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10Hôpital Vaugirard, Service de g�eriatrie, Assistance Publique-Hôpitaux de Paris, Paris, France
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A B S T R A C T

Background: The dynamics of SARS-CoV-2 alpha variant shedding and immune responses at the nasal mucosa
remain poorly characterised.
Methods: We measured infectious viral release, antibodies and cytokines in 426 PCR+ nasopharyngeal swabs
from individuals harboring non-alpha or alpha variants.
Findings: With both lineages, viral titers were variable, ranging from 0 to >106 infectious units. Rapid anti-
genic diagnostic tests were positive in 94% of samples with infectious virus. 68 % of individuals carried infec-
tious virus within two days after onset of symptoms. This proportion decreased overtime. Viable virus was
detected up to 14 days. Samples containing anti-spike IgG or IgA did not generally harbor infectious virus. Ct
values were slightly but not significantly lower with alpha. This variant was characterized by a fast decrease
of infectivity overtime and a marked release of 13 cytokines (including IFN-b, IP-10 and IL-10).
Interpretation: The alpha variant displays modified viral decay and cytokine profiles at the nasopharyngeal
mucosae during symptomatic infection.
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1. Introduction

SARS-CoV-2 variants have supplanted pre-existing viral strains
worldwide. The alpha variant (B.1.1.7), initially detected in UK at the
end of 2020, displayed a 43-90% higher reproduction number than
pre-existing variants. It was dominant until May 2021 [1-3]. The rea-
sons for this increased transmission are not fully deciphered. Pro-
posed mechanistic hypotheses, based on epidemiological modelling,
include higher viral loads and longer infectious period, rather than
increased susceptibility in children or reduced protection from
immunity to pre-existing variants [2,3]. The delta variant, first identi-
fied in India in December 2020, has then replaced other variants. It is
estimated to be 50% more transmissible than alpha and represented
in Sept 2021 more than 90% of circulating strains in many countries.
It displays reduced sensitivity to neutralising antibodies and
increased hospitalization rates, mostly in unvaccinated individuals
([4,5] and preprints [6,7]).

Little is known about the extent of virus shedding in individuals
infected with the alpha variant. A longitudinal study performed on a
limited number of patients (7 individuals were tested) reported that
the variant may cause longer infections with similar peak viral RNA
concentration compared to non-alpha SARS-CoV-2 (Preprint [8]).
Another study showed a longer persistence of SARS-CoV-2 RNA in
nasopharyngeal swabs in persons with lineage alpha infection (16
days) in comparison to those by other lineages (14 days) [9]. It has
alternatively been observed that alpha is associated with higher viral
RNA loads than non-alpha viruses [10,11]. These studies did not
extensively examined infectivity of the specimen. Whether alpha’s
increased transmissibility is linked to inherent viral properties such
as the known increased affinity to Angiotensin-Converting Enzyme 2
(ACE2), extended duration of shedding, higher viral peaks, or modifi-
cations of the local inflammatory state, remains to be mechanistically
determined.

The extent and duration of shedding of infectious virus in naso-
pharyngeal swabs of COVID-19 patients are only partially character-
ized. Some studies have corelated RT-qPCR levels, or a positive lateral
flow antigenic rapid diagnostic test (RDT), with viral outgrowth
assays [12-21]. Assessment of viral infectivity is classically performed
using subclones or derivatives of the Vero cell line, which is naturally
sensitive to infection and does not mount a type-I Interferon
response [12-18,22]. In these cells, the presence of replicating virus is
generally detected by visualisation of a cytopathic effect after 2-
10 days of culture, or by immunofluorescence staining or RT-qPCR
measurement at an earlier time point. Clinical samples are often
tested at low dilutions (pure to 1/10), precluding the calculation of an
infectious titer. However, Bullard et al titrated a series of 90 swabs on
Vero cells, and positive cultures were observed up to day 8 after
symptoms onset, with a median TCID50/mL (Median Tissue Culture
Infectious Dose) of 1780 [19]. With the same technique, Pickering
et al reported titers up to 105 PFU/mL on a series of 141 specimen
[20].

Here, we explored virological and immunological characteristics
of a retrospective series a 426 RT-qPCR positive nasopharyngeal
swabs from individuals infected with non-alpha and alpha variants,
collected at different days post onset of symptom (POS). We highlight
potential differences between viral strains.
2. Methods

2.1. Hôpital Europ�een Georges Pompidou (HEGP) cohorts

The first cohort is composed of SARS-CoV-2 positive samples for
which PCR was performed at the HEGP Virology Laboratory with the
AllplexTM 2019-nCoV Assay - Seegene Inc between October 8 and
November 18, 2020. The Ct analysis was performed for the N gene.
The second cohort (n=226) includes all positive samples from HEGP
between January 7 and March 21, 2021 that were compatible with
variant screening (Ct<33) according to national recommendations.
The Ct were measured with an updated version of the AllplexTM

2019-nCoV Assay - Seegene Inc kit. The study size was determined
according to the feasibility of the experimental work in a reasonable
time. To minimize bias, all positive samples collected in a determined
period were considered. We also ensured that the sex and age ratios,
and the disease severity parameters were not significantly different
between individuals infected with non-alpha and alpha variants.

