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38 ABSTRACT

39  Background

40 Waning immunity occurs in patients who have recovered from COVID-19. However, it
41  remains unclear whether true re-infection occurs.

42  Methods

43 Whole genome sequencing was performed directly on respiratory specimens collected

44 during two episodes of COVID-19 in a patient. _
45 differentiate re-infection from persistent viral shedding, Laboratory results; including RT-PCR

46  Ctvalues and serum SARS-CoV-2 IgG, were analyzed.

47  Results

a8 The second episode of asymptomatic infection occurred 142 days after the first
_in an apparently immunocompetent patient. During the second episode,
50 there was evidence ofacute infection ingluding levated Creactive protein and SARS-CoV-2
_ Viral genomes-from-first and second episodes belong to different

52  clades/lineages. The genome from first episode contained a stop codon at position 64 of ORFS,
53  leading to a truncation-of 58 amino acids. Another 23 nucleotide and 13 amino acid differences
54  located in 8 different.proteins, including known B and T cell epitopes, were found between

55  viruses from'the first and second episodes. Compared to viral genomes in GISAID, the first virus

S5 genomeyas Bhylogenctically EGSONREHGA TG SRR COGH BN NG A0S0 RIS THE

58  Conclusions

59 Epidemiological, clinical, serological and genomic analyses confirmed that the patient

60 had resinfection instead of persistent viral shedding from firstinfection Our results suggest
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61 SARS-CoV-2 may continue o cirulate amon humans despite herd immnity de t0 naturl

_ Further studies of patients with re-infection will shed light on protective correlates for

63  guiding vaccine design.
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INTRODUCTION

COVID-19 pandemic has affected over 23 million patients with more than 0.8 million
deaths in over 200 countries. The pandemic has severely disrupted the healthcare system and
halted socioeconomic activities. Household transmission has led to familial clusters [1,2]. The
high transmissibility of the etiological agent, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), by airborne, droplet and contact routes has led to large outbreaks in eateries,
bars, cruise ships, workplaces, and healthcare institutions [3]. With the exception of few regions,
COVID-19 continues to circulate worldwide despite stringent control-measures. Moreover,
resurgence of COVID-19 cases is seen in many areas after relaxation.of social distancing policies
[4].

One of the key questions for COVID-19 is whethter true re-infection oceurs. Although
_ [5,6], recent studies showed tha-
fiters start o decline as early as 1 fo 2 months after the acute infection | 7.8]. Due to prolonged

viral shedding at low levels near the detection limit of RT-PCR assays [5], patients tested

negative and discharged from hospitals are often having recurrence of positive results [9]. -

80

These reported cases have raised the controversy between persistent virus shedding and re-

82

Welhive encourtered  patien with ESBEORAPBOREOTRIEGHOH WHEHOBGAEA S

_ Here, we differentiated re-infection from prolonged viral shedding

84

85

86

using whole genome analysis, which was also supported by epidemiological, clinical and

serological data.
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METHODS
RT-PCR and antibody testing

SARS-CoV-2 RT-PCR was performed using the LightMix® E-gene kit as we described
previously [11]. Immunoglobulin G (IgG) against SARS-CoV-2 nucleoprotein was performed
using Abbott SARS-CoV-2 IgG assay according to manufacturer’s instruction, or microsphere-

based antibody as we described previously [12].

Viral whole genome sequencing

RNA was extracted from posterior oropharyngeal saliva: (s-i}gg.\)viagen Viral RNA Mini
Kit as we described previously [4]. Reverse transcription was performed using SuperScript [V
reverse transcriptase (ThermoFisher Scientific, Waltham; MA, USA). The cDNA was then used
for SARS-CoV-2 tiling PCR and library preparation-according to Nanopore protocol (Version:
PTC 9096 v109 revF 06Feb2020) with medifications [4]. End preparation and native barcode
ligation was performed using EXP-NBD196 (Oxford Nanopore Technologies). Barcoded and
pooled libraries were then ligated.to sequencing adapter and was sequenced with the Oxford
Nanopore MinlON device using R9.4.1 flow cell.

Bioinformaties analysis of nanopore sequencing data was performed using the workflow
from ARTIC network [13]. Minor modifications were made for converting raw data into the
consensus sequences using the Medaka pipeline, which include increasing the QC passing score
from.7to 10, reducing the minimum length at the guppyplex step to 350 to allow potential
deletions to be detected, and increasing the “—normalise” value to 999999 to incorporate all the

sequenced reads.
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Phylogenetic analysis

Multiple alignment was performed using MAFFT [14]. Maximum-likelihood whole
genome phylogenetic tree was constructed using IQ-TREE2 [15], with substitution model
TIM2+F as the best predicted model by BIC. The option -czb was used to mask unrelated
substructure of the tree with near zero branch length. The ultrafast bootstrap option was used
with 1000 replicates. We described the clade information using GISAID [16], Nextstrain [17]and
Pangolin [18] nomenclatures. Nucleotide position was numbered according to. the reference
genome Wuhan-Hu-1 (GenBank accession number NC 045512.2).

