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Abstract: Although the coronavirus disease 2019 (COVID-19) pandemic is coming to an end, it still
poses a threat to the immunocompromised and others with underlying diseases. Especially in cases
of persistent COVID-19, new mutations conferring resistance to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) therapies have considerable clinical implications. We present a patient
who independently acquired a T21I mutation in the 3CL protease after nirmatrelvir exposure. The
T21I mutation in the 3CL protease is one of the most frequent mutations responsible for nirmatrelvir
resistance. However, limited reports exist on actual cases of SARS-CoV-2 with T21I and other
mutations in the 3CL protease. The patient, a 55 year-old male, had COVID-19 during chemotherapy
for multiple myeloma. He was treated with nirmatrelvir early in the course of the disease but relapsed,
and SARS-CoV-2 with a T21I mutation in the 3CL protease was detected in nasopharyngeal swab
fluid. The patient had temporary respiratory failure but later recovered well. During treatment
with remdesivir and dexamethasone, viruses with the T21I mutation in the 3CL protease showed
a decreasing trend during disease progression while increasing during improvement. The impact
of drug-resistant SARS-CoV-2 on the clinical course, including its severity, remains unknown. Our
study is important for examining the clinical impact of nirmatrelvir resistance in COVID-19.
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1. Introduction

Although the coronavirus disease 2019 (COVID-19) pandemic appears to be ending,
it remains a threat to patients with underlying diseases, such as those who are immuno-
compromised. Persistent COVID-19 in such patients is worrisome, and no established
treatment exists for such cases. The persistent presence of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and exposure to therapeutics can lead to the emergence
of anti-drug resistance mutations. Currently, available antivirals include RNA-dependent
RNA polymerase (RdRp) inhibitors, remdesivir and molnupiravir, and 3-chymotrypsin-like
protease (3CLP™, also known as the main protease and nonstructural protein 5) inhibitors,
including nirmatrelvir (used in combination with ritonavir and marketed as PAXLOVID)
and ensitrelvir. The RdRp inhibitors are incorporated into the RNA replicated by RdRp in
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SARS-CoV-2, inhibiting viral replication by impairing RNA synthesis or causing RNA repli-
cation errors. The 3CLP™ inhibitors limit viral replication by covalently or non-covalently
binding to catalytically important amino acids in the viral M-pro enzyme and functionally
inactivating it [1]. Nirmatrelvir is administered orally and has a relative risk reduction
of 89% [2]. Nirmatrelvir also reduced the risk of hospitalization or death in patients dur-
ing the Omicron strain epidemic and after full SARS-CoV-2 vaccination [3-5]. In vitro
and in vivo studies have demonstrated that mutations are associated with resistance to
remdesvir [6-10], and resistance to nirmatrelvir is currently the focus of many studies.
Although mutations responsible for nirmatrelvir resistance are becoming apparent [11,12],
a few reports have been published on the clinical course of actual cases of SARS-CoV-2 cases
with 3CLP™ mutations. Therefore, the patient background where 3CLP™ mutation is likely
to appear and the clinical effects, such as disease severity of nirmatrelvir resistance, remain
unclear. Herein, we present a case of SARS-CoV-2 with T21I mutation in 3CL protease after
nirmatrelvir exposure.

2. Materials and Methods
2.1. Cell Culture and Viral Isolation

VeroE6/TMPRSS2 cells (JCRB Cell Bank: JCRB1819) and a Calu-3 human lung cell
line (ATCC HTB-55) were cultured and maintained in DMEM supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and 250 ng/mL
amphotericin B. Viral isolation was performed as previously described [13]. After fil-
tration using a 0.45 pm membrane filter, each nasopharyngeal swab was adsorbed onto
VeroE6/TMPRSS2 cells to isolate the virus for virological use as described below.