For the second cohort, 210 Samples were subjected to specific
molecular screening for N501Y, E484K, K417N and V1176F mutations
(VirSNiP assay, Tib Molbiol, Berlin, Germany). 17 samples were classi-
fied as alpha based on the absence of S gene amplification by
TaqPathTM COVID 19 RT PCR Kit (Thermo Fisher Scientific, Couta-
boeuf, France). Full-length viral genomes were obtained on 194 sam-
ples (56 non-alpha and 138 alpha) out of 226, by Illumina sequencing
(Artic protocol, NEB library) and confirmed the PCR analysis. The N
gene result was used for Ct analysis (AllplexTM SARS-CoV-2 Assay -
Seegene Inc).

For samples from both cohorts, the transport medium was the
Yocon Virus Sampling kit (Yocon Biology Company, Beijing, China).
Demographic information was collected (sex, age). The severity of
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the disease at the time of sampling was classified as asymptomatic,
mild (symptoms without hospitalization), moderate (hospitalization),
critical (intensive care). The date of onset of symptoms was collected
when available. Other demographic or clinical information (comor-
bidities, treatments, immunocompetence status) which could include
potential confounders were not available. Of note, we did not mix the
Ct values obtained in the two cohorts, since different versions of the
RT-qPCR test were used.

2.2. Ethics statement

Our study was retrospective and informed consent from all partic-
ipants was obtained after collection of the samples. Our observational
work was carried out in accordance with the Declaration of Helsinki
with no sampling addition to usual procedures. Swab specimens
were obtained for standard diagnostic following medical prescrip-
tions in our hospital. The project was evaluated by the ethics commit-
tee “Comit�e d'�ethique de la recherche AP-HP Centre“ affiliated to the
AP-HP (Assistance publique des Hopitaux de Paris). It obtained an
approval (IRB registration # 00011928) on February 17, 2021.

2.3. Lateral Flow Antigenic Rapid Diagnostic Rapid Test (RDT)

COVID-19 Ag test (SD Biosensor, Inc, Republic of Korea) was per-
formed according to the manufacturer's recommendations. The nega-
tive predictive value of the test is 99.6% for a 1% prevalence and 97.8%
for a 5% prevalence [23].

2.4. S-Fuse assay

U2OS-ACE2 GFP1-10 or GFP 11 cells (derived from U2OS cell line
CLS Cat# 300364/p489_U-2_OS, RRID:CVCL_0042), also termed S-
Fuse cells, become GFP+ when they are productively infected by
SARS-CoV-2 [4,24,25]. TMPRSS2 was added in S-Fuse cells as
described, yielding S-Fuse-T cells [24]. Cells were tested negative for
mycoplasma. Cells were mixed (ratio 1:1) and plated at 8 £ 103 per
well in amClear 96-well plate (Greiner Bio-One). The nasopharyngeal
swabs or a SARS-CoV-2 strain control were added to the S-fuse cells
at serial dilutions from 1:10 to 1:1 000 000. 18 hours later, cells were
fixed with 2% PFA (Electron microscopy cat# 15714-S), washed and
stained with Hoechst (dilution 1:1,000, Invitrogen cat# H3570).
Images were acquired with an Opera Phenix high content confocal
microscope (PerkinElmer). The GFP area and the number of nuclei
were quantified using the Harmony software (PerkinElmer). The viral
titer (Infectious units /mL) was calculated from the last positive dilu-
tion with 1 infectious unit (IU) being 3 times the background (GFP
area in non-infected controls).

2.5. S-Flow Assay

The S-Flow assay was performed as described [26-28]. Briefly,
HEK-293T (referred as 293T) cells were acquired from ATCC (ATCC
Cat# CRL-3216, RRID:CVCL_0063) and tested negative for myco-
plasma. 293T Cells stably expressing Spike or control cells were
transferred into U-bottom 96-well plates (105 cells/well). Cells were
incubated at 4°C for 30 min with nasopharyngeal swabs (1:5 dilution)
in PBS containing 0.5% BSA and 2 mM EDTA, washed with PBS, and
stained using anti-IgG AF647 (Jackson ImmunoResearch cat# 109-
605-170) or Anti-IgA AF647 (Jackson ImmunoResearch cat# 109-
605-011). Cells were washed with PBS and fixed 10 min using 4%
PFA. Data were acquired on an Attune Nxt instrument (Life Technolo-
gies). Stainings were also performed on control (293T Empty) cells.
Results were analysed with FlowJo 10.7.1 (Becton Dickinson). The
positivity of a sample was defined as a specific binding above 30%.
The specific binding was calculated as follow: 100 x (% binding 293T
Spike - % binding 293T Empty)/ (100 - % binding 293T Empty).
2.6. Anti-SARS-CoV-2 antibody and Virus stock

The human anti-SARS-CoV2 monoclonal antibody mAb48 recog-
nizes the RBD of non-alpha and alpha variants [25]. SARS-CoV-2 iso-
late (Wuhan) was used as a positive control as described [24,25]. The
specificity of the human anti-RBD SARS-CoV2 monoclonal antibody
mAb48 was verified by ELISA and SPR binding assays using recombi-
nant trimeric S, S1, and RBD proteins as antigens, and by in vitro neu-
tralization assays [4,25] (Planchais, C. et al. in preparation).
2.7. Measurement of cytokines

Nasopharyngeal samples were inactivated with Triton X-100 1%
(v/v) for 2h at RT, and cytokines were quantified as described [29].
IFNa2, IFNg, IFNλ3, IL-17A were quantified with Simoa assays devel-
oped with Quanterix homebrew kits as described [30]. Other cyto-
kines and chemokines were measured with a commercial Luminex
multi-analyte assay (Biotechne, R&D system).
2.8. Statistical analysis

No statistical methods were used to predetermine sample size.
The experiments were not randomized and the investigators were
not blinded to allocation during experiments and outcome assess-
ment. Our research complies with all relevant ethical regulation.