To identify strains that are most closely related to those of the patient, strains in the
GISAID database deposited as of August 20, 2020 wﬁ&l‘yﬁed. The file downloaded from
GISAID (msa 0820) has excluded duplicate and ‘low-quality sequences with >5% NNNNs
(Supplementary Table S1). The following criteria were used for strain inclusion for the
phylogenetic analysis. We blast-searched whole viral genome against the GISAID database using
the two strains from the patient, and included the 10 top hits for each blast. BLAST+ toolkit was
used for the blast searches [19]. ﬁ(@ition to the 20 chosen strains from the BLAST results, we
have also included vw%‘n{ Hong Kong that were reported in our previous publication [4], 5

most recent straiy‘\ﬁqp‘ﬁK and Spain, and other strains reported in January 2020.

Ethical approval
The study protocol was approved by the Institutional Review Board of the University of
Hong Kong/Hospital Authority Hong Kong West Cluster UW 13-265. The patient has also

provided written informed consent for publication.
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133 RESULTS

134  Patient

135 The patient was & 33-year old male residing in Hong Kong He enjoyed a good past

_ During the first episode, he presented with

_ The diagnosis was confirmed by a positive

138  his posterior oropharyngeal saliva specimen o

_ By then, all his symptoms have subsided.

141  taken 24 hours apart. ‘\\
142 During the _f CO L@e patient was returning to

143 Hong Kong from Spain via the United Kingdom, an %&tested positive by SARS-CoV-2 RT=
-n the posterior oropharyngeal saliva

d throat swabs

He was

146 -with a temperature of 36.5{(})&93 pulse rate was 86 beats per minute, his blood pressure

roo i, Physical examination was unremarable, Ct

(Figure 1). On admission,

147  was 133/94 and his SaO, w

v

150  hospitalization (Figure 1).

149  C-reactive prot ) level was slightly elevated at 8.6 mg/L, but declined during

_during hospitalization, indicating a reduction in viral load (Figure 1).

154

155  SARS-CoV-2 IgG
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156 The serum specimens collected 10 days affer symptom onset for the first episode and [
157 day after hospitalization for the second episode teste | SEMINENOMIBGNE 2inst SARS-CoV-2
158  nucleoprotein. Serial serum specimens collecte_ were also tested for

159  SARS-CoV-2 IgG using Abbott assay, with the serum specimen collected from

162
163  Genome analysis

164

The sequenced genomes of both episodes encompas%entire genome, except for 54 bp from
L)

167  the 5’ end and 34 bp from the 3’ end, exclu \po yA tail. The mean filtered coverage was

168  2579-fold and 2647-fold for the viral ge oggﬁom the first infection (hCoV-19/Hong

169  Kong/HKU-200823-001/2020; Gl%slj)eccession number EPI ISL 516798) and that of the

170  second infection (hCoV-l9/% g/HKU-200823-002/2020; GISAID accession number

The second viral

175 genome belongs to GISAID clade G, Nextstrain clade 20A, and Pangolin lincage B.1.79 witha
76 probabiliy of .70 In additon tothe prescice ofa siop codon at position 64 of ORFS leading 0
_ in the virus genome of the first episode of infection, the two virus
178 genomes also differ by anofher 23 nucleotides, in which 13/ were non-synonymous mutations
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179  resulting in amino acid changes (Figure 3 and Supplementary Table S2). _

180 amino acids between he two genomes are located in the spike protei (at the N-terminal domain,

181  subdomain 2 and upstream helix), nucleoprotein, non-structural proteins (NSP3, NSP5, NSP6,
182  NSPI12), and accessory proteins (ORF3a, ORF8 and ORF10).

183 We have performed a blast search for the first and second genome. _
184 is most closely related to strains from the USA or England collected in March,and ‘April 2020.
185  while the second viral genome is _
186 collected in Jly and August 2020, The second genome contain the it nspG LI42F, which
187 s rarely found (0.009% [7/76828] genomes deposited into GISAID ‘as of August 20, 2020).

188
189  DISCUSSIONS

190 We report the first case of re-infection of COVID-19. _ support

191  that the second episode is caused by re-infection instead of prolonged viral shedding. First,
192 _ showed that the' SARS-CoV-2 strains from the first and second episode
193  belong to different clades/lineages with 24 nucleotide differences, suggesting that the virus strain

194  detected in the second-episode 1s completely different from the strain found in the first episode.

_ suggesting that this is a genuine
197 __ between the first and second
198  episode. Previous studies have shown that Viral_
_ [5,20,21]. Prolonged viral shedding for over one month has been reported

200  but rare [21,22]. In one report, a pregnant woman had virus detected for 104 days after her initial

201 positive test [23]. F ourth,_ where resurgence of

10
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202 COVID-19 cases has occurred since late July, 2020. The viral genome obtained during the
203  second episode is phylogenetically closely related to strains collected from Europe in July and
204  August.

