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A B S T R A C T

Background: Upon SARS-CoV-2 infection, most individuals develop neutralizing antibodies and T-cell immu-
nity. However, some individuals reportedly remain SARS-CoV-2 PCR positive by pharyngeal swabs weeks
after recovery. Whether viral RNA in these persistent carriers is contagious and stimulates SARS-CoV-2-spe-
cific immune responses is unknown.
Methods: This cohort study was conducted between April 3rd�July 9th 2020, recruiting COVID-19 recovered
individuals that were symptom-free for at least 14 days. We collected serum for SARS-CoV-2-specific total Ig,
IgA and IgM detection by ELISA, pharyngeal swabs (two time points) for ddPCR and PBMCs for anti-SARS-
CoV-2 CD8 T-cell dextramer analyses.
Findings:We enrolled 203 post-symptomatic participants with a previous RT-PCR-verified SARS-CoV-2 infec-
tion. At time point 1, a median of 23 days (range 15�44) after recovery, 26 individuals (12�8%) were PCR pos-
itive. At time point 2, 90 days (median, range 85�105) after recovery, 5 (5�3%) were positive. There was no
difference in SARS-CoV-2 antibody levels between the PCR negative and positive group. The persistent PCR
positive group however, had SARS-CoV-2-specific CD8 T-cell responses of significantly increased breadth
and magnitude. Assisted contact tracing among persistent PCR positive individuals revealed zero new
COVID-19 diagnoses among 757 close contacts.
Interpretation: Persistent pharyngeal SARS-CoV-2 PCR positivity in post-symptomatic individuals is associ-
ated with elevated cellular immune responses and thus, the viral RNA may represent replicating virus. How-
ever, transmission to close contacts was not observed indicating that persistent PCR positive individuals are
not contagious at the post-symptomatic stage of the infection.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Research in context

1.1. Evidence before this study

We searched on PubMed on November 10th, 2020, with the terms
”SARS-CoV-2”, “COVID-19”, “coronavirus”, “persistent PCR positive”,
”viral load”, ”immune response.” We found several papers focusing
on the immune responses in SARS-CoV-2 infection. Some studies
assessed antibody responses and/or clinical characteristics in persis-
tent RT-PCR positive patients. One of these studies did not assess
antigen-specific responses and included four patients only. Another
study only assessed antibody responses but not cellular responses. A
few studies were based on clinical characteristics of hospitalized
patients with persistent positive RT-PCR tests and relating antibody
responses. We further found four small observational cohort studies
on hospitalized adults and one Letter to the Editor describing the
prevalence of persistent RT-PCR positivity among>7000 patients dis-
charged from hospital, not including any immunological analyses. We
found 2 case reports on persistent SARS-CoV-2 infected patients and
two studies on convalescent plasma donors, all of which were not
conducted as observational cohort studies. We found 2 case reports
of immunocompromised patients being RT-PCR and outgrowth posi-
tive for up to 70 days. No studies that combined data on persistent
RT-PCR positive individuals with analyses of both antigen-specific
cellular and humoral immune responses were identified. Also, we
found no observational cohort studies where the composition of the
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Table. 1
Demographic and Clinical Characteristics

Characteristic n = 203

Age, y 46�8 (20�6�79�4)
Female sex 92 (45�3%)
Race
Asian 2 (1�0%)
Caucasian 199 (98�0%)
Other 2 (1�0%)
Smoking status
Never 133 (65�5%)
Former 61 (29�6%)
Current 9 (3�9%)
BMI
BMI 18�5�24�9 91 (44�8%)
BMI 25�29�9 75 (36�5%)
BMI > 30 37 (17�7%)
Duration of COVID-19 symptoms, days 14 (0�68)
Average number of symptomsa 6 (0�12)
Time from symptom onset to time point 1, days 45 (18�76)
COVID-19 Disease Severity Scale
1) Outpatient, no limitation of daily activities 17 (8�4%)
2) Outpatient, limitation of daily activities 152 (74�9%)
3) Hospitalized, no oxygen supplement 9 (4�4%)
4) Hospitalized, oxygen supplement 18 (8�8%)
5) Hospitalized, ICU 7 (3�4%)
No. of participants with comorbiditiesb 83 (40�8%)

Data are n (%) or median (range).
a COVID-19 symptoms registered: Nasal congestion, fever, cough,

sputum production, dyspnoea, sore throat, headache, fatigue, myalgia,
diarrhoea, nausea, loss of smell and/or taste, dizziness, rash, other.

b Diseases/diagnoses/conditions registered or self-reported within
10 years of inclusion date
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cohort was reflecting the grades of COVID-19 severity as is observed
in vivo, with 80% of infected individuals recovering at home and 20%
hospitalized, hereof 5% critically ill.