The collected clinical and experimental data were manually
entered in a unique database for each cohort using Excel 365 (Micro-
soft). Repeated measures for 8 individuals (2 different time points)
were analysed individually and not longitudinally due to the low
number of such individuals (1.9 %).

Age and sex were not associated with any variation in the param-
eters analysed here (not shown). Other potential confounders such as
comorbidities and treatments were not retrospectively available and
could not be analysed.

Days POS and clinical data are missing for some individuals
(Table 1 and Fig. S1). They were excluded of the analysis of these
characteristics (Fig. 2d, 3e and 4).

Flow cytometry data were analysed with FlowJo v10 software
(TriStar). Calculations were performed using Excel 365 (Microsoft).
Figures were drawn on Prism 9 (GraphPad Software). Statistical anal-
ysis was conducted using Prism 9. Statistical significance between
different groups was calculated using the tests indicated in each
figure legend. For the comparison of multiple groups, a non-paramet-
ric ANOVA test (Kruskal-Wallis test) has been performed and a
Dunn’s test was applied to correct for multiple testing.

Partial least square regression with “leave-one-out” strategy was
performed with R version 4.0.2 on RStudio Desktop 1.3.959 (R Studio,
PBC) using the Package pls version 2.7-3. Briefly, numerical data were
centered and scaled before performing the regression and the num-
ber of components was selected with the selectNcomp function. Sig-
nificance of the variation coefficients was assessed with Jackknife
approximate t tests (jack.test). We performed logistic regressions on
different parameters depending on time since onset of symptoms. To
assess the goodness of fit of the models, we calculated the area under
the ROC curve between observed and predicted results (AUCROC)
(package pROC: http://expasy.org/tools/pROC), the closest the
AUCROC is to 1 the better the prediction is. Indeed, the ROC curve
depicts the proportion of samples correctly classified as positive by
the model (sensitivity) and the proportion of samples correctly
assigned as negative (specificity). A prediction model is perfect if it
has 100% sensitivity and 100% specificity which corresponds to an
area under the curve of 1. The AUCROC is the measure of the ability of
the model to distinguish between classes and is used as a summary
of the ROC curve. We compared curves using a Chi-square test of the
regression with time and variant parameters. For other R analysis we

http://expasy.org/tools/pROC


Table 1
Characteristics of the individuals with PCR-confirmed SARS-CoV-2 infection. Char-
acteristics of the 200 RT-qPCR diagnosed COVID-19 individuals collected between
October 8 and November 20, 2020 (upper panel) and 226 individuals collected
between January 7 and March 27, 2021 (71 infected with non-alpha and 155
infected with alpha) (lower panel). ND: Non-Determined. ICU: Intensive Care
Units.

Cohort #1

Number of samples 200
Age (years), median

(IQR)
47 (29-67)

Sex
Female 114
Male 83
ND 3

Clinical
Asymptomatics (AS) 18
Mild symptoms (Mild) 114
Hospitalized (Hospit) 34
ICU 11
Total 177 (85.5%)
ND 23

Number of samples with
known days POS (%)

149 (74.5%)

Days POS, median (IQR) 3 (1-6)
Cohort #2 non-alpha alpha
Number of samples 71 155
Age (years), median

(IQR)
66 (48-86) 58 (41-74)

Sex
Female 43 94
Male 28 61

Clinical
Asymptomatics (AS) 4 11
Mild symptoms (Mild) 23 50
Hospitalized (Hospit) 20 42
ICU 10 26
Total 57 (80%) 129 (83%)
ND 14 26

Number of samples with 45 (63.4%) 105 (67.7%)
known days POS (%)
Days POS, median (IQR) 3 (1-8) 3 (1.5-7)
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used the following packages: corrplot (https://github.com/taiyun/
corrplot) and readxl (https://CRAN.R-project.org/package=readxl).

2.9. Role of funders

The funders had no role in study design, data collection, data anal-
yses, interpretation, or writing of report.

