creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Ph.D. Dissertation of Euijin Chang

Whole Genome Sequencing and
Mutational Analysis of
SARS—CoV—-2
in Immunocompromised Patients
with Persistent Viral Detection

SARS—CoV—-27} A&EH o2 AEH+
H R 3} SR} A
ol A AR FAA @714 € =¥ ¥4

August 2023

Graduate School of Medicine
Seoul National University
Internal Medicine Major

Euijin Chang



Ph.D. Dissertation of Euijin Chang

Whole Genome Sequencing and Mutational Analysis
of SARS—CoV—-2 in Immunocompromised Patients
with Persistent Viral Detection

SARS—CoV-27} A&&F o2 AEHE HAAE Sx}ojA]
o] A AA A E71ME € Edde] 4

August 2023

Graduate School of Medicine
Seoul National University
Internal Medicine Major

Euijin Chang

Confirming the Ph.D. Dissertation written by
Euijjin Chang

August 2023
Chair Eun Hwa Choti
Vice Chair Hong Bin Kim
Examiner Nam Joong Kim
Examiner Wan Beom Park

Examiner Sung-Ian Kim



mainlibusr




Abstract

Background: Since the emergence of Severe Acute Respiratory
Syndrome—Coronavirus—2 (SARS—CoV—2) in December 2019,
several variants of interest (VOIs) and variants of concern (VOCs)
have evolved. SARS—CoV—2 can persist in immunocompromised
patients, acquiring new mutations that could give rise to new variants,
enable immune evasion, or promote treatment resistance. Therefore,
monitoring these mutations becomes crucial to understanding their
dynamics, characteristics, and clinical impacts. Most previous studies
focused on mutations associated with immune evasion during the
pre—Omicron era and included only a few immunocompromised
patients. Thus, there is a need for more comprehensive research
during the Omicron era. This study was designed to investigate the
characteristics of nonsynonymous mutations acquired in SARS—
CoV—2 genomes among immunocompromised patients during the

Omicron—prevalent period.

Methods: From February to November 2022, we conducted a
prospective study involving immunocompromised adults diagnosed
with SARS—CoV—2. Whenever possible, we collected saliva, sputum,

and blood samples on a weekly basis for genomic and antibody testing.
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We measured the amount of SARS—CoV—2 RNA through polymerase
chain reaction (PCR) and performed viral cultures on specimens with
positive real—time reverse transcription PCR results to check for
viable virus shedding. We selected respiratory samples for whole—
genome sequencing (WGS) to identify and classify nucleotide
polymorphisms resulting in new mutations. We also carried out a
literature review to determine whether these mutations were
associated with immune evasion, remdesivir resistance, or other
SARS—CoV—2 variants. Additionally, we used the collected blood
samples to measure the titers of neutralizing antibodies against
SARS—CoV—-2 Omicron variants by the plaque reduction

neutralization test.

Results: The final analysis included thirteen patients, of whom eleven
(84.6%) had hematologic malignancies, and two (15.4%) were
recipients of solid organ transplants. Nearly half (46.2%) had been
treated with B cell—depleting agents within two years prior to their
SARS—CoV—2 diagnosis, and only two patients (15.4%) had received
at least three doses of a SARS—CoV—2 vaccine. Notably, the majority
(69.2%) were found to be infected with the BA.2 or BA.2.3 sub—
lineages of the virus, as determined through WGS analysis.

Each immunocompromised patient underwent WGS analysis
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a median of three times, with a median interval of 20 days between
consecutive analyses, and a span of 51 days between the first and
last analyses. Patients acquired a median of two nonsynonymous
mutations, which were dispersed across the entire viral genome.

Among the 87 nonsynonymous mutations, 16 (18.4%) and 13
(14.9%) were classified as persistent and temporary mutations
respectively, with the majority located in the ORF1ab region. In the
spike region, 28 mutations were identified, with 12 associated with
immune evasion and 11 designated as the defining mutations of other
SARS—CoV—2 variants, including Omicron subvariants such as BA.1,
BA.4, BA.5, BA.2.75, XBB, and XBB.1.5. The proportion of the
defining mutations of other variants was higher in the spike region
compared to the entire genome (39.3% vs. 14.9%).

The mutation ORF1ab:V5184I, reported to be associated
with decreased sensitivity to remdesivir, was observed in patient H,
142 days after the initial SARS—CoV—2 diagnosis. This patient had
undergone multiple treatment cycles with remdesivir,
dexamethasone, and baricitinib, and received high—dose steroids for
over two months prior to this mutation.

Patient J, despite having a high titer of neutralizing antibodies,
continued to shed the virus. This might be potentially attributed to a

missense mutation, S:L.452Q), which is reported to be associated with
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immune evasion and decreased antibody sensitivity. This mutation
might enable persistent viral shedding, even in the presence of high—

titer neutralizing antibodies.

Conclusions: Several new mutations reported to be associated with
immune evasion, remdesivir resistance, and new Omicron
subvariants such as BA.2.75, BA.4, BA.5, BQ.1, and XBB, emerged in
the SARS—CoV—2 genomes of immunocompromised patients with
persistent viral detection during the Omicron—prevalent era.
Regarding the emergence of new strains with mutations reported to
be related to immune evasion or remdesivir resistance and the
possibility of shedding viable viruses from immunocompromised
individuals, decisions to end the isolation of immunocompromised

patients with SARS—CoV—2 infection should be made with caution.

Keywords: Severe Acute Respiratory Syndrome—Coronavirus—2,
immunocompromised, whole—genome sequencing, nonsynonymous
mutation, immune evasion, remdesivir resistance, variant of concern
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Chapter I. Introduction

1. Current status of the COVID—19 epidemic and

the emergence of variants

Since December 2019, when Severe Acute Respiratory Syndrome—
Coronavirus—2 (SARS—CoV—2) first appeared in Wuhan, China,
there have been about 760 million confirmed cases of Coronavirus
disease—19 (COVID—19) and 6.9 million deaths all over the world,
as of 12 April 2023 [1]. For more than three years during the
COVID—19 pandemic, several variants of being monitored (VBMs),
of interest (VOIs), and of concern (VOCs) evolved from the previous
prevalent variants [2]. The Delta variant first appeared in India and
dominated in almost every country by late 2021, acquiring new spike
mutations such as S:L452R and S:P681R that impact antibody binding
[3]. Next, the Omicron variant emerged in November 2021 in South
Africa and has been prevalent all over the world to the present.
Specific mutations at the S1—=S2 furin cleavage site conferred rapid
transmissibility on this variant [3], and new subvariants including

BA.2.75, BQ.1, XBB, and XBB.1.5 have evolved recently from the



previous Omicron subvariants [4]. These new subvariants also
exhibited greater immune evasion and enhanced infectivity by the

acquisition of further mutations or inter—lineage recombination [5,6].