1.2. Added value of this study

The question of continuing PCR positivity versus risk of transmis-
sion is important to address. We found that persistent PCR positive
individuals had an ongoing cellular anti-SARS-CoV-2 response in con-
trast to PCR negative individuals, indicative of persistent viral replica-
tion. Serum levels of immunoglobulins were equal between PCR
positive versus negative individuals. We further did assisted contact
tracing among the persistent PCR positive individuals and found that
these individuals were not transmitting at the post-symptomatic
stage of infection.

1.3. Implications of all the available evidence

Several other viral infections like Zika virus, Ebola virus and Mea-
sles are known to cause persistent or prolonged viral shedding. For
some of these, e.g. Zika, the potential transmission period can be very
long. SARS-CoV-2 is to be placed among these types of long-term
detectable viruses. The results of this study support the current
COVID-19 management where infected individuals can discontinue
self-isolation �48 h after recovery. For individuals who are persis-
tently or intermittently PCR positive there is however a hypothetical
risk of recurrent COVID-19 in case of immune suppression (e.g. iatro-
genic), which should be considered by clinicians. Evidence from this
and several other studies show, that seroconversion and enhanced
CD8 T-cell activity is not able to completely eliminate mucosal virus
in some individuals. The molecular basis for this phenomenon is not
yet understood, why further in-depth virological and molecular
immunological studies needs to be undertaken to clarify potential
consequences, who is at risk and the full extend of persistent PCR
positive testing period.

2. Introduction

Novel coronavirus, SARS-CoV-2, has elicited a global health crisis
with overwhelming consequences for healthcare, societies and eco-
nomics [1]. According to the World Health Organization, the pan-
demic has affected more than 200 countries, infected 80 million
people and claimed millions of lives by December 2020 [2]. Persis-
tent SARS-CoV-2 RNA shedding has been described, but the nature of
this phenomenon is not fully understood, as most reports are anec-
dotal and lack in-depth immunological analyses [3�7]. Two case
reports have indicated that seroconversion does not necessarily lead
to elimination of viral RNA from the pharyngeal mucosa with cases
being RT-PCR positive up to 63 days [8] and 104 days after symptom
onset despite having neutralizing antibodies [9]. Xu et al followed a
cohort of 113 hospitalized patients with a median duration of
17 days of RNA positivity and assessed clinical risk factors associated
with prolonged RNA detection [7]. However, the role of antigen-spe-
cific CD8 T-cell responses in combination with antibodies in persis-
tent SARS-CoV-2 RNA carriers is largely unknown. Further, it is
unclear if viral RNA represents contagious virus in post-symptomatic
individuals who remain SARS-CoV-2 PCR positive. This gap in our
understanding of COVID-19 has important implications. For persis-
tent PCR positive individuals it is essential to be informed if there is a
transmission risk and when to safely discontinue self-isolation. Addi-
tionally, it is essential for health care personnel to provide instruc-
tions regarding hygiene and physical distance to patients and their
contacts after hospital discharge. Lastly, health care workers them-
selves are at increased risk of COVID-19 [10,11]. Thus, a potential
post-symptomatic transmission risk is important to prevent, as they
work with vulnerable populations.
Our objective was to investigate immunological responses and
viral persistence upon SARS-CoV-2 infection. Here, we report a cohort
study of 203 convalescent individuals with a history of RT-PCR veri-
fied SARS-CoV-2 infection.
3. Methods

