values,
corresponding to the highest virus loads, were found early after
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the symptom onset, followed by a decline in virus load with
increasing time after the symptom onset.

There is a general agreement that Ct values are strongly
associated with SARS-CoV-2 viral load and infectivity. While a
threshold cutoff of Ct 33—35 is associated with low infectivity,
a Ct value of 20 is linked to a highly infective person. Ct values
are semiquantitative, with a 3-point increase in the Ct value
being roughly equivalent to a 10-fold decrease in the quantity
of viral genetic material. While clinical laboratories often use
Ct cutoff values provided by the RT-PCR kit manufacturers,
which are between 37 and 40 cycles, to define a specimen with
positive SARS-CoV-2 RNA detection, correlation between
viral RNA load with patient specimen infectivity can only be
determined in BLS-3 settings.

Some studies have been conducted in an attempt to
correlate Ct values with SARS-CoV-2 virus infectivity.*>>' =
While being a laborious process in BLS-3 settings, viability of
virus can be determined by inoculating cultured Vero cells and
assessing evidence of the cytopathic effect. Data in Figure 3c
were obtained by first determining the Ct value of a SARS-
CoV-2 clinical isolate, followed by a serial dilution of this
specimen in 10-fold steps. As expected, a linear relation
between the Ct values and serial dilution was observed for both
RT-PCR targets, IP4 and IP2. The same dilutions were further
used for infecting Vero cells and determining the infectivity of
each dilution. While the initial specimens with a Ct value of 12
correspond to a viral load of 2.2 X 10° pfu mL™}, at a Ct of 33,
only 15 pfu mL™" are detected. Our system correlates with a
cutoff value of 34 cycles for SARS-CoV-2 infectivity. The
relationship between RT-PCR values and culture positivity was
also validated by Singanayagam et al’* who found that
culturing virus declined to 8% in specimens with Ct > 38.
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A study by La Scola and colleagues examined 3790 positive
specimens with known Ct values and found that 70% of these
specimens could be cultured if having a Ct < 25, but less than
3%, if having Ct > 35.°” Bullard tested 90 samples from Covid-
19-positive specimens through incubation with Vero cells to
assess their infectivity.”®> They concluded that specimens with
Ct > 24 or taken >8 days after the symptom onset were not
able to infect cells. Indeed, positive RT-PCR tests are not
correlated to the infection state. Wolfel et al. demonstrated
that after 8 days from the symptom onset, virus could not be
isolated in cell culture, despite ongoing high viral load in RT-
PCR results.”® Indeed, other studies concluded that SARS-
CoV-2 RNA can still be detected 6—8 weeks after the
symptom onset and after clearance of symptoms, with no
correlated cell culture infectivity.**® So, could Ct values help
doctors to indicate if the patient is highly infectious or not and
should be isolated and contacts tracked down? Ct values are
believed by many to be an imperfect measure and laboratory-
dependent. Furthermore, infectivity, measured by infection of
cell culture, can only be a surrogate marker for infectivity. A
virus might be more effective in infecting its natural host than
cell culture. The real answer to the question of infectivity can
only be provided by epidemiological studies, correlating the
number of secondary cases infected by a person with a given
Ct value at a given time. This kind of study would be extremely
valuable but would need exact contact tracing to identify
contacts that had only contact on the same day when the Ct
value was obtained because nobody can predict what Ct the
person’s specimen harbored the day before or after.

5. CONCLUSIONS AND FUTURE CRITICAL OUTLOOK

With the rapid diagnosis of COVID-19-infected patients using
RT-PCR, clinical laboratories played a key role in controlling
the spread of SARS-CoV-2 virus. Since the beginning of the
pandemic, there are controversial views about the infectious-
ness of patients as a positive RT-PCR test cannot tell whether
the person is infectious or not or when the infection started. In
most cases, virus load quickly decreases after the symptom
onset, and most patients will no further have SARS-CoV-2
RNA detection in nasopharyngeal swabs in a median of 14—25
days after the symptom onset. However, in elderly, severely ill,
or immunosuppressed patients, nasopharyngeal swabs and
lower respiratory tract specimens can still be positive for SARS-
CoV-2 RNA detection several weeks after the symptom
onset.*”” In general, these specimens harbor high Ct values
corresponding to low virus load. The question arose whether
this corresponds to infectious virus or only viral genomic
material. The detection of the presence of a viral genome on its
own is therefore not sufficient. Ct values are thus believed by
many to be an imperfect measure, laboratory-dependent, and
not very useful. However, several studies that aimed at
quantifying the relationship between Ct and the likelihood of
culturing live viruses suggest that the probability to recover a
live virus from specimens with Ct > 34 is low. Defining a
general Ct cutoff is obviously a real challenge. Infectivity and
RT-PCR Ct cutoff values also depend on the time span, which
evolved between sampling and analysis. Indeed, samples are
transported and stored at 4 °C for several hours prior to
analysis. The storage at 4 °C for up to S days is recommended
by WHO and the use of storage buffers is believed to conserve
the sample quality.*”