2. Accumulation of various mutations in the
SARS—CoV—2 genomes in specimens from

immunocompromised patients

SARS—CoV—2 can be cultured for more than several months in
severely immunosuppressed patients infected with COVID—19 and
various mutations accumulate in the SARS—CoV—2 genomes in the
respiratory specimens from the immunocompromised. One patient,
who received rituximab and bendamustine treatments six times each
in 2016 and 2020 due to lymphoma, was diagnosed with COVID—19
in November 2020. SARS—CoV—2 viral RNA was detected in her
respiratory specimens for six months afterward, and it was observed
that mutations associated with immune escape in variants of concern,
such as S!E484K, S:D950N, S:P681H, S:N501Y, and S:H655Y,
accumulated in the virus genomes [7]. Another patient, who had
recurrent acute lymphoblastic leukemia after hematopoietic stem cell
transplant and received several doses of immunosuppressants, also

shed the virus for 78 days after being infected with COVID—19.
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During this period, several mutations like S:Y144del, S:F490L, and
S:S494P accumulated in the SARS—CoV—2 genomes [8].

Moreover, mutations associated with resistance to
remdesivir, such as nspl2 E802D and nspl2 V7921, appeared in the
specimens from the immunocompromised patients who received
remdesivir after diagnosis of COVID—19 [9,10]. Also, mutations like
nspl2 V7921 and nspl2 S759A appeared in the SARS—CoV-2
genomes when SARS—CoV—2 was repeatedly cultured in vitro, and
the half—maximal effective concentration of remdesivir against
SARS—CoV—2 with these mutations increased by more than 3—10

times [11].

3. The limitations of previous studies and

necessities of further studies

As described above, SARS—CoV—-2 viruses can reside in
immunocompromised patients for several months and more, and
acquire new mutations associated with new variants, immune evasion,
or resistance to treatments as a result of selective pressures exerted
by antiviral and immunomodulatory treatments and therapeutic
antibodies [7-18]. Therefore, it could be helpful to monitor the

acquisition of new mutations in the SARS—CoV—2 genomes from
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immunocompromised patients, because this could enhance our
understanding of the dynamics, characteristics, and clinical impacts
of new mutations.

Previous studies were conducted mainly during the pre—
Omicron era, which detected the immune escape mutations defining
the Beta, Delta, or Omicron variants, by whole—genome sequencing
(WGS), and included only a few immunocompromised patients [7,13—
15,19-23]. This warrants the study performed during the Omicron
era including a larger number of immunocompromised patients.

Furthermore, previous research has focused on immune
evasion by newly—acquired mutations in the SARS—CoV—2 genome
[14,24-31]. Additionally, there have been a few reports detailing the
occurrence and incidence of resistance to remdesivir following
prolonged therapy for SARS—CoV—2 infection [9,10]. Remdesivir,
an adenosine nucleoside analog, inhibits SARS—CoV—-2 RNA-
dependent RNA polymerase (RdRp) to suppress viral replication and
has been widely used in the prevention and treatment of COVID—19
pneumonia [32]. The incidence of resistance to remdesivir in SARS—
CoV—2 has not been clearly determined, and some reports suggested
that resistance to remdesivir hardly arises [33,34]. Therefore,
mutations not only associated with immune evasion but also with
remdesivir resistance should be investigated in further studies.
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4. Goals and hypotheses of the present study

We conducted the present study using WGS analyses to
investigate the characteristics of nonsynonymous SARS—CoV-—-2
mutations that have arisen in immunocompromised patients with
persistent viral detection during the Omicron—prevalent era. We also
aimed to 1identify newly—acquired mutations reported to be
associated with immune evasion, remdesivir resistance, and the new
Omicron subvariants.

We anticipated that new nonsynonymous mutations
associated with immune evasion or resistance to remdesivir might
emerge in the SARS—-CoV—-2 genomes detected in
immunocompromised patients. Likewise, during the Omicron—
prevalent era, we expected to find the mutations characteristic of the
new Omicron subvariants in the SARS—CoV—-2 genomes from

immunosuppressed individuals.



Chapter II. Methods

1. Study participants and specimen collection

This prospective study was conducted at the Asan Medical Center
(AMC), a 2,732 bed—tertiary teaching hospital, from February to
November 2022. Following the definition of “immunocompromised”
by the Centers for Disease Control and Prevention [35], we enrolled
immunocompromised adults (age = 18 years) who had hematologic
malignancies or received solid organ transplants and were within 12
weeks from the initial diagnosis of SARS—CoV—2 infection. All the
patients were confirmed to have SARS—CoV-—-2 infections by
nasopharyngeal swab polymerase chain reaction (PCR), and patients
with a history of prior SARS—CoV—2 infection were excluded.

We obtained nasopharyngeal swabs, saliva, and blood
samples weekly from the enrolled patients. SARS—CoV—2 loads
were measured in each saliva sample and nasopharyngeal swab by
genomic RNA real—time reverse transcription—PCR (RT—-PCR), and
those with positive results were cultured to detect persistent viral
shedding. Also, at least two or more respiratory specimens with a

cycle threshold value of less than 30 were selected for SARS—CoV—

-
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2 WGS for each patient. Blood samples were used to measure
neutralizing antibodies against SARS—CoV—2 omicron variants.
Clinical information on the study participants, including age,
sex, comorbidities, history of vaccination against SARS—CoV—2, and
treatments for SARS—CoV—2 infection was reviewed in electronic
medical records, and written informed consent was obtained from the
participants. This study was approved by the institutional review

boards of the AMC (IRB—2022-1054).

2. Measurement of SARS—CoV—-2 RNA

PCR reaction mixtures (20 p¢L) contained 5 gL of extracted RNA
or in vitro—synthesized control RNA, 500 and 200 nM of S gene
primers and probes, 500 and 250 nM of N gene primers and probes,
250 and 125 nM of internal control primers and probes respectively,
0.1 gL of 200X enzyme mix, and 4 ¢L of 5X master mix
(LightCycler Multiplex RNA Virus Master, Roche, Basel, Switzerland)
(Table 1).

RNA amplification was performed using a LightCycler 96
system (Roche) as follows; (i) reverse transcription at 50C for 10
minutes — (ii) initial denaturation at 95C for 5 minutes — (iii) 45

cycles of 2—step amplification — (iv) denaturation at 95T for 10



seconds — (v) annealing and elongation at 60C for 30 seconds —
(vi) final extension at 60C for 5 minutes.

We generated calibration curves by conducting six
independent assays with samples of synthetic control RNA serially
diluted from 5x107 to 5x10! copies/ ¢ L. The limit of detection in this
assay was b copies/reaction (2.6 log copies/ml of specimen), and
viral copy numbers were calculated by plotting Ct values of the

SARS—CoV—2 N gene against log copies/reaction [36].