3.1. Study design

The study was conducted at the Department of Infectious Diseases
at Aarhus University Hospital, Denmark from April 3rd�July 9th 2020.
Inclusion criteria: Age >18 years, documented SARS-CoV-2 RT-PCR
positive within the preceding 12 weeks, fully recovered from COVID-
19 (defined as no ongoing COVID-19 symptoms, except loss of sense
of smell/taste and cognitive deficits, which are symptoms equivalent
to Long-COVID-19 [12]), and able to give informed consent. Exclusion
criteria: Current febrile illness, immunosuppressive treatment/
known immunodeficiency and pregnancy. Participants were invited
for a visit at time point 1 (minimum 14 days after full recovery and
maximum 12 weeks after first positive SARS-CoV-2 RT-PCR) and time
point 2 (optional) for a 2nd swab test, 6�10 weeks after time point 1.
Clinical data on baseline characteristics, comorbidities, symptoms
and duration of COVID-19 were collected to assess if certain parame-
ters predicted persistent SARS-CoV-2 positive PCR testing. Partici-
pants were allocated in 5 groups according to severity of COVID-19
history (Table 1).
3.2. Ethics

The study was approved by The National Health Ethics Committee
(case number 1-10-72-76-20) and the Danish Data Protection Agency
(case number not applicable). Each participant provided written
informed consent before any study activities.



L.K. Vibholm et al. / EBioMedicine 64 (2021) 103230 3
3.3. Total Ig, IgM and IgA detection

Serum levels of anti-SARS-CoV-2 antibodies were detected by
semi-quantitative ELISA.

IgA antibodies were measured using the Euroimmun Anti-SARS-
CoV-2 IgA ELISA (Euroimmun Medizinische Labordiagnostika AG,
L€ubeck, Germany, #El 2606-9601 A), according to manufacturer’s
instructions and as previously described elsewhere [13,14]. The Euro-
immun ELISA assay has demonstrated high sensitivity and specificity
for IgA detection (90% and 93%, respectively) [13].

Serum IgM and total Ig against SARS-CoV-2 receptor binding
domain (RBD) were measured using the Wantai SARS-CoV-2 IgM
and SARS-CoV-2 Ab ELISA kits (Beijing Wantai Biological Pharmacy
Enterprise Co., Beijing, China, Cat. No. WS-1196 andWS-1096) as pre-
viously described and according to manufacturer’s instructions [13].
Sensitivity for the Wantai ELISA kit is reported to be 90�100%
and the specificity 100% [13,15]. All serum samples were run in
duplicates.

3.4. ddPCR for SARS-CoV-2

SARS-CoV-2 was detected from pharyngeal swabs, using ddPCR
with primers and probe targeting the nucleocapsid; Forward: 5’-
GACCCCAAAATCAGCGAAAT-3’(LGC Biosearch Technologies),
Reverse: 5’-TCTGGTTACTGCCAGTTGAATCTG-3’(LCG Biosearch Tech-
nologies), probe: 5’-FAM-ACC CCG CAT TAC GTT TGG TGG ACC BHQ1-
3’ (nCOV_N1 probe, IDT) published by the CDC. Primers and probes
targeting the human gene RPP30 was used as internal control to
detect background sample material; Forward: 5’-GATTTGGACCTGC-
GAGCG-3’ (IDT), Reverse: 5’-GCGGCTGTCTCCACAAGT-3’ (IDT) and
Probe: 5’-6FAM-CTGACCTGAAGGCTCT-3’ (Applied Biosystems, UK).
For RNA extraction, media from the swabs were collected and spun
for 1 h at 21.000 x g at 4°C, supernatant was discarded and pellet dis-
solved in 200 mL TBS. RNA was extracted using QIAamp Viral RNA
Mini Kit (Qiagen) according to manufacturer’s instruction and eluted
in 70 mL buffer AVE. ddPCR was performed using Bio-Rad One-step
RT ddPCR advanced kit according to the instructions. Samples were
assayed in duplicates for SARS-CoV-2 with 10 mL RNA in each reac-
tion and a final concentration of 1000 nM primer and 250 nM probe.
Droplets were generated using the QX200 Droplet generator (Bio-
Rad) and amplified in a C1000 Touch Thermal Cycler (Bio-Rad) under
the following conditions; 25°C for 3 min, 50°C for 1 h, 40 cycles of 95°
C for 30 s and 55°C for 1 min, lastly 98°C for 10 min and infinite hold
on 12°C. Subsequently droplets were read in a QX200 droplet reader
(Bio-Rad) and analysis was performed in QuantaSoftTM analysis soft-
ware (Bio-Rad). Total concentration per sample was calculated based
on total N1 concentration per reaction. Non-template-control plates
were run with nuclease-free water with a total of 176 wells to deter-
mine background signal yielding false positive events. False positive
events were found with 1 droplet/well in a total of 14 wells out of
176. To avoid false positive quantified signals in study-samples, posi-
tive outcomes were defined as �3 events per duplicate wells.