3. Results

3.1. Measuring virological and immunological parameters in
nasopharyngeal swabs

We examined the content of nasopharyngeal swabs from RT-qPCR
+ COVID-19-diagnosed individuals with four different assays (Fig. 1a).
We assessed SARS-CoV-2 antigenic reactivity with a lateral flow anti-
gen rapid diagnostic test (RDT) (from SD Biosensor Inc). We mea-
sured anti-SARS-CoV-2 IgG and IgA with the sensitive flow-
cytometry based S-Flow assay [27]. In a subset of 202 samples, we
measured the levels of 48 cytokines, by either a bead-based multi-
plexed immunoassay system Luminex or the digital ELISA Simoa
[29]. We also titrated infectious virus with the S-Fuse assay [24,25].
S-Fuse cells are U2OS cells stably expressing ACE2 and including the
GFP-Split complementation system [24,31]. They produce GFP (Green
Fluorescent Protein) upon cell-cell fusion. The total area of syncytia,
measured at 20h post infection with a high-content imager, corre-
lates with the viral inoculum, indicating that the assay provides a
quantitative assessment of viral infection [4,25]. We improved the
sensitivity of viral detection by stably expressing TMPRSS2 (Trans-
membrane Serine Protease 2), a surface serine protease known to
enhance infection, yielding S-Fuse-T cells. We first tested 12 RT-qPCR
negative and 17 RT-qPCR positive nasopharyngeal swabs (Fig. 1b).
The negative samples did not generate a GFP signal. Serial dilutions
of RT-qPCR positive specimen demonstrated substantial heterogene-
ity in infectivity (from 0 to 105-6 Infectious Units (IU)/ml). Limiting
dilutions of 20 nasopharyngeal swabs demonstrated that S-Fuse-T
cells were similarly sensitive than Vero E6 cells (assessed by the cyto-
pathic effect generated at 5 days pi) to detect viral infectivity, with a
strong correlation between the two assays (Fig. 1b). A representative
experiment with two positive samples is depicted in Fig. 1c. Of note,
viral release in the supernatant of S-Fuse-T infected cells reached
only 103 pfu/ml, probably because the cells rapidly die upon infec-
tion.

We counterstained fixed plates with mab48, a human neutralizing
monoclonal antibody targeting the SARS-CoV-2 Receptor Binding
Domain (RBD) of the Spike, which does not cross-react with seasonal
coronaviruses [25]. The GFP+ cells also expressed the Spike (Fig. 1d),
indicating that they have been productively infected with SARS-CoV-
2 and not with another respiratory virus that may have triggered syn-
cytia formation. Moreover, pre-incubation of the nasopharyngeal
swabs with mab48 neutralized infection and inhibited the GFP+ sig-
nal (Wilcoxon paired t-test), confirming that S-Fuse-T cells assayed
infectious SARS-CoV-2 (Fig. 1e). Thus, S-Fuse-T cells provide a rapid
system to detect infectious SARS-CoV-2 in nasopharyngeal swabs.

3.2. Characteristics of COVID-19 individuals

We retrospectively screened two series of nasopharyngeal swabs
from RT-qPCR diagnosed COVID-19 individuals. Samples were col-
lected at Hôpital Europ�een Georges Pompidou (Paris, France) for
diagnostic purposes and further analysed in accordance with local
ethical standards. The biological (age and sex) and clinical (disease
severity and days POS) parameters of the individuals are depicted
table 1. A study flow diagram for both series appear in Fig. S1. The
first series is composed of 200 samples (Ct <40) that were collected
between October 8 and November 20, 2020 in Paris, before the detec-
tion of the alpha variant in France. They were thus considered as
being infected with non-alpha strains, even if the samples were not
sequenced. The second series corresponds to 219 samples (Ct<33)
that were collected between January 7 and March 27, 2021. Seven
additional samples with Ct>33 were also included. The second series
includes 71 non-alpha and 155 alpha samples.

3.3. Analysis of samples collected before alpha spreading

We titrated viral infectivity in the first series of 200 patients. 107
patients (53%) harboured detectable viable virus in their nasopharyn-
geal swabs (Fig. 2a). The infectious titers were highly variable, rang-
ing from 0 to >106 IU/ml. To further characterize these variations, we
plotted Ct values, days POS and levels of anti-SARS-CoV-2 IgG or IgA
for each individual (Fig. 2a). Data were ranked from high to low infec-
tious titers in RDT+ and RDT- categories. The RDT- category was then
ranked from low to high levels of SARS-CoV-2 IgG. There was a strong
inverse correlation between infectious titers and viral RNA levels,
defined by the Ct value (Fig. 2b). The median titer among positive
individuals was 1.6 £ 103 IU/ml (95% CI: 1 to 2.8 £ 103) (Fig. 2c). The
antigenic RDT was positive in 93% of samples with viable virus
(Fig. 2a,c). We also identified a fraction of individuals without detect-
able viable virus that were RDT-positive (23%). This allowed us to
estimate the sensitivity of 93% (95% CI: 86 to 96) and specificity of
78% (95% CI: 68 to 85) of the RDT to detect infectious samples in this
cohort. As expected, samples positive in the infectivity assay dis-
played lower Ct values (median: 22; 95% CI: 21 to 22.9) than negative
samples (median 31.3; 95% CI: 30.1 to 32.9) (Mann-Whitney test)
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Fig. 1. Detection of infectious virus, antibodies and cytokines in nasopharyngeal swabs.
a. Study design. A retrospective series of 426 RT�qPCR+ nasopharyngeal swabs from COVID-19 patients, harboring non-alpha or alpha variants, was analysed. Four tests were