Table 1. Primers and probes used in real—time RT—PCR assays to detect the N and S genes of SARS—CoV—-22

Target ) o
) Name Location Sequence Modification
(Accession #)

NF 29356 AACATTCCCACCAACAGAGC

N gene NR 29529 GCCTGAGTTGAGTCAGCACT
(NC_045512) 5 Cyb, &
NP 29462 GCTGATGAAACTCAAGCCTTACCGCA
BHQZ
SF 21624 GAACTCAATTACCCCCTGCAT
S gene SR 21787 ACCATTGGTCCCAGAGACAT
(NC_045512) 5 7 FAM,
SP 21657 TCACACGTGGTGTTTATTACCCTGACA . Q1
" BH

BAF 1670 ACTAACACTGGCTCGTGTGA
Internal control BAR 1774 CTTGGGATGGGGAGTCTGTT

(NC_000007.14) 5 ' HEX,
BAP 1700 AGGCTGGTGTAAAGCGGCCTTGG 5 BHOI

2The samples were considered positive for SARS—CoV—2 genomic RNA when PCR results for both N and S genes, as

well as the internal control, were positive.



3. Culture of SARS—CoV—-2

Respiratory specimens with positive SARS—CoV—2 RNA RT—-PCR
results were cultured to detect viable viruses in a biosafety level 3
(BSL3) facility. Culture for SARS—CoV—2 was performed as the
previously described method [37,38]. Samples were inoculated
into previously prepared Vero—E6 cells (1.5X10° cells/well). The
inoculated cells were incubated for 1 hour at 37TC with 5% CO..
After removal of the inoculum, the cells were incubated again with
Dulbecco’ s modified Eagle’ s medium containing 2% fetal bovine
serum and 1% penicillin—streptomycin.

Cytopathic effects in the infected cells were checked for
one week. Supernatants from the infected cells were collected on
the seventh day and the SARS—CoV—2 viral load was measured by
real—time RT—PCR. The culture results were considered positive
when the cytopathic effects in the inoculated cells were observed
and SARS—CoV—2 viral loads in the supernatants exceeded 10°
copies/ml.

Culture tests were repeated in the case of the SARS—
CoV—2 viral loads of less than 10° copies/ml in the supernatants
with cytopathic effects in the previously infected cells. The

supernatants were inoculated again into other cells and incubation
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was done as described above. Then, SARS—CoV—2 real—time RT—
PCR was conducted to confirm virus viability, using the
supernatants from these sub—passaged cells. The viral culture was
considered positive when cytopathic effects were observed in the
sub—passaged cells and SARS—CoV—2 RNA was detected in the

supernatants from the sub—passaged cells.

4. Whole—genome sequencing and mutational

analysis

Two or more respiratory samples, taken with an interval of at least
two weeks and with Ct values below 30, were chosen from each
patient for whole—genome sequencing. Viral nucleic acids were
extracted using the automatic extraction instrument (Maxwell RSC
48 system, Promega, Madison, WI, USA). To isolate pure SARS—
CoV—2 RNA, human RNA was removed from samples with a
NEBNext rRNA Depletion Kit (New England Biolabs, Ipswich, MA,
USA). Libraries were prepared with a TruSeq RNA sample
preparation kit v2 (Illumina, San Diego, CA, USA). The enriched
libraries were quantified using a Kapa Library Quantification Kit
(Roche, Basel, Switzerland), and sequenced with a Miseq reagent kit

v2 (300 cycles) (Illumina). Sequences were analyzed on a CLC
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Genomics Workbench 10 (QIAGEN).

FASTQ files containing the raw reads were trimmed and
mapped to the reference Wuhan—Hu—1 sequence (GeneBank
accession number NC_045512.2). Viral genome assembly and variant
calling for each genome were done with Multiple Alignments using
Fast Fourier Transform (MAFFT), and pangolin lineages were
identified with the Pangolin software, version 4.2

(https://pangolin.cog—uk.io/).

The most frequent single nucleotide polymorphisms
resulting In new nonsynonymous mutations were detected by
comparison with the SARS—CoV—2 genome in the initial sample from
each patient. We classified acquired nonsynonymous mutations into
three groups: (i) persistent mutations detected in at least two
consecutive samples; (i) temporary mutations that appeared only
once and disappeared from subsequent samples; and (iii)
undetermined mutations that occurred only in the last sample from a
patient so that it was not known whether they were temporary or
persistent [7]. Then, we investigated whether the identified
nonsynonymous mutations were associated with immune evasion or
resistance to remdesivir, referencing previous reports and studies.
We also determined if these mutations were included in the defining
mutations of the major SARS—CoV—2 variants, using the lists
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provided by CoVariant.org [3].

5. Plaque reduction neutralization test (PRNT)

Neutralizing antibodies in blood were measured in a BSL3 facility.
The live SARS—CoV—2 viruses used in this assay were Omicron
variants BA.1 (hCoV—19/Korea/NCCP 43408/2021,
EPI_ISL_2887353), BA.2 (hCoV—19/Korea/NCCP 43412/2022,
EPI_ISL_13086512), and BA.5 (hCoV—19/Korea/NCCP 43426/2022,
EPI_ISL_13086516) provided by the KDCA. When a patient was
infected with the Omicron BA.1l lineage, the PRNT was conducted
against Omicron BA.1, and similarly for the Omicron BA.2 and BA.5
lineages.

PRNT was performed as the previously described methods
[39,40]. Serially diluted serum and an equal volume of virus (40
plague—forming units per well) were mixed and incubated at 37C for
two hours. Next, this mixture was inoculated into the 24 —well plate
with Vero E6 cells (1 x 10° cells/well) and incubated at 37C for one
hour. Then, 1 ml of 0.5% agarose (Lonza) was added to the plate.
After two to three days of incubation, the cells were fixed with 4%
paraformaldehyde and stained with crystal violet to visualize the

plaques. Using the Spearman—Karber formula [41], the 50%
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neutralization dose (ND50) of antibodies against SARS—CoV—2 was
calculated, which resulted in a 50% reduction of plaques, and

presented as the reciprocal of serum dilution.

6. Statistical analysis

Fisher’ s exact test was used to analyze categorical variables, and
the Mann—Whitney U test or Student’ s t—test was performed for
continuous variables, depending on whether the data were normally
distributed or not. Two—tailed p—values less than 0.05 were
considered statistically significant. We used R version 4.2.3 (R
Foundation for Statistical Computing, Vienna, Austria) and GraphPad
Prism version 9.0 (GraphPad Software, San Diego, California) for the

analysis and presentation of the results.
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Chapter III. Results

1. Clinical characteristics of the study participants

We enrolled 17 patients during the study period and chose 66
samples from them for WGS. Four patients were excluded from the
final analysis due to the poor quality of genomic data or the
insufficient number of WGS results. Three of them had hematologic
malignancies and the other patient received a kidney transplant.
Therefore, at least two successive sets of whole—genome data from
13 SARS—CoV—2 patients were included in the final analysis without
any selection bias (Figure 1).