3.5. HLA-A2 typing and dextramer staining by flow cytometry

For HLA-A2 typing cryopreserved PBMCs were thawed, stained at
room temperature for 20 min with HLA-A2 (clone BB7.2, BioLegend
Cat# 343328, RRID: AB_2721564) or matching isotype control (Biole-
gend #400356) and acquired on a five-laser Fortessa flow cytometer.
Overall, 113 participants were HLA-A2 positive, from which we ana-
lyzed 106 samples. The dextramer stains were then performed on
the HLA-A2 positive samples as previously described [16,17]. PBMCs
were incubated at room temperature for 30 min with the following
SARS-CoV-2 dextramers (all from Immundex): A*0201/TLACFVLAAV-
PE (WB3848-PE), A*0201/GMSRIGMEV-FITC (WB5751-FITC), A*0201/
LLLDRLNQL-APC (WB5762-APC), A*0201/ILLNKHIDA-PE (WB5848-
PE), A*0201/RLNEVAKNL-FITC (WB5750-FITC), A*0201/YLQPRTFLL-
APC (WB5824-APC), A*0201/VLNDILSRL-PE (WB5823-PE), A*0201/
NLNESLIDL-FITC (WB5850-FITC), A*0201/FIAGLIAIV-APC (WB5825-
APC), human corona virus 229E dextramer A*0201/LLLNCLWSV-PE
(WB3513-PE), or positive/negative control dextramers: A*0201/
NLVPMVATV-PE (WB2132-PE, Pos. Control, CMV), A*0201/
NLVPMVATV-FITC (WB2132-FITC, Pos. Control, CMV), A*0201/
NLVPMVATV-APC (WB2132-APC, Pos. Control, CMV), A*0201/Neg.
Control-PE (WB2666-PE), A*0201/Neg. Control-FITC (WB2666-FITC),
A*0201/Neg. Control-APC (WB2666-APC). Cells were washed and
stained with viability dye (Zombie Violet, Biolegend, #423114) and
CD8 (Clone RPA-T8, BD, #563795) and acquired on a five-laser For-
tessa flow cytometer. Data was analyzed using FlowJo (Version
10.7.1).

3.6. Assisted contact tracing

Guidelines in Denmark dictates self-isolation until 48 h after
symptom resolution [18]. Assisted contact tracing was done to deter-
mine if persistent post-symptomatic viral RNA positivity is associated
with COVID-19 transmission. We instructed individuals from the PCR
positive group, to record each person they had been into close con-
tact with (<2 m for >15 min) from >48 h after recovery and until the
time point 1 study visit. Contacts (colleagues, household contacts,
private contacts) that were infected during the symptomatic phase
were excluded. Contacts where the index person had been wearing a
face mask/visor and one-time contacts where the index person was
not capable of knowing the future outcome were all excluded.

3.7. Statistical analyses

Given the explorative nature of the study, no sample size calcula-
tions were performed. Numbers of enrolled participants were based
on the number of eligible study subjects within the time frame of the
study. Graphs and data analyses were performed using GraphPad
Prism 7.0 and STATA 13.1. Specific statistical tests to assess changes
from baseline are called out in the figure legends. Test for normality
distribution was by Shapiro-Wilk test. Mann-Whitney U test or Stu-
dents t-test were used for comparison between groups as appropri-
ate. Spearman rank correlation coefficient was used to assess
significant correlations.

3.8. Role of the funding source

The funding source had no role in the study design, collection,
analysis, and interpretation of data, writing of the paper or the deci-
sion to submit the paper for publication.

4. Results

4.1. Cohort and study visits

We recruited 203 convalescent individuals with a history of a pos-
itive RT-PCR test for SARS-CoV-2 during acute infection. Ninety-two
(45�3%) of the participants were females. There was no significant dif-
ference in age between males and females. Baseline and clinical char-
acteristics are shown in Table 1. At time point 1, all participants had
fully recovered from COVID-19 symptoms (with the exception of loss
of smell and/or taste and cognitive deficits). Median time since onset
of symptoms was 45 days (range: 18�76) and median time since
recovery was 31 days (range: 14�61). An additional pharyngeal swab
was done for 93 of the 203 participants 4 months (time point 2) after
onset of symptoms (median 108 days, range 68�127 for all 93 partic-
ipants). COVID-19 severity (Table 1) in this cohort varied from grade
1 (8�4%) and 2 (74�9%) (both ambulatory) to requiring hospital
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admission without/with supplementary oxygen (4�4% and 8�8%) and
intensive care unit treatment (3�4%).
4.2. Persistent SARS-CoV-2 PCR positivity after recovery of acute
infection