However, using the Ct value as a surrogate marker for virus
load in a clinical routine will need the harmonization of the
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numerous SARS-CoV-2 assays. Harmonization of virus load
measurements between different laboratories and assays is a
general challenge that has not been completely resolved even
for virus load assessments that are routinely performed for
several years. Development of WHO international standards
for quantification is one step to try to harmonize virus load
determination.”” Defining RT-PCR cutoff levels is furthermore
necessary for evaluating the performance of other SARS—CoV-
2 tests compared to RT-PCR.%’

The current gold standard for SARS-CoV-2 diagnostics is
real-time RT-PCR. Classical assays take 4—6 h while rapid
molecular assays have been developed and yield results in less
than 2 h.'” However, these need specific instruments and the
price per test is high. While clinical laboratories still play the
dominant role in patient specimen screening, integrated point-
of-care (POC) platforms are believed to hold a central place in
the future. While RT-PCR approaches will remain the gold
standard for viral testing and thus for SARS-CoV-2, POC
devices will allow overcoming the bottleneck of widespread
nucleic acid testing due to their intrinsic characteristics being
simple, faster, and cheap with the ability of COVID-19
diagnostic in the doctor’s office as well as at home. Such
platforms will ensure reduced turnaround time, unlimited
retesting, and a potentially lower cost by reducing reagent
consumptions. Currently, such platforms mostly detect SARS-
CoV-2 antigens and severely lack sensitivity compared to RT-
PCR.°' 7% Recent developments include loop-mediated
isothermal amplification (LAMP) POC tests. These are cost-
effective, rapid molecular assays with satisfying specificity and
sensitivity. However, they generally require a sample
preparation step and a specific instrument.'’ Currently
available POC tests detect viral components but not the entire
virus particle. It would be, however, much more elegant and
eventually more efficient to detect the infectivity status of the
patient by sensing the presence of the S1 protein on the surface
of an intact SARS-CoV-2 particle. We are currently working on
the development of such a test. We could indeed discriminate
COVID-19-negative from COVID-19-positive patients upon
the use of electrodes functionalized with engineered nano-
bodies in an electrochemical sensing format.'”®* The
developed sensor was tested in a clinical trial on 100 nasal
swab specimens and showed a 88% positive percentage
agreement (PPA) and a 88% negative percentage agreement
(NPA), as compared to RT-PCR with an analysis time of 10
min without any pretreatment step.

The use of POC testing also means treating a diagnostic
assay as an integrated unit from specimen collection and
processing to final analysis. As these tests are designed to be
done on site and immediately, no viral transportation media
nor viral inactivation protocols are required, making the assays
much easier and faster to perform. This implies moving from
nasopharyngeal specimens, which have to be taken by
professionals, to alternative specimens such as saliva and
exhaled breath condensate (EBC) that can easily be collected
by the patient at home. The EasyCov saliva-based screening
test, developed jointly by CNRS researchers in Montpellier,
France, and two private sector companies (Alcediag and
SkillCell), is one of the examples where COVID-19 diagnostics
will stand in the future. Easycov enables mass testing via loop-
mediated isothermal amplification (LAMP), resulting in a
colorimetric readout. The test that is completed in 40 min
succeeded in detecting 87% of positive cases among 220
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people who had been tested at the Montpellier University
Hospital since September 6, 2020.

Breath sampling might be another approach in the future as
it does not require trained medical personnel and can be done
essentially anywhere in any time frame. Exhaled breath
contains tiny aerosols and the collection of these aerosol
particles, produced by patients during coughing or breathing,
potentially provides a noninvasive method for collection of
diagnostic specimens of SARS-CoV-2. It has been indeed
postulated lately that the exhaled breath is a significant source
of SARS-CoV-2 emission.*®

In conclusion, the ongoing COVID-19 crisis revealed that
complex issues such as viral transportation, viral inactivation,
and viral diagnostics require knowledge and expertise in
different topics and domains. It is through the tight interplay
between biologists, chemists, nanotechnologists, and medical
doctors that COVID-19 diagnostics will ultimately allow
controlling the worldwide pandemic. The enormous know-
how gained with SARS-CoV-2 sensing can often be easily
adapted to other viral infection assays and researchers are
urged to continue their strong involvement in the actual
sanitary crisis. It is timely to put the importance of research
and innovation at the forefront to make society understand
that money is not wasted while doing research with positive
input to society at large.
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