The clinical characteristics of the study participants are
summarized in Table 2. Two of the patients (15.4%) received solid
organ transplants and the others had hematologic malignancies. Also,
six of the patients (46.2%) had received B cell—depleting agents such
as anti—CD20 monoclonal antibodies and bispecific T cell engagers
within two years of the diagnosis of SARS—CoV—2 infection. Two
patients (15.4%) had received at least three doses of Comirnaty®
(Pfizer Inc., Manhattan, New York, United States), Spikevax®

(Moderna Inc., Cambridge, Massachusetts, United States), or
=

15 -":lx_! _'q.l_'\-'._ T



66 samples from 17 patients

Poor quality of WGS results

3 samples (excluding 1 patient

with kidney transplant)

Only one WGS result was obtained
from the patient

0 samples (excluding 3 patients

with hematologic diseases
(2MDS & 1ALL))

Poor quality of WGS results

17 samples from

the other patients

3T WGSresults from 13 patients

Figure 1. The flow diagram of the samples and patients included in
the final analysis.
Abbreviations: WGS, whole—genome sequencing; MDS,

myelodysplastic syndrome; ALL, acute lymphoblastic leukemia
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Vaxzevria® (AstraZeneca Plc., Cambridge, United Kingdom) against
SARS—-CoV—2, while eight patients (61.5%) had not received any
vaccine. All the patients received remdesivir after their diagnosis of
SARS—CoV—2 infection, and immunomodulatory agents such as
dexamethasone, baricitinib, or tocilizumab were administered to the
patients depending on the severity of their infection [42]. Nine
patients (69.2%) were identified as infected with the BA.2 or BA.2.3

sub—lineage by WGS analysis.
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Table 2. Clinical characteristics of the immunocompromised patients

Characteristic

Number (%)

Age (years), mean (£SD)
Male
Immunocompromised condition
Hematologic malignancy
Acute myelogenous leukemia
Acute lymphocytic leukemia
Non—Hodgkin lymphoma
Autologous SCT
Allogeneic SCT
Solid organ transplant
kidney
liver
B cell—depleting agent”
Comorbidity
Diabetes mellitus
Hypertension
Chronic kidney disease
Peripheral vascular disease
Cerebrovascular accident
Connective tissue disease
Charlson comorbidity index, median
(IQR)
SARS—CoV—2 vaccination status
None
Partial®
Full®
Treatment for SARS—CoV—2 infection

138

55.8 (£9.0)
9 (69.2)

11 (84.6)
4 (30.8)
1(7.7)
6 (46.2)
1(7.7)
5 (38.5)
2 (15.4)
1(7.7)
1 (7.7)
6 (46.2)

2 (15.4)
3 (23.1)
1 (7.7)
1 (7.7)
1(7.7)
3 (23.1)

3 (B3-4)

8 (61.5)
3 (23.1)
2 (15.4)



Remdesivir

Dexamethasone

Baricitinib

Tocilizumab

Tixagevimab—cilgavimab

Nirmatrelvir/ritonavir

Initial SARS—CoV—2 lineage

BA.1.1
BA.2
BA.2.3
BA.2.3.11
BA.2.10
BA.5.2

13 (100.0)
6 (46.2)
4 (30.8)
3 (23.1)
1 (7.7)
2 (15.4)

1(7.7)
5 (38.5)
4 (30.8)
1(7.7)
1 (7.7)
1(7.7)

Abbreviations: SD, standard deviation; SCT, stem cell therapy; IQR,

interquartile range; SARS—CoV-2,

syndrome—coronavirus—2

severe acute respiratory

2 Use of anti—CD20 monoclonal antibodies or bispecific T cell

engagers within two years

> One or two vaccinations against SARS—CoV—2 with Comirnaty®,

Spikevax®, or Vaxzevria®

“More than two vaccinations against SARS—CoV—2 with Comirnaty®,

Spikevax®, or Vaxzevria®
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2. Acquisition of nonsynonymous SARS—CoV-2

mutations in immunocompromised patients

The results of WGS analysis were obtained from each
immunocompromised patient with a median frequency of three times
(interquartile range (IQR) 2-3). The median intervals between
consecutive WGS analyses and between the first and last WGS
analyses were 20 days (IQR 15—46 days) and 51 days (IQR 28—-63
days), respectively. The time points at which WGS, viral PCR, or
culture was conducted for each patient are detailed in Figure 2.

The patients acquired a median of two nonsynonymous
mutations (IQR 1—-7), excluding temporary mutations. The specific
nonsynonymous mutations compared with the Wuhan Hu—1
reference genome and the acquired nonsynonymous mutations
detected in subsequent WGS analyses are presented for each patient
in Figure 3 and Table 3. Table 4 outlines the number of
nonsynonymous mutations associated with immune evasion and the
defining mutations of the major variants for each patient.

The mutations each patient acquired were sporadically
distributed across the entire regions of the viral genome. Notably,
there were changes in the Pangolin lineages of the detected viruses

in the specimens from patients B and C. For patient B, the SARS—

20 .__:Ix_s _'q.;:-' T



CoV—2 lineage shifted from BA.2 to BA.2.68, 79 days after the initial
diagnosis. Patient C initially showed the BA.2.10 lineage, which then
changed to BA.2 on the 19th day after the initial diagnosis, only to
revert back to BA.2.10 on the 34th day. Despite these shifts, all of
the viruses detected in patients B and C belonged to the 21L
Nextstrain clade, with no observed change in the clade [43,44].
Additionally, no alterations in the SARS—CoV—2 lineages were found
among the other patients. Figure 3 further presents the results of
viral cultures for each specimen. The acquisition of new mutations
was observed in specimens yielding both negative and positive

results from viral culture.
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Figure 2. The timeline for each patient, presenting when specific laboratory tests were conducted and treatments for
COVID—19 were administered.