performed: a lateral flow antigen rapid diagnostic test (RDT), anti-SARS-CoV-2 IgG and IgA were measured with the flow-cytometry based S-Flow assay, infectious virus was titrated
with the S-Fuse assay, and 46 cytokines were quantified in a subset of 202 swabs (71 non-alpha and 131 alpha samples) by Multiplex or Simoa assays. b. Titration of infectious SARS-
CoV-2 in the swabs. Left panel: Titration was performed with S-Fuse-T cells, which become GFP+ after infection. S-Fuse-T cells were exposed to serially diluted swabs (10�1 to 10�5)
or to purified viral stocks (red dots n=4) as a control. 12 RT�qPCR- (white dots) and 17 RT�qPCR+ (black dots) samples were first analysed. An infectious titer was calculated in
Infectious Units (IU)/ml, after automatic scoring of the area of GFP+ cells at each dilution. Right panel: correlation between titers measured in Vero cells (in DCP50/ml) and S-Fuse-T
cells (in IU/ml). RT�qPCR- (white dots n=5), RT�qPCR+ (black dots n=15), Viral stocks (red dots n=4). A two-tailed Spearman correlation was performed **** p<0.0001 and r=0.8989
(95% CI 0.7724 to 0.9568). c. Representative images of S-Fuse-T cells exposed to the indicated dilutions of nasopharyngeal swabs. Samples from one non-alpha-infected and one
alpha-infected individuals are shown. Scale bar: 400 mm. d. GFP (green) and S (red) expression in S-Fuse-T cells exposed to one infectious swab analysed by immunofluorescence.
The Hoechst dye (blue) stains the nuclei. Scale bar: 40mm. e. Neutralization of infectious virus by mAb48. Swabs (n=19) were preincubated 30 min at RT with mAb48 (1mg/ml) and
added to S-Fuse-T cells. Result from one representative experiment out of 3 is shown. A Wilcoxon paired t-test was performed **** p<0.0001.
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Fig. 2. Analysis of 200 swabs collected from Oct to Nov 2020, before alpha spreading.
a. Infectious virus titers, viral RNA loads, days post onset of symptoms (POS), and anti-SARS-CoV-2 IgA and IgG levels are depicted in each panel. Each dot represents a sample

(n=200 except for days POS n=160). The samples were classified according to the RDT result (+ or -). The samples were then ranked from high to low infectivity. The samples without
viable virus were ranked from low to high IgA or IgG levels. Dotted lines indicate the threshold for IgA or IgG positivity. b. Correlation between viral RNA loads (Ct) and infectivity
(IU/ml). A Spearman correlation (SC) model was applied. SC p and r values are indicated. c. Analysis of RDT positivity and infectivity in the samples (n=200). Left panel: the number
and % of samples with positive or negative RDT is indicated among non-infectious (-) or infectious (+) samples. A Chi-square test was performed ****p<0.0001. Right panel: Infec-
tious titers (IU/ml) among non-infectious (-) or infectious (+) samples. Each dot represents a sample and the median (§ 95% CI) is shown. A Mann-Whitney test was performed ****
p<0.0001. d. Viral RNA loads (Ct) (n=200), days POS (n=160), levels of anti-SARS-CoV-2 IgA(n=200) and IgG (n=200) among non-infectious (-) or infectious (+) samples (from left to
right panel). Each dot represents a sample, and the median (§ 95% CI) is shown. Dotted lines indicate the threshold for IgA or IgG positivity. Mann-Whitney test were performed ***
p<0.001, **** p<0.0001.
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(Fig. 2d). This represents a 630-fold (=29.3) increase in viral RNA levels
associated with viral infectivity. The highest viral titers (>105) corre-
sponded to Ct values < 22. The median time of infectious virus shed-
ding was 2 days (range 3 to 14 days, IQR 1 to 4 days). 68% of
individuals displayed infectious virus 0 to 2 days POS. Specific anti-
bodies started to be detected at 5-10 days POS in nasopharyngeal
swabs, with some exceptions. There was a clear dichotomy between
the detection of infectious virus and the presence of anti-SARS-CoV-2
IgG or IgA antibodies (Fig. 2a,b). This strongly suggests that the anti-
bodies locally present in nasopharyngeal secretions can neutralize
viral infectivity. These results further support previous reports indi-
cating that infectious SARS-CoV-2 could only be isolated in individu-
als with low or undetectable neutralizing antibodies in their serum
[17,18]. We did not have access to serum samples in this cohort to
compare levels of mucosal and circulating antibodies.

Altogether, these results highlight a strong variability in infectious
shedding. The few individuals with the highest titers (>106 IU/ml)
may correspond to the rare super spreaders inferred by epidemiolog-
ical surveys. These contact tracing surveys suggested that up to 90%
of SARS-CoV-2 infections are spread by 10-20% of infected individuals
[32-34].
3.4. Comparative analysis of samples from non-alpha and alpha infected
individuals

