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Abstract: So far, only a few reports about reinfections with SARS-CoV-2 have been published,
and they often lack detailed immunological and virological data. We report about a SARS-CoV-2
reinfection with a genetically distinct SARS-CoV-2 variant in an immunocompetent female healthcare
worker that has led to a mild disease course. No obvious viral escape mutations were observed
in the second virus variant. The infectious virus was shed from the patient during the second
infection episode despite the presence of neutralizing antibodies in her blood. Our data indicate that
a moderate immune response after the first infection, but not a viral escape, did allow for reinfection
and live virus shedding.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected more
than 135 million people and caused more than 3 million deaths worldwide until now [1].
Infection of the immunocompetent host normally leads to the development of neutralizing
antibodies, yet antibody levels may wane over time [2]. Reports of reinfections have been
anecdotally published with increasing frequency [3-10]. A more profound understanding
of the virological and immunological characteristics of SARS-CoV-2 reinfections may help
to define reliable correlates of immunity. Here, we present detailed clinical, virological, and
immunological data of the first well-documented case of a SARS-CoV-2 reinfection in a
highly exposed immunocompetent female healthcare worker in Germany, which occurred
seven months after her initial infection. Importantly, all criteria suggested by the recently
published Centers for Disease Control and Prevention (CDC) protocol for investigating
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suspected SARS-CoV-2 reinfection were met (duration since previous test > 90 days, CT
value < 33, symptoms typical of coronavirus disease 2019 (COVID-19), observation of
different clades between the first and second infection) [10]. Successful SARS-CoV-2
isolation in cell culture at the time of reinfection proves that shedding of the infectious
virus was possible despite the presence of preformed neutralizing antibodies.

2. Materials and Methods
2.1. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

For detection and quantification of SARS-CoV-2 RNA, the fully automated qRT-PCR
system Cobas6800 (Roche Molecular Solutions, Pleasanton, CA, USA) was used. The viral
load was calculated using the E-gene target (T2) and a standard curve to convert from Ct to
viral loads using a commercial quantitative reference standard (from Instand, Diisseldorf,
Germany). The linear range and matrix validation have previously been published by our

group [11].

2.2. Cell Culture and Virus Isolation

For virus isolation, 500 pL of the swab specimen taken at the time of reinfection
(29 December 2020) was used to infect Vero E6 cells (ATCC CRL-1008) [12]. Virus growth
was confirmed by qRT-PCR at 72 h post-infection. The supernatant was filtered and
transferred to fresh Vero cells. After two days, cells showed a strong cytopathogenic effect
(CPE) and the supernatant was harvested and frozen. The median tissue culture infectious
dose (TCID50) was calculated based on the infection of Vero cells with serial ten-fold
dilutions of the stock and was 1.57 x 107 /mL.

2.3. Viral Whole Genome Sequence Analysis

The viral genomes from the first and second episode of infection were sequenced from
the pharyngeal swab material and were named #HH-24.1 and HH-24.1, respectively. Ampli-
con sequencing and a bioinformatic analysis were performed, as recently published [13,14].
Library generation was performed using the CleanPlex SARS-CoV-2 Panel (Paragon Ge-
nomics, CA, USA). Merged reads were aligned to NC_045512.2 using minimap2 [15] with
default settings for short read alignment. Major variants (>50% of reads) were called using
freebayes Bayesian haplotype caller v1.3.1 [16] with ploidy and haplotype independent
detection parameters to generate frequency-based calls for all variants passing input thresh-
olds (-K -F 0.5). Input thresholds were set to a minimum coverage of 10 and minimum
base quality of 30 (min-coverage 10, -q30). Resulting variants were annotated using AN-
NOVAR [17]. Pangolin lineage and nextstrain clade assignment of consensus sequences
were performed using the pangolin (https:/ /github.com/cov-lineages/pangolin, accessed
on 7 March 2021) and nextclade (https:/ /github.com/nextstrain/nextclade, accessed on
7 March 2021) packages. Phylogenetic analysis and tree visualization were performed
using nextstrain [18]. To visualize the investigated samples in the context of European
SARS-CoV-2 strains, 100 European sequences were randomly sub-sampled from the data
available in the GISAID database [19]. For more detailed methods of phylogenetic analyses
see [13,14].

2.4. Analysis of Humoral Immune Response

An automated quantitative anti-SARS-CoV-2 IgG assay targeting the S1/S2 spike
domain (DiaSorin, Saluggia, Italy) was used according to the manufacturer’s recommen-
dations [20]. For the immunofluorescence assay, Vero E6 cells (ATCC CRL-1008) infected
with SARS-CoV-2 isolate HH-1 were spotted on glass slides, air-dried, and fixed in ice-cold
acetone. Serial dilutions of patient sera were incubated on slides for 1 h at 37 °C. The slides
were washed twice with PBS. SARS-CoV-2 antibodies (IgM, IgG, IgA) were detected by in-
direct immunofluorescence using anti-human IgG (Medac, Cat. No 5230-0288), anti-human
IgM (Medac, Cat. No 02-10-03) and anti-human IgA (ThermoFisher, Waltham, MA, USA,
Cat. No. A18782) (FITC labeled secondary antibodies and incubation at 37 °C for one hour).
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2.5. Virus Neutralization Assay (NT)