2.2. RNA Extraction and Real-Time PCRs

The diagnosis of COVID-19 was confirmed through PCR testing. Briefly, the total
RNA was extracted from a 0.25 mL nasopharyngeal swab sample (days 21, 27, 30, and 34)
using TRIzol LS reagent and a PureLinkRNA Mini kit (Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s protocols. The extracted RNA was then amplified
using real-time RT-PCR with a COBAS SARS-CoV-2 kit on the COBAS 6800 system (Roche,
Basel, Switzerland) and with the One Step PrimeScript IIIl RT-qPCR Mix (Takara, Kusatsu,
Japan) on a QuantStudio 1 (Thermo Fisher Scientific, Waltham, MA, USA) to quantify the
cycle threshold (Ct) value.

2.3. Viral Genome Sequencing and Alignment Analysis

For SARS-CoV-2 genotyping, the whole viral genome sequences of the swab samples
and isolated viruses (on days 21, 27, 30, and 34) were determined. After library preparation
using an NEBNext ARTIC SARS-CoV-2 Companion kit (New England Biolabs, Ipswich, MA,
USA), sequencing was performed using a GridlON® next-generation sequencer (Oxford
NanoporeTechnologies, Oxford, UK) as previously described [13]. To obtain consensus
sequences, the sequence data of each sample were aligned to the SARS-CoV-2 Wuhan strain
sequence (NC_045512.2) using NanoPipe [14]. Mutations in the whole viral genome were
detected with NextClade (https:/ /clades.nextstrain.org/ [accessed 30 April 2024]) using
each consensus sequence.

2.4. Focus Reduction Neutralizing Test (FRNT)

The nirmatrelvir susceptibility of the two isolated viruses obtained from the swab
samples on days 30 and 34 (named YK3 and YK4 here, respectively) was measured using
a focus reduction neutralization assay as previously described [13]. Briefly, equal titers
of 100 FFU virus were adsorbed onto VeroE6/TMPRSS2 cells in 96 well plates for 1 h at
37 °C. The cells were washed to remove inoculum and overlaid with 1% methylcellulose
in DMEM with 0.2% bovine serum albumin containing serial dilutions of nirmatrelvir
(starting concentration: 200 uM) dissolved in dimethyl sulfoxide. The cells were cultured
for 48 h at 37 °C, washed, and fixed in 4% paraformaldehyde. Immunofluorescence assays
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were performed with a mouse monoclonal antibody against SARS-CoV-1/2 nucleoprotein
clone 1C7C7 (Sigma-Aldrich, St. Louis, MI, USA) and Alexa Fluor 488 secondary antibody.
The foci were counted using an inverted fluorescence microscope (Nikon ECLIPSE Ti2
system; Tokyo, Japan). The results were expressed as the 50% focus reduction neutralization
titer (FRNT50). These values were calculated using GraphPad Prism 8 software (GraphPad
Software, Boston, MA, USA).

3. Case Description

We report the case of a 55 year-old man with primary complaints of fever and dyspnea
and a history of multiple myeloma since 2018. Eleven courses of chemotherapy had been
administered since March 2022. The patient received three doses of the Pfizer BNT162b2
vaccine and one dose of tixiagevimab/cilgavimab.

In December 2022, the patient had a runny nose and fever and underwent a rapid
antigen test that was positive for SARS-CoV-2 on day 0. As the patient required no oxygen,
he received a 5 day course of nirmatrelvir/ritonavir (NMV /1) (days 4-8) and experienced
an improvement in symptomatology. The patient had a fever on day 15, and there was
no improvement following antibiotic administration. Therefore, he was admitted on day
21. Upon admission, a reverse transcription—polymerase chain reaction (RT-PCR) test
(GeneXpert®, Beckman Coulter Inc., Brea, CA, USA) showed that the nasopharyngeal swab
was positive for SARS-CoV-2 (cycle threshold (Cy): 20.5). Genomic sequencing identified the
Omicron variant (BF.11.1), and the 3CLP™ mutation T211I (C10116T) accounted for 6% of all
viruses in nasopharyngeal swabs and 5% of all viruses among isolated viruses. The results
of the hematological examination are presented in Table S1. Computed tomography (CT)
performed upon admission revealed multiple nonsegmental ground-glass opacities (GGOs)
in the bilateral lung fields (Figure 1A). The clinical course and genomic sequencing results
are shown in Figure 1B and Table S2. The focus reduction neutralization assay showed that
the T21I mutation on the BE.11.1 virus increased the 50% inhibitory concentration (ICsg)
values by 3.8 fold (Figure 2A,B).