We then analysed the second series of 71 non-alpha and 155
alpha patients (Fig. 3). The proportion of individuals positive with the
RDT or displaying detectable infectious virus was similar with non-
alpha and alpha variants (Fig. 3a, b); 72 and 73% for RDT, and 42 and
40% for infectivity, respectively (Chi-square test and Mann-Whitney
test). 97% of individuals with viable virus were RDT positive (Fig. 3b).
Median Ct values (21.3; 95% CI: 20 to 23 and 20.6; 95% CI: 19.10 to
21.41- Mann-Whitney test) were similar for the two viral subsets
(Fig. 3c). As observed in the first cohort, there was a strong inverse
correlation between infectious titers and Ct values for both variants
(not shown). As expected, median Ct were lower in individuals carry-
ing infectious virus, (20; 95% CI: 17 to 21 and 17; 95% CI: 16 to 18.71
for non-alpha and alpha variants, respectively- Mann-Whitney test)
(Fig. 3a,c). Intriguingly, among samples with viable virus, the median
infectious titers were 12.6-fold lower with alpha compared to non-
alpha viruses (0.5 £ 103; 95% CI: 2.5 £ 102 to 1.6 £ 103 IU/ml and
6.3£ 103; 95% CI: 5.2£ 102 to 1.6£ 104, respectively- Mann-Whitney
test) (Fig. 3d). Of note, we obtained similar results when viral titers
were assessed in Vero cells (not shown). This suggests that the lower
infectious titers observed with alpha are not due to the use of S-Fuse
cells. The median time of infectious virus shedding was 2 days POS
with both viruses (range -1 to 10 days) (Fig. 3e). Anti-SARS-CoV-2
IgG or IgA were not detected in nasopharyngeal swabs carrying viable
virus, with a few exceptions (Fig. 3e).

For both viral strains we observed slightly but not significantly
lower viral infectious titers and significantly higher mucosal IgG lev-
els in hospitalized individuals when compared to individuals pre-
senting mild symptoms (Kruskal-Wallis test with a Dunn’s test) (Fig.
S2). These differences are likely due to the latter sampling date of
hospitalized individuals.

Overall, these results indicate that there is no significant differ-
ence between the two viral groups regarding the various parameters,
when analysed globally.

We then evaluated by a multivariate analysis (partial least square
regression) the associations between infectious titers and other
parameters (Fig. 4a). The characteristics associated with detection of
viable virus were RDT positivity, low Ct values, early time since onset
of symptoms, absence of IgG or IgA antibodies (Jackknife approxi-
mate t tests). There was no association between detection of viable
virus and disease severity, age or sex of the individuals (Fig. 4a). The
same profile of associations was observed in individuals infected
with non-alpha and alpha variants (Fig. 4a and data not shown).

3.5. Duration and extent of viral shedding in nasopharyngeal swabs
from non-alpha and alpha infected individuals

Viral shedding may begin 5 to 6 days before the appearance of the
first symptoms [35-37]. After symptom onset, viral loads decrease
monotonically [35-37]. We modelized the proportion of individuals
with viable virus, at each time point, from 0 to 20 DOS. We performed
this analysis on the second cohort, to compare non-alpha and alpha
infected individuals. Fitted logistic regression distribution curves
(Chi-square test of regression) indicated that the proportion of indi-
viduals with viable virus was roughly similar with alpha and non-
alpha (Fig. 4b). However, the slope of decrease appeared steeper with
alpha samples (although not significantly different from non-alpha
samples) suggesting that the peak of infectivity may have occurred
earlier, before onset of symptoms. The absence of alpha samples col-
lected at the pre-symptomatic phase precluded this analysis. The
evolution of RDT positivity and appearance of SARS-CoV-2 antibodies
overtime was similar for alpha and non-alpha (Fig. 4b).

These results indicate no major difference regarding the evolution
of the proportion of individuals with viable virus in this cohort. The
steeper decrease of detection of viable virus in alpha-infected indi-
viduals may be linked to the slightly reduced viral titers observed
with this variant in the whole cohort (Fig. 3c).

3.6. Nasopharyngeal cytokine responses in non-alpha and alpha
infected individuals

Perturbed systemic production of cytokines is a hallmark of dis-
ease severity in COVID-19 patients [38-41]. It has also been reported
a dysbiosis and a modification of cytokine profile at mucosal surfaces
in severe patients [29]. In this previous study, performed on samples
from individuals infected before alpha spreading, cytokine responses
were compartimentalized [29]. At least 13 nasopharyngeal cytokines
(VEGF, FGF, IL-1RA, IL-6, TNFa, IL-10, CCL2/MCP-1, CXCL10/IP-10,
CCL3/MIP-1, CCL19/MIP-3, PD-L1, G-CSF and Granzyme B) were dif-
ferently regulated between critical and non-critical patients [29]. To
better understand the host response to the different variants, we
measured the levels of 46 cytokines in nasopharyngeal specimen
from individuals infected with either non-alpha and alpha viruses. A
set of 13 cytokines (IFN-b, IP-10, CD40L, PGDF-AB, RANTES, IL-15, IL-
12p70, IL-4, IL-5, IL-13, IL-10, PD-L1) was significantly increased in
alpha samples (Mann-Whitney test). Examples of increased cyto-
kines, including IFN-b, IP-10, IL-10, and TRAIL are depicted in Fig. 5a.
Other cytokines, such as IFNa2, IL-6, IL-17a and TNFa were non-sig-
nificantly elevated (Fig. 5a). The full set of results appear in Fig. S3.
Moreover, there was a strong negative correlation between Ct values
and levels of a few cytokines (Spearman correlation (SC) model),
such as IFNa2 (Fig. 5b). This correlation was observed with both non-
alpha and alpha variants. This was not the case for other cytokines,
such as IL-6 (Fig. 5b). Nasal swabs are heterogeneous samples, the
inter-individual variability coefficients for the cytokines measured
are displayed in table S1, and ranged from 146% to 999%.