Patient sera drawn at different timepoints before and after the reinfection were avail-
able for virus neutralization assays. The sera used were decomplemented at 56 °C for
30 min prior to serial dilution in triplicate starting at 1:20. Triplicates of the dilutions were
mixed with an equal volume of SARS-CoV-2 (isolate HH-1/isolate HH-24.2), equivalent
to 20 TCID50 isolate HH-1/4 TCID50 isolate HH-24.2 per sample. After incubation at
37 °C for one hour, the serum/virus mixtures were transferred to 96-well plates containing
5.0 x 106 cells/plate of Vero cells (ATCC CRL-1008) seeded the previous day. Following
incubation for 96 h at 37 °C, supernatants were discarded, and the plates were fixed in 4%
formaldehyde and stained with crystal violet. The highest serum dilution protecting 2 of 3
wells from cytopathic effect (CPE) was taken as the neutralizing antibody titer.

3. Results

A 27-year-old female nurse working in a COVID-19 ward of the University Medical
Center Hamburg-Eppendorf (UKE), Germany, developed fever, chills, and exertional
dyspnea on 18 March 2020. She had no history of any underlying medical conditions and
no indication of a compromised immunity. The patient immediately placed herself into
self-quarantine and was tested positive for SARS-CoV-2 on March 20 by qRT-PCR of a
naso- and oropharyngeal swab with 1 x 10° copies/mL (Figure 1) [21]. While the fever and
chills resolved during domestic isolation on March 25, she reported exertional dyspnea for
another four weeks. Notably, mild arterial hypertension was first diagnosed a few weeks
after the infection, and treatment with bisoprolol was initiated. She returned to work at
her ward after 17 days of quarantine, after testing negative for SARS-CoV-2 by qRT-PCR
in two subsequent samples. Anti-SARS-CoV-2 spike (S1/52) IgG levels in July 2020 were
40 AU/mL in July 2020 and thus clearly above the 15 AU/mL detection limit suggested
by the manufacturer. At later time points, anti-spike (S1/52) IgG levels remained stable
(60 AU/mL in September 2020) (Figure 1 and Supplementary Materials Table S1). During
the night shift of 26 to 27 December 2020, she developed a dry cough and mild rhinorrhea.
Routine hospital surveillance by qRT-PCR (twice weekly using gargling solution) returned
a positive result for SARS-CoV-2 on 27 December (<5000 copies/mL), 282 days after the
first positive test. Consecutive qRT-PCR tests from naso- and oropharyngeal swabs on 28
and 29 December showed viral loads of 9 x 10° and 2 x 107 copies/mL, respectively.
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Figure 1. Time course with quantitative detection of SARS CoV-2 RNA [log copies/mL] (blue) and quantitative anti SARS
CoV-2 S1/S2 antibody levels [log AU/mL] (red). RNA level was 1 x 10° copies/mL and 2 x 107 copies/mL at first infection
and reinfection respectively. Anti-SARS-CoV-2 spike (51/52) IgG was 40 IU/mL after first infection and a > 4-fold booster
during reinfection was observed (97 AU/mL on 29 December 2020, and >400 AU/mL on 13 January 2021).
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At the time of reinfection, inflammatory parameters were not elevated and leukocyte
subsets, as well as total IgM, IgG and IgA levels, were within normal range, without
any indication of immunodeficiency (Supplementary Materials Table S52). Symptoms
were resolved by 30 December 2020, and she was tested negative for SARS-CoV-2 on
11 January 2021. During the second infection, a rapid increase in the anti-SARS-CoV-2
spike (S1/52) IgG was observed (97 AU/mL on 29 December 2020 and >400 AU/mL on
13 January 2021). Indirect immunofluorescence assays demonstrated a low IgM titer only
at the first infection, and no measurable IgA titers, but significant IgG titer increases after
the first and second infection (Supplementary Materials Table S51). The SARS-CoV-2 variant
causing the reinfection was successfully isolated in cell culture (Figure 2a). No samples
of the first infection were available for virus rescue attempts. Therefore, neutralizing
antibody assays (NT IC50) were performed with both our local Hamburg reference isolate
(HH-1) [12] and the virus isolated at the time of reinfection (HH-24.1I) on patient sera drawn
before and after the reinfection. We observed similar neutralizing titers with 1:80 and 1:160
after the first infection and strongly increased neutralizing titers of 1:1280 and 1:2560 after
the second infection for both isolates HH-1 and HH-24.11, respectively (Figure 2b).
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Figure 2. (a) Successful isolation of SARS-CoV-2 from swab sample (HH-24.1I) reflected by > log4-fold in-crease of viral
RNA in the supernatant of Vero cells at 72 h post infection (hpi) detected by qRT-PCR. Quantification of the virus stock
produced of the rescued virus in cell culture revealed a TCID50 of 1.57 x 107; (b) Virus neutralization assay was performed
with serial dilutions of patient sera of one time point before (14 October 2020) and three time points after the reinfection (29
December 2020, 13 January 2021, 28 January 2021) and both the isolated virus of the patient (HH-24.11, red bars) and the
HH-1 isolate (gray bars). Neutralizing antibody titers (IC50) were detected at all time points. No significant differences in
the neutralizing capacity of the two linages were observed. Between 29 December 2020 and 13 January 2021 a > 4-fold titer
increase was observed which reflects a significant increase.