205 The confirmation of re-infection has several important implications. _

oS C R can SlmNAIISARSICOVS 2Ithough it is possible that subsequentinféctions
_ COVID-19 will likely continue to

208  circulate in the human population as in the case of other human coronaviruses,
209 common for “seasonal” coronaviruses 229E, OC43, NL63 and HKU [24]. Ih some instances,
210 re-infection occurs despite a static level of specific antibodies. Second. FiCGHGSIMAYONDEABIS
PO roVideN IO EDIOECHONABANSCONIDEID! urthermore. Vaccine studies should also
212 include patients who recovered from COVID-19.

213 Despite having an acute infection as.¢videnced by an elevated CRP and serocoversion,
214 the patient was asymptomatic during the second episode. A previous study of re-infection in
0 GGl oW e MBS GiFMEUHGHESATGRHON] 25). This s lkely related o

216  the priming of the patient’s adaptiveé immunity during the first infection. During SARS-CoV-2
217  infection, neutralizing-antibody develops in most patients. In our patient, although anti-SARS-

218  CoV-2 antibody. wasnot detected initially during the second episode, the residual low titer of

219  antibody may have partially controlled the virus. _
EET e eI 27 o our paint, he -~ E PR
220 hat iffer i thespke prtei between th fis and second nfetion. ncluding L1, A222Y.

11
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225 D614G and Q780E. Amino acid residue_
ESEMMRRURGGTRAREGHIGRES ich we have previously dentifid [26]. AZEENIRADOTAGHIR
_f these epitopes (Supplementary Figure S1). D614G, located at the

228  subdomain 2 of the spike protein, and is now found in most SARS-CoV-2 strains. Studies using

229  pseudovirus of SARS-CoV-2 [29]. A rec%

230  using pseudovirus showed that 7% of convalescent sera from recovered COVID Q;Qnts had

[30]. Fl@erological

232 studies are required to determine whether these amino acid differepc@ spike protein of the

231

233 SARS-CoV-2 strains between the first and second infection is re@ble for the re-infection.

234 _may also play a role in ameliorai\éﬁ severity during re-infection.

w%at coronaviruses can induce long-

[31,33-35]. Spike protein

cell responses [36]. CD4+ T cells also targets the

235  Studies on COVID-19 and other coronaviruses sho
L

236 lasting T cell immunity [31,32].

238 A222V is a potential site eliciting @

239 nsp3, nsp4 and ORFS, whileQ T cells target the nsp6, ORF3a and ORFS as reported up

240 to this stage [34]. Q)

The low antibody level may be related to his mild iliness

[6,7]. During the second episode of infection

245  in our patient, IgG against SARS-CoV-2 was not detected until 5 days after hospitalization. -

12
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248 _Previous studies have shown that antibody response was not detectable in

249  some patients until 2-3 weeks after onset of symptoms. _

S

252 33% of recovered COVID-19 patients were negative for neutralizing antibodies durmgclj%

253 convalescent phase (average 39 days after symptom onset) [8]. Another study s @ t 40%

e%x:ptoms [7].

1d decline in

254  of asymptomatic individuals are seronegative within 8 weeks after the ons

255  Besides the lack of protection against re-infection, another implicatio
256  antibody titers is that
257 The lack of antibody response after COVID-19 % implications on both the

258  susceptibility to re-infection and the severity of infe
L)

First, only one archived serum specimen

263 collected from the fi Qg was available for serology testing. Since patients may not mount

dy avidity study was not performed. Second, the virus culture using upper

267  respitatory tract specimens from both episodes are still ongoing, and therefore the_

269 This case illustrates that re-infection can occur even just after a few months of recovery

270  from the first infection. Our findings suggest that_

13
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case for other common-cold associated human coronaviruses, even if patients have acquired
immunity via natural infection or via vaccination. In rhesus macaques that have recovered from
SARS-CoV-2 infection and re-challenged with the same virus, the peak viral load during re-
challenge was >5 logjo lower in the BAL but only ~2 log10 lower in the nasal swab when
compared with those during the first challenge [25]. Similarly, in vaccine studies, viral RNA.
could still be detected in the upper respiratory tract for vaccinated animals [38]. Further studies
on re-infection, which will be vital for the research and development of more effective vaccines,
are warranted. In summary, reinfection is possible 4.5 months after a first episode of
symptomatic infection. Vaccination should also be considered for persons with known history of
COVID-19. Patients with previous COVID-19 infection should also comply with

epidemiological control measures such as universal masking and social distancing.
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FIGURE LEGEND
Figure 1. Serial C-reactive protein level, viral load (Ct value) and SARS-CoV-2 IgG results
during the second episode. Anti-SARS-CoV-2 IgG was performed with Abbott SARS-CoV-2

antibody assay.

Figure 2. Phylogenetic analysis of whole SARS-CoV-2 genomes showing the relationship
between the viruses collected from first (March 2020) and second infection (August 2020). The
tree was constructed by maximum likelihood method. Clade information.as.inferred by GISAID,
Nextstrain and Pangolin nomenclatures, are shown. The reference genome Wuhan-Hu-1

(GenBank accession number NC _045512.2) is used as the root.of the tree.
Figure 3. Schematic diagram showing diff@Q@gmino acids between the first and second

episode. *Stop codon at amino acid position.64 of ORF8 leading to a truncation of 58 amino

acids in the virus genome of the first episode of infection.
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