These results suggest that alpha infection may cause higher inter-
feron responses.

3.7. Combined analysis of immunological and virological parameters

We then established a two-by-two correlation table of all virologi-
cal and immunological parameters that were measured in the second
cohort, independently of the viral variant (Fig. S4). Infectious viral
titers inversely correlated with Ct values, days POS and anti-SARS-
CoV-2 antibodies. Ct values negatively correlated with the levels of
IFNa2, as depicted in Fig. 5a, and with GRO-b (not shown), but not



Fig. 3. Comparison of nasopharyngeal swabs from 71 non-alpha and 156 alpha-infected individuals.
a. Infectious virus titers, viral RNA loads, days POS, and anti-SARS-CoV-2 IgA and IgG levels are depicted in each panel. Each dot represents a sample. Blue dots: non-alpha

viruses (n=71 except for days POS n=44). Red dots: alpha variant (n=156 except for days POS n=107). The samples were classified according to the RDT result (+ or -). The samples
were then ranked from high to low infectivity. The samples without viable virus were ranked from low to high IgG levels. Dotted lines indicate the threshold for IgA or IgG positivity.
b. Proportion of individuals with a RDT positive test. Left panel: Proportion of individuals with a RDT positive test. Right panel: Proportion of individuals with a RDT positive test
among those carrying (+) or not carrying (-) infectious virus. Chi-square tests were performed **** p<0.0001. c. Viral RNA loads (Ct) in all samples (left panel) or among non-infec-
tious (-) and infectious (+) samples (left and right panels, respectively). Each dot represents a sample, and the median (§ 95% CI) is shown. Mann-Whitney (left) test and Kruskal-
Wallis test with a Dunn’s multiple comparison test (right) and were performed *** p<0.001, **** p<0.0001. d. Analysis of infectivity. Left panel: the number and % of samples with
infectious virus are indicated. A Chi-square test was performed ns: non-significant. Right panel: Infectious titers (IU/ml) among samples harboring infectious (+) virus. Each dot
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Fig. 4. Associations between infectious viral titers and other parameters.
The analysis was performed on swabs from 71 non-alpha and 155 alpha-infected individuals. a. Parameters associated with viral titer analysed using the partial least squares

(PLS) regression method. The variation coefficient is the estimate effect of each standardized parameter on the standardized infectious titer. Negative and positive coefficients
denote negative and positive associations, respectively. Significant associations are in green. Significance of the variation coefficients was assessed with Jackknife approximate t
tests. b. Logistic regressions of the percentage of positive individuals for each test, depending on days POS. Models are in blue for non-alpha and in red for alpha. The 95% confidence
intervals are represented by dashed lines. The AUCROC indicates the goodness of fit, the closest to 1 the better the prediction is, ROC curves are shown in Fig. S5. Curves were com-
pared using a Chi-square test of regression with time and variant parameters.
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with any other cytokines. There were strong correlations between
most of the up-regulated cytokines, suggesting that similar pathways
of activation drove their production (Fig. S4).

4. Discussion

We measured infectious SARS-CoV-2 in nasopharyngeal swabs
with a novel cell reporter system termed S-Fuse assay, that we
improved by adding TMPRSS2 [24,25]. The technique is based on the
detection of GFP+ syncytia formed between infected and neighbour-
ing cells. The assay is rapid, and infectivity is revealed in less than
24h. It is semi-automated and less labour intensive than classical
assays based on Vero cells. It can be applied to various types of clini-
cal samples: our preliminary experiments indicate for instance that
viable virus is detectable in bronchoalveolar lavages from COVID-19
hospitalized patients (not shown). We combined the S-Fuse assay
with RT-qPCR, lateral flow antigenic RDT, measurement of anti-
SARS-CoV-2 antibodies and cytokines, in order to provide a global
overview of the duration and determinants of infectious viral shed-
ding in 426 samples from COVID-19 patients. Overall, 199/426 (47 %)
of the samples displayed infectious virus. Kampen et al recently
reported the isolation of SARS-CoV-2 in 62/690 samples (9%) from
COVID-19 hospitalized patients, by using Vero cells [17]. This strongly
suggests that the S-Fuse assay is particularly sensitive to detect viable
virus.