At time point 1, 26 individuals (12�8% of 203) were positive for
SARS-CoV-2 a median of 23 days (range 15�44) after full recovery.
Moreover, 5 individuals (5�3% of 93 individuals) were positive at time
point 2 up to 105 days after recovery (median, range 85�105, for the
5 individuals) (Fig. 1a). Only 2 of the 5 (ID 006 and 047) were positive
on both time points. The remaining 3 individuals testing positive
only at time point 2, did not experience re-onset of COVID-19-like
symptoms from time point 1 to time point 2. In total, 29 individuals
(14�3%) tested positive several weeks�months after recovery. Time-
span from onset of symptoms until time point 1 and viral copy num-
bers were inversely correlating (Spearman’s rank correlation
coefficient: p < 0�0001, r = �0�38 Fig. 1b). Further, a higher propor-
tion of participants with grade 1, mild/asymptomatic COVID-19 ill-
ness had a positive PCR test at time point 1, compared to severity
groups 2 or >3 (moderate illness, hospitalized or in ICU) (Fig. 2a).
There was no difference in the number of symptoms reported (e.g.
headache, fever, cough etc.) between the PCR positive and negative
group (Fig. 2b) and no difference in the duration of illness (Fig. 2c).
We found, that for the negative vs. positive group, there was a signifi-
cantly longer timespan from onset of illness until sample collection
(Mann-Whitney U test: p < 0�0001) (Fig. 2d). Also, timespan from
recovery until sample collection was longer for the PCR negative vs.
PCR positive group (Mann-Whitney U test: p = 0�001) (Fig. 2e). In
contrast to previous reports, we did not find an association between
age and persistent viral RNA detection (Fig. 2f)[5]. In conclusion,
while the fraction of SARS-CoV-2 PCR positive individuals declined
over time for the entire cohort, we detected SARS-CoV-2 RNA for as
long as 109 days after onset of COVID-19. We found that participants
in COVID-19 disease severity group 1 were more likely to be persis-
tently PCR positive.
4.3. Seroconversion does not affect viral RNA shedding

Next, we analyzed serum levels of SARS-CoV-2-specific total Ig,
IgA, and IgM. We found that 202 individuals (99�5%) had serocon-
verted at time point 1, a median of 45 days after symptom onset. Sur-
prisingly, there was no difference in the levels of total Ig, IgA or IgM
in the PCR positive vs. PCR negative group (Fig. 3a�c). We divided
the PCR positive individuals at time point 1 in two groups based on
Fig. 1. SARS-CoV-2 PCR copy number at time point 1 and 2. a) Positive SARS-CoV-2 copies/s
time points. Time point 1 is grey and time point 2 is orange. Y-axis depicts detected SARS-Co
number above limit of quantification (LoQ) is shown. Error bars are 95% confidence intervals
(days) and copy number per swab. X-axis depicts time from onset. Y-axis show SARS-CoV-2
Statistical analyses were by Spearman�s correlation coefficient, and the analyses included all d
the level of total Ig, IgM, and IgA, respectively. The groups consisted
of the 50% highest (n = 102) and the 50% lowest (n = 101), total Ig,
IgM, and IgA (Fig. 3d�e). We found that the “high total Ig group” had
a significantly lower SARS-CoV-2 copies/swab level and fewer PCR
positives (6 individuals) compared to the “low total Ig group” (20
individuals) (Mann-Whitney U test: p = 0�014). For IgA and IgM, the
trend was similar but not statistically significant. Thus, we conclude
that seroconversion does not eliminate viral RNA from the pharyn-
geal mucosa, although a higher SARS-CoV-2-specific total Ig level
may be associated with lower likelihood of persistent shedding.
4.4. Contacts of persistent post-symptomatic SARS-CoV-2 PCR positive
individuals