Day 0 marks the day of COVID—19 diagnosis. Asterisks denote the days when WGS was performed, while circles are used
for the days with viral PCR and cultures and squares indicate the days when neutralizing antibodies were measured. Yellow
boxes show the duration of remdesivir treatment for each patient, with orange and brown representing the duration of
receiving dexamethasone and baricitinib, respectively. Inverted triangles mark the days when tocilizumab was administered

to the patients, while regular triangles present the days when tixagevimab—cilgavimab was given.
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Figure 3. Nonsynonymous mutations of SARS—CoV—2 acquired by each patient. Each alphabet character represents the
nonsynonymous mutations compared with the Wuhan—Hu—1 reference genome, and black boxes present the newly acquired
nonsynonymous mutations compared with the initial SARS—CoV—2 genome in each patient. The day on which each specimen
was collected is indicated to the left, relative to the diagnosis day (DO). The results of the SARS—CoV—2 culture are

displayed using red—colored symbols: (+) for positive and (—) for negative.
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Table 3. Acquired nonsynonymous mutations in the SARS—CoV—2 genomes of immunocompromised patients

Acquired mutation

Patient Initial lineage
Persistent Temporary Undetermined
BA.2 S:T547K (D28)
B BA.2 ORF1ab:A2637T (D64) ORF1ab:11203T (D79)
S'H245N (D64) ORF1ab:N2317D (D79)
S:G446D (D64) ORF1ab:V27861 (D79)
ORF1ab:G4287R (D79)
ORF3:V259L (D79)
C BA.2.10 ORF1lab:F2122L (D19) M:D3G (D34)
ORF1ab:M3733T (D19) S:H505Y (D34)
ORF1ab:P5360S (D19)
ORF1ab:R6958K (D19)
D BA.1.1 ORF1ab:E102K (D68) ORF1ab:Q1365P (D159) ORF1ab:A372V (D208)

ORF1ab:1114T (D159)
ORF1ab:V1222A (D68)
ORF1ab:R1404C (D159)
ORF1ab:A2098T (D68)
ORF1ab:S2352N (D159)
ORF1ab:R2695S (D68)

35

ORF1ab:V4101L (D159)
ORF7:T391 (D159)

ORF1ab:V11171 (D208)
ORF1ab:I1367L (D208)
ORF1ab:D3222N (D208)
ORF1ab:L3919F (D208)
ORF1ab:P3952S (D208)
ORF1ab:Q4100R (D208)



ORF1ab:G2696A (D68)
S:1210V (D68)
S'V213E (D68)
S:R346K (D68)
ORF7:A105V (D68)

N:KRTSPA203-208Del (D159)

ORF1ab:A5017V (D208)
S:R273K (D208)
S:D936Y (D208)
M:Y71H (D208)
N:D144H (D208)

BA.2

ORF1ab:V4558A (D19)
S:R493Q (D19)
S:R634H (D19)

ORF1ab:L3829F (D67)
ORF1ab:A3969V (D67)
S:tHV69—70Del (D67)
S:K147E (D67)
S:S408R (D67)
S:L452R (D67)
S:V483A (D67)
ORF3:M1T (D67)

BA.2.3

ORF1ab:G5063S (D56)
S'Y428N (D56)
S:S255F (D56)
S:V445F (D56)
M:L17F (D56)

BA.2.3

N:A35V (D50)
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BA.2.3

ORF1ab:T18221 (D36)
ORF1ab:D4165Y (D36)
S:N405D (D36)

ORF1ab:I1505T (D142)
ORF1ab:P2046S (D142)
ORF1ab:R3662H (D142)
ORF1ab:N4358K (D142)
ORF1ab:V51841 (D142)
ORF1lab:Y5223H (D142)
ORF1ab:M55571 (D142)
ORF1ab:S6375N (D142)
ORF1ab:V6624A (D142)
S:R493Q (D142)
ORF3:17T (D142)
ORF7b:L25F (D142)

BA.2

ORF1ab:T16381 (D48)
ORF1ab:T43111 (D48)
S:Y144Del (D48)
S:AL243—244Del (D48)
S:L368I (D48)

S:V4451 (D48)
S:T547K (D48)

BA.2
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M:M1T (D98)

K BA.2.3.11
L BA.2.3 S:K440E (D78)
M BA.5.2 ORF1ab:C5191Y (D69)

S:S408R (D69)

Abbreviation: D, day
Each mutation is displayed alongside the day it was first detected in the respiratory specimen, relative to the diagnosis day

(DO). Mutations highlighted in the underlined bold text represent those reported to be associated with immune evasion or

other SARS—CoV—2 major variants.
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Table 4. Characteristics of acquired nonsynonymous SARS—CoV—2 mutations in immunocompromised patients

Mutations in Mutations associated Mutations found in
Immunocompromised Number of acquired mutations
Patient S region, with immune evasion, major variants,
condition (duration of observation)
n (%) n (%) n (%)

lymphoma 1 (28 days) 1 (100.0) 0 (0.0) 1 (100.0)

B AML & (78 days) 2 (25.0) 1 (12.5) 0 (0.0)
Kidney
C 6 (33 days) 1 (16.7) 1 (16.7) 2 (33.3)
transplantation
D Lymphoma 28 (155 days) 5 (17.9) 0 (0.0) 2 (7.1)
Lung
E 11 (63 days) 7 (63.6) 5 (45.5) 4 (36.4)
transplantation

F lymphoma 5 (51 days) 3 (60.0) 1 (20.0) 0 (0.0)
G ALL 1 (45 days) 0 (0.0) 0 (0.0) 0 (0.0)
H lymphoma 15 (136 days) 2 (13.3) 1 (6.7) 1 (6.7)
I AML 7 (21 days) 5 (71.4) 2 (28.6) 3 (42.9)
J AML 2 (19 days) 1 (50.0) 1 (50.0) 1 (50.0)
K Lymphoma 0 (13 days) - - -
L Lymphoma 1 (63 days) 1 (100.0) 0 (0.0) 0 (0.0)
M AML 2 (57 days) 1 (50.0) 0 (0.0) 0 (0.0)

Abbreviations: n, number; AML, acute myelogenous leukemia; ALL, acute lymphocytic leukemia
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Of the 87 nonsynonymous mutations, 16 (18.4%) and 13
mutations (14.6%) were classified as persistent and temporary
mutations, respectively. More than half of the mutations were
detected in the ORF1lab region (Figure 4). There were 28 mutations
in the S region, 12 of which were associated with immune evasion:
temporary substitutions such as S:G446D and S:N405D [24,29,45]
and undetermined mutations including S:K147E, S:S408R, S:L452R,
S:VA83A, S:V445F, StHV69—70Del, S:Y144Del, S:AL243—-244Del,
S'H505Y, and S:Q452L [22,25,28,29,31,46-50]. Also, 13 mutations
in the ORFlab, S, and M regions, which included persistent
substitutions such as S:I210V, S:V213E, and S:R493Q and
undetermined mutations such as S:'T547K, M:D3G, ORF1ab:L3829F,
S:HV69—-70Del, S:IK147E, S:L452R, S:Y144Del, S:L368I, S:H505Y,
and S:L452Q, were the defining mutations of the major variants
including Omicron BA.1, BA.4, BA.5, BA.2.75, XBB, and XBB.1.5,
according to the resources in CoVariant.org [3] (Table 5). Eleven of
these mutations occurred in the S region. The proportion of acquired
mutations that were defining mutations of the other variants was
higher in the S region (11/28, 39.3%) than in the whole genomic

region (13/87, 14.9%).
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HEEm 56.25% 9 ORFlab
= 31.25% 5S
Ea 12.50% 2 Others