Next generation sequencing (NGS) revealed that the viral sequences from the initial
virus variant in March (HH-24.I) and the variant in December (HH-24.II) belonged to
pangoline lineages B.3 and B.1.177, respectively [22] (Figure 3b). In total, both sequences
differ in 21 positions (Supplementary Materials Table S3 and Figure 3a), including two
typical variations in spike proteins A222V and D614G.
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Figure 3. (a) Variant nucleotide positions of the sequences HH-24.1 and HH-24.1I with respect to the reference sequence
NC_045512.2 are given in dark grey, whereas light grey boxes indicate reference bases. Uncovered positions by amplicon
seq are depicted as white boxes. The color bars on top represents feature assignment (ORF, open reading frame; AA, amino
acid changes); (b) nextstrain phylogenetic visualization of HH-24.1 and HH-24.II in the context of 100 random samples
present in Europe from onset of the pandemic until February 2021. Clades are indicated by different colors.
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4. Discussion

Homologous reinfections with seasonal human betacoronaviruses within one year
have previously been reported and are generally associated with milder symptoms in
reinfected patients compared to primary infections [23,24]. The previously reported rein-
fections with SARS-CoV-2 have been either entirely asymptomatic [3,9], less severe [5], like
in our patient, or more severe [4,6-8] in relation to the initial episode. Since reinfection
cases are usually noticed because of clinical symptoms, there is likely a reporting bias
towards symptomatic cases and post-infection immunity to SARS-CoV-2 may generally
protect from severe illness. This is supported by a recent study which demonstrated that
seropositive healthcare workers had a substantially reduced risk of SARS-CoV-2 reinfection
in the six months following the initial infection [25]. However, correlates of protection
remain to be established and it is currently unknown whether the mode of reinfection
(e.g., overwhelmingly high titers of SARS-CoV-2, virus-intrinsic virulence), the magnitude,
breadth, and quality of the humoral immune responses, waning T-cell immunity or other
viral or host factors alone or in combination allow for reinfections [26]. According to
recently published case definitions for confirmed SARS-CoV-2 reinfections, viral RNA
sequencing is required to differentiate a true reinfection by distinct viral variants from
prolonged viral shedding or a reactivation of a lingering virus infection [10,27]. While
it has been shown that in most patients, SARS-CoV-2 RNA is undetectable four weeks
after the onset of symptoms, prolonged PCR-positivity of up to 104 days after the initial
infection has been reported [28,29]. We demonstrate that the same person was infected with
SARS-CoV-2 in March 2020 and was reinfected 282 days after the first positive qRT-PCR
with a different viral lineage (19A and 20 EU1 respectively). The SARS-CoV-2 sequences
retrieved from both infections matched the epidemiology of the typical clades circulating in
Germany during the respective time without any additional changes in the essential parts
of the spike gene associated with immune escape. Moderate levels of SARS-CoV-2 spike
IgG and an NT (IC50) antibody assay were observed after the initial infection. Those were
comparable to levels detectable after a mild clinical course of COVID-19 or two weeks after
a single injection of an mRNA vaccine [30]. The current reinfection episode was associated
with only a few symptoms and was detected only after a routine screening of exposed
healthcare workers at our hospital [31]. It resulted in a strong (approximate factor of 10)
boost of antibody levels in both the quantitative anti-spike (S1/52) IgG and in a 4-fold
titer increase in the NT (IC50) antibody assay. Notably, the peak virus titer at the time of
reinfection was not reduced compared to the initial infection, but the virus was cleared
rapidly and was below the limit of detection of diagnostic qRT-PCR after nine days. There
is currently little knowledge about the level and quality of humoral immune responses that
can render protection from clinical disease, and a better understanding about reinfection
events may help to identify serological correlates of immunity. Further studies are needed
to investigate whether vaccination after COVID-19 or reinfection reliably boosts the SARS-
CoV-2-specific immune responses to levels where sterilizing immunity and longer lasting
protection from clinical disease and transmission are achieved.

5. Conclusions

The presented case of a SARS-CoV-2 reinfection of an immunocompetent patient
in a high-risk healthcare setting indicates that a moderate immune response after the
first infection rather than viral escape did allow for the reinfection. The shedding of the
infectious virus in the presence of neutralizing antibodies indicates that during reinfection,
further transmission of SARS-CoV-2 is conceivable.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13040661/s1, Table S1: Serological results, Table S2: Laboratory parameters at the time of
reinfection, Table S3: Variant description.
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