To assess if persistent post-symptomatic viral RNA shedding leads
to increased risk of transmission, we conducted assisted contact trac-
ing for each PCR positive individual. The number of close contacts
varied greatly (Table 2), as some individuals were working from
home or isolated themselves in fear of transmitting the virus, while
most returned to work in e.g. primary health care settings like elderly
nursing homes. Among 757 close contacts, zero new COVID-19 infec-
tions were identified for a period of 23 days (median) after recovery,
corresponding to a transmission risk of 0�0�13% for developing
symptomatic COVID-19 among close contacts of persistent PCR posi-
tive individuals. Therefore we conclude that fully recovered individu-
als with persistent viral RNA shedding are unlikely to be a significant
source of SARS-CoV-2 transmission.
4.5. Breadth and magnitude of CD8 T-cell responses are increased in
persistent PCR positive individuals

We analyzed SARS-CoV-2-specific CD8 T-cell responses using a
dextramer stain investigating nine different CD8 T cell epitopes. We
found that individuals with a higher pharyngeal viral load also had
increased breadth and magnitude of the SARS-CoV-2-specific CD8 T-
cell responses (Fig. 4a�b). Further, we found that the magnitude of
the CD8 response correlated with SARS-CoV-2 copies/swab (Spear-
man’s rank correlation coefficient: p = 0�0078, r = 0�26), suggesting
that a higher viral load maintains a CD8 T-cell response (Fig. 4c). Also,
we found a negative correlation (Spearman’s rank correlation coeffi-
cient: p = 0�0044, r = �0�27) between the magnitude of the CD8 T-cell
response and time from symptom onset to sample collection, indicat-
ing that the CD8 T-cell response wanes over time (Fig. 4d) compara-
ble to what was observed for pharyngeal viral load (Fig. 1b). Lastly,
we found that persistently PCR positive individuals had increased
wab (c/swab) for the cohort at first and second visit. X-axis show ID numbers and visit
V-2 c/swab as measured by digital droplet PCR (log10). Only positive values with copy
. b) Correlation between time from symptom onset to sample collection on time point 1
c/swab (log10). LoQ was determined to � 3 events (see materials and methods section).
ata points.



Fig. 2. Clinical characteristics of persistent SARS-CoV-2 positivity. PCR outcome vs. severity of COVID-19 disease. a) Pie charts depicting the proportion of participants who had a
positive PCR on time point 1 in each on the COVID-19 severity groups (as described in table 1). b) Graph shows the number of symptoms reported during illness for the PCR positive
vs. PCR negative group. c) The duration of COVID-19 illness for the PCR positive vs. PCR negative group. d) Time since symptom onset (Mann-Whitney U test: p < 0�0001) and e)
time since recovery (Mann-Whitney U test: p = 0�001) for the PCR negative vs. positive group. f) Age distribution for the PCR positive vs. PCR negative group. Error bars are shown
as median with IQR. Statistical comparisons were by MannWhitney U test. (ns: not significant. *: p < 0�05; **: p < 0�01; ***: p < 0�001; ****: p < 0�0001).
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breadth and magnitude of the SARS-CoV-2-specific CD8 T-cell
response compared to PCR negative individuals (Fig. 4e�f). Based on
the data, we find evidence that persistent PCR positive individuals
exhibits elevated SARS-CoV-2-specific CD8 T-cell immune responses.

5. Discussion

Our finding that a total of 14�3% of the participants were repeat-
edly PCR positive for a prolonged period after recovery is in line with
previous data [5,7,19]. However, the duration of this period is greater
than any previously reported (up to 109 days after onset for this
Fig. 3. Levels of SARS-CoV-2-specific total Ig, IgA, and IgM and the relation to PCR results. a�
serum for participants tested PCR positive vs. negative at the time point 1 visit (median of 4
shown as ratio against standard, IgM shown as OD (diluted 1:11). Signal was read at 450 nm
tistical comparisons were by Mann-Whitney U test. d) SARS-CoV-2 RNA c/swab for the 50%
total Ig group (n = 102). Only data points with a value above the LoQ (�3 events by ddPCR) ar
Whitney U test (Ig total low vs. Ig total high; p = 0�014). e) Proportions of PCR positive individ
cohort). Further, during follow-up, a subset of participants had
remarkably high viral loads (103 copies per swab) which is compara-
ble to what is found in symptomatic/acutely affected individuals [20]
despite our sampling being more than 4 weeks after symptoms
onset.