HE 69.23% 9 ORFlab
= 23.08% 3S
E 7.69% 1 Others

Persistent mutations, n=16 Temporary mutations, n=13

EE 46.55% 27 ORFlab
3 36.21% 21 S
Ea 17.24% 10 Others

Elm 51.72% 45 ORFlab
= 33.33% 29S
Ea 14.94% 13 Others

Undetermined mutations, n=58 Total mutations, n=87

Figure 4. Distribution of nonsynonymous mutations in each region of SARS—CoV—2 genomes

Abbreviations: n, number; ORF, open reading frame; S, spike
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Table 5. Acquired nonsynonymous mutations that are defining mutations of other major variants

Nonsynonymous mutation

Associated major variants

ORF1ab:L3829F

BQ.1, XBB.1.16

SIHVE69—70Del

B.1.1.7 (Alpha), B.1.525 (Eta), BA.1, BA.4, BA.5, BQ.1

S:Y144Del B.1.1.7 (Alpha), B.1.525 (Eta), BA.1, XBB, XBB.1.5, XBB.1.16
S:K147E BA.2.75
S:1210V BA.2.75
S:V213E XBB, XBB.1.5, XBB.1.16
S:1L.3681 XBB, XBB.1.5, XBB.1.16
S:L452Q BA.2.12.1, C.37 (Lambda)
BA.4, BA.5, BQ.1, B.1.617.1 (Kappa), B.1.427/B.1.429 (Epsilon), B.1.617.2
S:L452R
(Delta)
S:R493Q BA.2.75, BQ.1, XBB, XBB.1.5, XBB.1.16
S:Y505H BA.4, BA.5, BA.2.12.1, BA.2.75, BQ.1, XBB, XBB.1.5, XBB.1.16
S:TH47K BA.1
M:D3G BA.1
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3. Rates of acquisition of nonsynonymous

mutations

Nonsynonymous mutations in the SARS—CoV—2 genome were
acquired at a different rate in each patient (Figure 5). In particular,
patient D acquired more mutations in an especially short time. This
patient was immunocompromised as a result of treatment with
rituximab and epocoritamab for lymphoma less than six months
before the diagnosis of COVID—19 infection. Despite receiving three
doses of the SARS—CoV—2 vaccine, the patient’ s blood samples
contained insufficient neutralizing antibodies against the Omicron
variant. This patient underwent a longer course of COVID—-19
treatment, which included remdesivir, steroids, and baricitinib,
compared to others. Similarly, patients E and H acquired more
mutations within the same period than other patients. These two
patients also had low titers of neutralizing antibodies and received
COVID—19 treatment with remdesivir, steroids, or baricitinib for

over two weeks (Table 6).
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Figure 5. The number of the nonsynonymous mutations in sequenced
SARS—-CoV—2 genomes in each patient over time
The first day when WGS analysis was performed for each patient

was considered day O.
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Table 6. Histories of other treatments and durations of COVID—19 treatments in the immunocompromised patients

Duration of Total number of Duration of COVID—19 treatments (days)

Median of
Immunocompromised Treatment SARS—CoV-2 culture acquired mutations
Patient o neutralizing Other
condition history vaccination positivity (duration of RDV DXM TCZ BCT
Ab (ND50) steroid®
(days) observation)
A Lymphoma — Partial — 28 1 (28 days) 3 0 0 0 0
B AML, HSCT - None 802.8 75 8 (78 days) 5 0 0 0 0
Tacrolimus,
C Kidney transplant prednisolone, Full 182.7 55 6 (33 days) 3 0 0 0 0
rituximab
Rituximab,
D Lymphoma Full 8.1 155 28 (155 days) 29 16 103 1 35
epocoritamab
Tacrolimus,
E Lung transplant mycophenolate None 181.2 55 11 (63 days) 17 11 51 0 0
mofetil
F Lymphoma Rituximab None - 56 5 (51 days) 3 0 0 0 0
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G ALL, HSCT - Partial 463.4 50 1 (45 days) 6 10 0 1 0

H Lymphoma, HSCT Rituximab None 14.1 58 15 (136 days) 28 17 72 0 15
I AML, HSCT - None 693.3 515) 7 (21 days) 5 6 0 0 0
J AML, HSCT - None 1563.5 84 2 (19 days) 11 0 0 0 0
K Lymphoma Rituximab Partial 228.2 50 0 (13 days) 3 0 0 0 0
L Lymphoma Rituximab None 64.6 78 1 (63 days) 5 0 0 0 0
M AML, HSCT - None 164.3 36 2 (57 days) 10 9 0 1 15

Abbreviations: SARS—CoV—2, Severe Acute Respiratory Syndrome—Coronavirus—2; Ab, antibodies; ND50, 50% neutralization dose;
COVID—-19, Coronavirus disease—19; RDV, remdesivir; DXM, dexamethasone; TCZ, tocilizumab; BCT, baricitinib; AML, acute
myelogenous leukemia; HSCT, hematopoietic stem cell transplantation; ALL, acute lymphocytic leukemia

2High—dose steroids more than equivalent doses of prednisolone 0.3 mg/kg/day
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4. Nonsynonymous mutations associated with

remdesivir resistance

SARS—CoV—2 RNA—dependent RNA polymerase (RdRp) is located
in the ORF1lab region and encoded by nsplZ, which interacts with
essential cofactors nsp7 and nsp& to form the RARp complex [11,51].
V7921 in the nspl12 (V51841 of the ORF1lab region) is reported to be
associated with decreased viral sensitivity to remdesivir [10,11], and
patient H acquired this mutation 142 days after diagnosis of SARS—
CoV—2 infection. Before the acquisition of this mutation, the patient
had been exposed to five cycles of remdesivir, three cycles of
dexamethasone, and one cycle of baricitinib for 28, 17, and 15 days,
respectively (Figure 6). This patient also received high—dose
steroids (= equivalent doses of prednisolone 0.3 mg/kg daily) for
more than two months (not shown in the graph of Figure 4). Patients
D and E also received more than two cycles of remdesivir and
maintained high—dose steroids for about two months, similar to
patient H. However, unlike patient H, they did not acquire any

mutation associated with resistance to remdesivir (Table 6).
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Figure 6. Changes of SARS—CoV—2 viral loads, titers of neutralizing

antibodies, and nonsynonymous mutations in sequenced SARS-—

CoV—2 genomes in each patient over time and COVID—19 treatments

used
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5. Persistent viral shedding in spite of high titers

of neutralizing antibodies

The titer of neutralizing antibodies against the Omicron subvariant
that they were infected with was measured using serum samples
from 11 patients. Figure 6 shows changes in SARS—CoV—2 viral load
and titers of neutralizing antibodies over time after diagnosis of
SARS—CoV—2 infection, culture positivity at each point, the times
when WGS analyses were conducted, and duration of COVID—19
treatment for each patient. In most patients, negative conversion of
the viral culture occurred when the titer of neutralizing antibodies
started to rise steeply and maintained a high level (Figure 6).
However, despite maintaining a high titer of neutralizing antibodies
from the time of diagnosis of COVID—19 infection, patient J shed the
virus persistently from day 72 to day 79. In patient J, WGS analyses
were conducted on day 79 and day 98. The missense mutation
S:1.452Q, observed on day 79, had “reverted” by day 98. This
mutation has been reported to be associated with immune evasion
and a decreased sensitivity to neutralizing antibodies [25,31]. It" s
unclear when the mutation emerged and disappeared, but its presence
might have been linked to persistent viral shedding from day 72 to

day 79, despite the presence of a high titer of neutralizing antibodies.
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Chapter IV. Discussion