We report a strong correlation between detection of viable virus,
and RDT positivity or low Ct values. About 94% of samples carrying
infectious virus were RDT+ or displayed Ct values <22. Therefore,
these two parameters are reliable markers of the presence of infec-
tious virus, at least before the appearance of SARS-CoV-2 antibodies.
Despite evidence of prolonged viral RNA shedding in some specimen
(up to 28 days), viable virus detection was rather short lived in our
study. The low amounts of viral RNA released on the long-term thus
likely corresponds to viral remnants rather than to infectious virus.
The samples carried viable virus mostly within the first 10 days, with
a median of 2-3 days POS and occasional detection up to 14 days. In



Fig. 5. Cytokines production in swabs from non-alpha and alpha infected individuals.
A panel of 46 cytokines produced in nasopharyngeal swabs from 71 non-alpha and 131 alpha-infected individuals was measured using a bead-based multiplex immunoassay

system Luminex or a digital Elisa Simoa (IFNa2, IFNg , IFNλ3, IL-17A). a. Comparison of the levels of 8 cytokines. The full set of results is depicted in Fig. S3. Each dot represents a
sample. Blue dots: non-alpha viruses. Red dots: alpha variant. Dotted lines indicate the limits of detection. p values were determined with the Mann-Whitney test between non-
alpha and alpha cases. *p < 0.05; **p < 0.01; ***p < 0.001. b. Correlations between viral RNA loads (Ct) and concentrations of IFNa2 (left panel) and IL-6 (right panel). The Spearman
correlation (SC) model was applied for non-alpha (blue dots) and alpha (red dots) samples. SC p and r values are indicated.
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other reports, no live virus was detected in respiratory samples after
8-9 days of symptoms, probably reflecting the lower sensitivity of
Vero cell-based assays [13-15,19,42,43]. Of note, shedding of infec-
tious virus up to 20 days in one severe COVID-19 case and 70 days in
one immunocompromised patient has also been reported [12,44].

The extended detection of viable virus reported here suggests that
the contagiousness period can be slightly longer than previously
thought, at least for some individuals. This may have important
implications for viral transmission in a community or hospital setting.
Moreover, our results confirm that the antigenic test has a better pos-
itive predictive value than a RT-qPCR test for the potential con-
tagiousness of a given individual [21].

We then compared the virological and immunological character-
istics of nasopharyngeal swabs from symptomatic individuals
infected with non-alpha and alpha variants. There was a non-signifi-
cant trend to a reduction of Ct in infectious samples carrying alpha,
when compared to non-alpha viruses. The proportion of individuals
displaying positive antigenic tests was similar with non-alpha and
alpha. The range of infectious viral titers were roughly similar with
the different variants. Unexpectedly, the observed trend was a
decrease, rather than an increase of viral titers in samples from
alpha-infected individuals. The decrease overtime of the proportion
of individuals carrying infectious virus was also somewhat steeper
upon alpha infection. The reasons for this remain unclear. This may
suggest that infectivity peaked earlier, before onset of symptoms. It is
also possible that some cytokines modulate infectivity of the samples.
An analysis performed on a larger number of symptomatic and
asymptomatic individuals will help determining whether alpha’s
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increased transmissibility is associated with extended or higher shed-
ding of viral RNA after onset of symptoms, as reported in recent studies
[8,10,11,45]. The differences between viral lineages were however mini-
mal in some of these studies. Future work is also warranted to assess
viral loads in asymptomatic alpha-infected individuals.

We report here a main difference between alpha and other line-
ages in the nasopharyngeal swabs, a higher release of 13 cytokines
out of a panel of 46 measured cytokines. This raises interesting ques-
tions about the origin and consequences of this phenomenon. Higher
or disequilibrated cytokine responses were associated with disease
severity, in studies performed before the spreading of alpha variant
[38-41]. It remains unclear whether alpha is more pathogenic than
pre-existing viruses. It has been initially reported an increased mor-
tality in community-tested cases of alpha [3]. Other studies did not
indicate a clear clinical effect associated with alpha infection
[2,46,47] or showed that it is important to take into account morbid-
ities during winter months [11]. In the hamster model, alpha infec-
tion did not cause more severe disease or higher viral loads than
previously circulating strains [48,49]. However, some cytokines
(including IL-6, IL-10 and IFN-g) were most pronouncedly up-regu-
lated in alpha infected hamsters as compared to three other strains
[49]. Our observations are in line with the results obtained in this ani-
mal model. Whether elevated levels of cytokines at the nasopharyn-
geal mucosae may influence viral transmissibility or reflects
differences in the kinetic or extent of viral shedding will deserve fur-
ther exploration. It will be also worth determining whether cytokines
are elevated in blood samples from individuals infected with alpha,
since a tissue compartmentalization of SARS-CoV-2 immune
responses have been recently reported, with a role for the nasopha-
ryngeal microbiome in regulating local and systemic immunity that
determines COVID-19 clinical outcomes [29].

Our study has some limitations. We did not have access to exten-
sive clinical data such as comorbidities, immunocompetence status,
and treatments which could impact the parameters analysed here.
We did not analyse longitudinal samples and the number of samples
collected at late time points (after day 10) was scarce. We did neither
assess systemic immune responses, since we did not have access to
the blood samples of the same individuals. It will be worth determin-
ing whether the oral cavity and saliva, important sites for SARS-CoV-
2 transmission [50], carry different levels of variants. Future work
with higher numbers and types of specimens and serial sampling will
help further characterizing the virological and immunological deter-
minants of viral transmission. It will be also of great interest to ana-
lyse these parameters in asymptomatic and pre-symptomatic
individuals, who play a prominent role in viral spreading at the popu-
lation level. The rapid spreading of the delta variant, which sup-
planted alpha in mid-2021, also warrants further analyses of its
characteristics of infectious viral shedding and associated immune
responses.
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