In contrast to previous studies, which have focused on the fraction
of infected who are severely ill [4,6�9,21], our cohort consisted
mainly of non-hospitalized individuals, which also represents the
majority of COVID-19 cases [22,23]. Thus, the data presented here is
representative for the general population and the results have high
external validity.
c) Levels of SARS-CoV-2-specific total immunoglobulins (Ig), IgA, and IgM measured in
5 days after onset of illness). Total Ig is shown as OD values (sample diluted 1:100), IgA
with reference measurements at 650 nm. Error bars are shown as median with IQR. Sta-
lowest (n = 101) total Ig group were compared to the copy number in the 50% highest
e depicted in the graph. Statistical analyses included all data points and were by Mann-
uals in the low total Ig group and high total Ig group.



Table. 2
Contact Tracing Overview

ID SARS-CoV-2 c/swab Household contactsa Work-related contactsa Private contactsa Total Infected contacts

003 163 2 0 0 2 0
005 1293 3 0 0 3 0
006 878 4 21 13 38 0
007 48 2 11 9 22 0
013 76 0 0 10 10 0
014 183 1 0 3 4 0
018 106 3 0 15 18 0
019 4202 1 5 12 18 0
023 6145 1 0 12 13 0
030 20 0 0 2 2 0
034 48 0 0 2 2 0
044 20 1 0 52 53 0
046 43 2 15 20 37 0
047 51 4 1 7 12 0
054 262 5 103 5 113 0
076 55 5 5 0 10 0
087 131 0 68 28 96 0
095 200 1 2 0 3 0
096 157 0 0 4 4 0
098 59 1 40 7 48 0
103 447 4 42 15 61 0
155 277 2 2 0 4 0
165 45 4 71 10 85 0
181 162 1 23 0 24 0
182 85 4 37 15 56 0
192 39 4 9 10 23 0

Total 757 0
a Only contacts that were not symptomatically or documented infected during the index persons' acute phase of the infection are

included in the table

Fig. 4. Increased breadth and magnitude of CD8 T-cell responses in persistent PCR positive individuals. CD8 T-cell dextramer responses vs. SARS-CoV-2 PCR c/swab. a) The x-axis
depicts the breadth of CD8 T-cell dextramer responses for HLA-A2-positive part of the cohort (n = 106), where �4 equals 4�7 epitopes. Y-axis shows the median copy number of
SARS-CoV-2 copies per swab (c/swab) (Mann-Whitney U test: p = 0�02 and 0�03). b) X-axis depicts median SARS-CoV-2 c/swab. At the y-axis, individuals are grouped according to
the magnitude of the accumulated/total CD8 T-cell dextramer responses (n = 106). c) X-axis depicts absolute SARS-CoV-2 c/swab and y-axis the magnitude of CD8 T-cell dextramer
responses (Spearman’s rank correlation coefficient: p = 0�0078, r = 0�26). d) Graph depicts the association between timespan from symptom onset until time point 1 (x-axis) vs. the
magnitude of CD8 T-cell dextramer responses (y-axis) (Spearman’s rank correlation coefficient: p = 0�0044, r = �0�27). e) Breadth of the CD8 T-cell responses shown as the total
number of epitopes (y-axis) detected in PCR positive vs. PCR negative individuals (x-axis) (Mann-Whitney U test: p = 0�02). f) Magnitude of CD8 T-cells response (y-axis) for PCR pos-
itive individuals vs. PCR negative individuals (p = 0�01). Error bars are shown as median with IQR. Statistical comparisons were by Mann Whitney U test (*: p < 0�05). Correlations
were Spearman's rank correlation coefficient.
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During SARS-CoV-2 infection, most individuals develop varying
levels of neutralizing antibodies, with higher titers observed in severe
cases [24�28]. Additionally, studies demonstrate that SARS-CoV-2-
specific T-cell immunity is also induced [29,30] and some SARS-CoV-
2 exposed individuals, even develop T-cell responses in the absence
of antibodies. Also, previously SARS-CoV-1 infected individuals pos-
sess preserved memory T cells which are responsive to SARS-CoV-
2 years after the 2003-SARS outbreak [29,30]. Thus, T cells are likely
crucial for the protection against and eradication of SARS-CoV-2.
Interestingly, we found that on a cohort level, seroconversion did not
affect SARS-CoV-2 RNA shedding, as individuals with high antibody
levels were also observed in the PCR positive group. We also
observed that individuals with immunoglobulin levels around or
below the limit of detection were found in the PCR negative group.
Therefore, seroconversion is not a requisite leading to complete elim-
ination of viral RNA. On the contrary, we found that levels of SARS-
CoV-2-specific CD8 T cells were increased in PCR positive individuals.
We consider this finding important, for the following reasons; It has
been suggested that persistent PCR positive signals originate from
nucleic acid remnants [31] and also shown that SARS-CoV-2 out-
growth cultures can only be established if a corresponding RT-PCR Ct