This study described the characteristics and dynamics of acquired
mutations in the SARS—CoV—-2 genome of immunocompromised
individuals with persistent viral detection. Our research has several
advantages over previous studies. Firstly, our analyses included a
larger number of immunocompromised patients. Secondly, we
conducted mutational analyses during the Omicron—prevalent period
to 1dentify the emergence of mutations defining other Omicron
subvariants. Finally, we concurrently measured neutralizing
antibodies to better understand how their titers impact viral shedding.

We observed that each patient acquired a median of two
amino acid substitutions, excluding temporary mutations, over an
observation period of 51 days, which equals 14.2 substitutions per
year. In comparison, other studies have reported rates of
nonsynonymous mutation acquisition, again excluding temporary
mutations, in immunocompromised individuals, ranging from 24.4 to
52.4 substitutions over a year [7,19,21]. Our study included a larger
number of immunocompromised patients than previous studies. Some

patients in our study had a lesser degree of immunocompromise
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compared to those in previous studies, which could lead to variations
in the mutation acquisition rates among the studies.

Patients D, E, and H were significantly immunocompromised
due to wunderlying conditions and extended steroid therapy.
Consequently, they acquired mutations in the SARS—CoV—2 genome
more rapidly than other patients in this study. Their rates of
nonsynonymous mutation acquisition ranged from 39.7 to 62.9 per
year. These rates exceed the estimated average rates of evolution
for both SARS—CoV—2, which is about 26.6 substitutions per year,
and influenza A (HIN1), which ranges from 8.4 to 28.0x107°
mutations per year [52-55]. Moreover, an immunocompromised
patient with influenza A (H1N1) displayed nonsynonymous mutations
in the hemagglutinin gene at a rate of 5.6—16.2 per year. This rate is
slower than the mutation rates calculated for SARS—CoV—2 in these
highly immunosuppressed individuals [56]. Therefore, some
severely immunocompromised patients with SARS—CoV—2 could
accumulate a significantly larger number of mutations in the SARS—
CoV—2 genome compared to the general population or individuals
with influenza. This could potentially indicate that various VOCs or
VOIs of SARS—CoV—2 have emerged more rapidly over the last
three years compared to the cases of influenza.

As described above in patients D, E, and H, there might be
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a tendency for more rapid development of mutations in
immunocompromised individuals who take remdesivir or high—dose
steroids for extended periods. The prolonged administration of
steroids could impair cellular immunity, delay clearance of SARS—
CoV—2, and lead to the accumulation of mutations in the viral genome
[15,16,57]. In addition, the extended use of remdesivir might hasten
the “fixation” of acquired mutations and the advent of new variants
[58]. Furthermore, patients with B—cell depletion could be more
susceptible to the development of new SARS—CoV—2 variants and
remdesivir resistance with the prolonged use of remdesivir [58]. The
potential association between prolonged administration of remdesivir
or steroids and increased acquisition of mutations in the SARS—
CoV—2 genome could be examined in further studies involving more
immunocompromised patients.

Several mutations seem to have emerged sporadically,
distributed throughout the entire SARS—CoV—2 genome. This
distribution pattern mirrors findings from earlier studies that also
reported a sporadic distribution of various mutations across the
SARS—CoV—2 genome in immunocompromised patients [12,13].
The ORF1lab region, accounting for up to 21,290 nucleotides (71.2%)
of the 29,900 total and representing the longest genomic region of

SARS—CoV—-2 [59], harbored more than half of the nonsynonymous
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mutations identified in the immunocompromised patients of this study.

The S region, consisting of 3,822 nucleotides (12.8%) [60], harbored
about one—third of the nonsynonymous mutations. The adjusted
mutation numbers per kilobase were 2.1 for the ORF1lab region and
7.6 for the S region. A previous study also showed a higher mutation
rate in the S region than in the ORF1lab region [61]. Additionally,
mutations known to contribute to immune escape, or those defining
other variants designated as VOIs or VOCs, primarily arose in the S
region. This observation aligns with findings from other studies
[7,19,21].

Moreover, previous studies have identified numerous hotspot
mutations within the SARS—CoV—2 genome, including S:HV69—
70Del, S:Y144Del, and S:L452R, which have emerged with higher
frequency than others [62,63]. In this study, patient E acquired two
nonsynonymous hotspot mutations, S:HV69—70Del and S:L452R, and
patient I acquired one hotspot mutation, S:Y144Del. All of these three
hotspot mutations are the defining mutations of other major SARS—
CoV—2 variants [3]. While the mutations S:S408R, S:T547K, and
S:R493Q were observed in more than one patient, none of these were
previously reported as hotspot mutations. However, both S:T547K
and S:R493Q are also defining mutations of Omicron subvariants [3].

Of the 28 nonsynonymous mutations observed in the S region
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of SARS—CoV—2 genomes, 12 were reported to be associated with
immune evasion according to previous studies. S:G446D is a mutation
in the receptor binding domain (RBD) and is associated with greatly
reduced susceptibility to bebtelovimab and other monoclonal
antibodies against SARS—CoV—2 [24,45], while S:D405N is a
mutation that reduces the effects of sarbecovirus—neutralizing
antibodies and is the defining mutations of omicron variants A.Z2,
BA.2.12.1, BA.2.75, BA.4, BA.5, BQ.1, XBB, and XBB.1.5 [29].
S:K147E is the characteristic mutation of the BA.2.75 variant located

in the N—terminal domain of the S region and confers resistance to

polyclonal sera or monoclonal antibodies including bebtelovimab [46].

S:R408S is the defining mutation of several omicron subvariants,
BA.2, BA.2.12.1, BA.2.75, BA.4, BA.5, BQ.1, XBB, and XBB.1.5 and
might affect the conformation of RBD, causing decreased
susceptibility to monoclonal antibodies [47]. S:L452R is a unique
mutation of the omicron subvariants BA.4, BA.5, and BQ.1, located in
the RBD, and confers escape from human leukocyte antigen—
restricted cellular immunity [28]. S:V483A occupies the receptor
binding motif and decreases viral susceptibility to monoclonal
antibodies such as Bamlanivimab [48]. S:V445F is a mutation in the
RBD and has been reported in other immunocompromised patients

[22]. It also confers resistance to monoclonal antibodies [49].

60 A = ‘_'-li of



S:HV69—70Del, S:Y144Del, and S:AL243—-244Del are in the
recurrent deletion region of the spike tip and contribute to resistance
to some monoclonal antibodies [50], and S:H505Y has been reported
to be associated with evasion from BA.l1—specific neutralizing
antibodies [29]. Lastly, S:L452Q is the specific mutation of the
Lambda wvariant, located in the RBD, and confers decreased
susceptibility to convalescent plasma and vaccines [31]. Also, the
BA.2.12.1 Omicron subvariants carry it as their defining mutation.
When patients got a booster vaccination with Comirnaty® against
SARS—CoV—2, the neutralizing antibody response to BA.2.12.1 is
less effective than to BA.1 or BA.2 [25].

Furthermore, out of 28 mutations in the S region, eleven
were defining mutations of the major variants. Mutations
characteristic of BA.4, BA.5, BA.2.75, BQ.1, XBB, XBB.1.5, and
XBB.1.16 were identified in the SARS—CoV—2 genomes from these
patients. Similar phenomena were observed in previous studies
conducted during the pre—Omicron era, which documented the advent
of mutations defining the Beta, Delta, or Omicron variants [2,3].
These findings could suggest that persistent viral detection in
immunocompromised patients might contribute to the intra—host
evolution of SARS—CoV—2. Therefore, monitoring these mutations

might offer insights into the adaptation of SARS—CoV—2 and the
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emergence of new variants.

Unlike the emergence of mutations associated with immune
evasion, mutations related to antiviral resistance have not been
extensively studied [9-11]. Their emergence is quite rare, less
frequently than 0.001% among over six million sequences of nspl2—
RdRP [64]. Moreover, there is evidence that viruses harboring some
of these mutations replicated slowly and inefficiently [9,11].
However, some mutations associated with resistance to remdesivir
have been reported. For example, the ORF1ab:V5184I (identical to
NSP12-V792) led to a 2.6—fold increase in the half—maximal
effective concentration of remdesivir in vitro [11]. This mutation was
identified in two patients with kidney transplants about one month
after COVID—19 infection [10]. In this study, patient H acquired the
same mutation on the 142nd day from the diagnosis of SARS—CoV—
2 infection, after prolonged administration of remdesivir. The fitness
cost and degree of remdesivir resistance of viruses carrying this
mutation were not evaluated by experiments in patient H, so the
clinical implications of NSP12—-V792I warrant further investigation.

Both innate and adaptive immunity work in tandem to prevent,
suppress, and eradicate SARS—CoV—2 infection. CD8+ T cells play
crucial roles in mitigating the progression of COVID—19, but it s

primarily B cells and CD4+ T cells that are responsible for clearing
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SARS—-CoV—2 [65]. Instead of impaired T—cell immunity, B—cell
depletion is considered the main factor extending the duration of
SARS—-CoV—2 shedding [38,65]. However, some reports suggested
that SARS—CoV—2 infections were not effectively cleared despite
the presence of high titers of neutralizing antibodies [7,66]. One
patient in this study also continued to shed the virus from day 72 to
day 79, though the patient had a high titer of neutralizing antibodies
against the Omicron subvariant with which the patient was infected.
This could be attributed to weakened CD4+ T cell immunity or
changes in the sensitivity of SARS—CoV—2 to neutralizing antibodies,
resulting from the accumulation of mutations that provided the virus
with an ability to evade the immune responses [7,67]. WGS analyses
demonstrated that the S:LL452Q mutation, known for its association
with immune evasion, appeared on day 79 and disappeared on day 98
in specimens from this patient. Although the exact duration of the
S:L452Q and the status of T cell immunity in this patient could not
be precisely determined, the persistent viral shedding from day 72
to day 79, despite the high titers of neutralizing antibodies, might be
related to the S:LL452Q mutation.

The emergence of new mutations was observed in the
specimens, even those with a negative SARS—CoV—2 culture result.

This observation suggests that a negative result from a viral culture
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does not necessarily imply the absence of replication—competent
viruses [68—=70]. The sensitivity of viral culture for detecting SARS—
CoV—2 shedding may be low. Additionally, the sampling and storage
procedures of specimens might influence the yields of viral cultures
[68,69]. The integrity of viral genomes and the presence of
neutralizing antibodies bound to the viruses could also reduce the
recovery of replication—competent viruses in culture [69,70].
Therefore, mutations could accumulate in the SARS—CoV—2 genome
and viable viruses could be shed from immunocompromised patients,
even when the results of viral culture are negative [68].

This study has several limitations. First, we did not perform
WGS analyses on all the samples obtained from the patients.
Consequently, we could not determine the precise durations for
which specific mutations were present. Second, we could not collect
samples from the patients at regular intervals. Thus, the frequency
and interval of sample collection varied among the patients,
potentially leading to more mutations being detected in patients with
more samples. Third, we used both saliva and nasopharyngeal swab
samples for viral culture, as the sequential collection of
nasopharyngeal swabs posed greater challenges than saliva
collection. Previous research has suggested that saliva samples may
be less effective than nasopharyngeal swabs for SARS—CoV-—2
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culture [71], so this study may have underestimated the duration of
persistent viral shedding in immunocompromised patients. Lastly, we
did not assess the status of T—cell immunity in these patients.
Therefore, the influence of T—cell immunity on viral shedding and
the fixation of new mutations was not considered. Nevertheless, the
majority of T—cell epitopes, about 80—90%, are conserved in the
Omicron variants, and T—cell responses against SARS—CoV—2
depend on the repertoire of human leukocyte antigen (HLA) class I
alleles. Changes in HLA haplotype can affect T—cell responses
[72,73]. Therefore, making definitive conclusions about T-—cell
responses could be challenging without data on the distribution of
HLA haplotypes and the results of stimulation assays between HLA

class I alleles and T—cell epitopes in the SARS—CoV—2 variants.
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Chapter V. Conclusion

Several new mutations reported to be associated with immune
evasion, remdesivir resistance, and the newly emerged variants such
as BA.2.75, BA.4, BA.5, BQ.1, and XBB, emerged in the SARS—CoV—
2 genomes of immunocompromised patients with persistent viral
detection during the Omicron—prevalent era. Regarding the
emergence of new strains with mutations reported to be related to
immune evasion or remdesivir resistance and the possibility of
shedding viable viruses from immunocompromised individuals,
decisions to end the isolation of immunocompromised patients with

SARS—-CoV—2 infection should be made with caution.
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