value is below 24 [32], implying that above this threshold, in vitro
infectivity is insignificant. We used ddPCR, which is more sensitive
and allows for an absolute quantitation of copy numbers as compared
to RT-PCR[20]. As opposed to RT-PCR, ddPCR is shown to have a sen-
sitivity of 100% in detecting SARS-CoV-2 [33]. Moreover, the RT-PCR
assay is implemented with several different protocols and
approaches around the world, why the Ct values are not reproducible
and comparable across laboratories, machines or sample techniques
[34]. We did not perform outgrowth culture of virus, as this also has
certain limitations when viral copy numbers are relatively low. Pha-
ryngeal swabs also collect mucosal neutralizing IgA, which can
opsonize viral particles and thus bias the outcome of a swab-based
culture. Further, the minimal amount of virus necessary in a biologi-
cal specimen to initiate and propagate infection in vitro remains
undefined making it even harder for in vivo projections. Given that
RNA is labile and based on the anti-SARS-CoV-2 CD8 T cell data pre-
sented here, we propose that virus from persistent PCR positive indi-
viduals is in fact viable and/or intact, but that other factors, like e.g.
mucosal IgA, prevents transmission [35]. Our observation, that SARS-
CoV-2 is detectable months after recovery is in line with one other
study, which recovered nucleic acids in the gut of convalescent indi-
viduals, associated with ongoing antibody evolution [36]. This anti-
gen carrier state could become clinically significant if persistent PCR
positive individuals are subsequently immunosuppressed [19,37].

Data on other virus infections (MERS-CoV, SARS-CoV-1, Ebola
virus, Zika virus, Measles) demonstrate that viral shedding may be
detectable for weeks�months after recovery despite ongoing antivi-
ral immune responses and therefore this phenomenon is not unique
to SARS-CoV-2 [38�41]. An interesting perspective could be whether
persistent viral RNA shedding leads to more durable immunity in
these individuals. Follow-up studies addressing this issue are needed.

We show that individuals with persistent virus are not contagious,
as we performed extensive assisted contact tracing and were unable
to identify a single case of transmission from these post-symptomatic
carriers. A limitation is that we did not test the contacts of the index
persons and by our exclusion of one-time contacts.

Another limitation to our conclusion, is that we cannot defini-
tively rule out, that the 3 individuals who only tested positive at time
point 2 were not in fact re-infections. We do however find the possi-
bility of re-infections unlikely, because studying risk of transmission
in a Danish setting has been optimal for the following reasons; Dan-
ish authorities have not encouraged the use of facemasks until July
31st, and thus not during the time of this study. The use of them in
public has been completely absent. Further, testing for COVID-19 is
free and widely available � even without symptoms or referral.
During April�June 2020, R0 has been below or equal to 1 in Denmark
[42] and comprehensive measures were taken by authorities to pre-
vent community transmission [43]. Re-infection is a very rare event
� even in high-prevalence areas [44]. With low prevalence of COVID-
19, new infections or debut of COVID-19 symptoms in the closest
relations were efficiently traced, detected and tested. We find it
unlikely that transmission events resulting in symptomatic infection
would go unnoticed. Asymptomatic infections may however have
gone undocumented. Our conclusion, that post-symptomatic persis-
tent virus is not transmitted in vivo is in line with previous studies
suggesting, that most transmissions occur in the pre-symptomatic
stage [45]. We therefore conclude, that SARS-CoV-2 RNA can be
recovered in pharyngeal mucosa �105 days after recovery. Further,
insufficient levels of circulating SARS-CoV-2-specific antibodies do
not explain this persistent viral RNA shedding. SARS-CoV-2 RNA
detection is characterized by an increased anti-SARS-CoV-2-specific
CD8 T-cell response suggestive of low-level viral persistence result-
ing in ongoing immune stimulation.
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