Owing to his substantial oxygen requirement, the patient was treated with a 7 day
course of remdesivir (days 21-27) and a 10 day course of dexamethasone (days 21-30).
On day 24, the fever and hypoxemia were resolved, and on day 27, the RT-PCR test was
positive for SARS-CoV-2 (C; = 21.7). Genomic sequencing identified viruses with the T211
mutation, accounting for 19% of all viruses in the nasopharyngeal swabs and 80% of all
isolated viruses. On day 30, the RT-PCR test showed that the sample was positive for
SARS-CoV-2 (C; = 20.7), and genomic sequencing identified viruses with the T211 mutation
in 34% of all viruses in the nasopharyngeal swabs and 83% of the isolated viruses, an
increase from that observed on day 27.

On day 31, the patient had a fever, and CT demonstrated a new GGO in the upper lung
field (Figure 1C), which was treated with another 10 day course of remdesivir (days 32—41)
after the relapse of COVID-19. As the patient required no oxygen, dexamethasone was not
administered. On day 34, the fever resolved, and an RT-PCR test indicated SARS-CoV-2
(Ct = 25.4) infection. Genomic sequencing identified viruses with the T21I mutation in 24%
of all viruses in the nasopharyngeal swabs and 2% of the isolated viruses, a decrease from
that observed on day 30. His symptoms eventually improved, and he was discharged on
day 43. The patient’s clinical course was good after being discharged, and he did not have
a COVID-19 relapse even after resumption of chemotherapy for the underlying disease.

All procedures were conducted in accordance with the principles of the Declaration of
Helsinki (1964) and its later amendments and approved by the Kyoto Prefectural University
of Medicine’s Institutional Review Board (approval number: ERB-C-1435-3). The patient
provided written informed consent. Additionally, written consent was obtained from the
patient for the publication of this report and the accompanying images.
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Figure 1. Chest computed tomography, clinical course, and genomic sequencing. (A) Axially
reconstructed chest CT image 21 days after initial COVID-19 onset. Multiple nonsegmental ground-
glass opacities (GGOs) in the bilateral lung fields are shown. (B) Timeline of SARS-CoV-2 case and the
relationship among NMV /1, remdesivir, and dexamethasone exposure and subsequent development
of the 3CLP™ T21I mutation. A indicates nasopharyngeal virus; B, isolated virus. The patient was
initially administered a 5 day course of NMV /r. Fifteen days after the onset of COVID-19, the patient
again had a fever and dyspnea and was admitted on day 21. The patient was treated with a 7 day
course of remdesivir and oxygenation and a 10 day course of dexamethasone. On day 24, the patient’s
fever and hypoxemia resolved. On day 31, the patient again had a fever and was administered
another 10 day course of remdesivir. On day 34, the patient’s fever resolved, and he was discharged
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on day 43. The Ct values obtained on days 21, 27, 30, and 34 are shown. Genomic sequencing
profiles of SARS-CoV-2 were generated using nasopharyngeal swabs and isolated viruses, and the
percentages of the wild type and viruses with the 3CLP™ mutation T21I (C10116T) are shown. On
day 21, viruses with T21I accounted for 6% of all viruses in the nasopharyngeal swabs and 5% of
all viruses in the isolated viruses. On days 27 and 30, viruses with T21I accounted for 19% and 34%
of all viruses in the nasopharyngeal swabs and 80% and 83% of all viruses in the isolated viruses,
respectively. On day 34, viruses with T21I accounted for 24% of all viruses in the nasopharyngeal
swabs and 2% of all viruses in the isolated viruses. (C) Axially reconstructed chest CT image
33 days after initial COVID-19 onset. The existing GGOs in the lower lobe shadows are partially
organized, although multiple new GGOs appear, primarily in the upper lobes of both lungs (black
arrows). Abbreviations: 3CLP™ = 3-chymotrypsin-like protease; COVID-19 = coronavirus disease
2019; Ct = cycle threshold; CT = computed tomography; NMV/r = nirmatrelvir/ritonavir; SARS-
CoV-2 = severe acute respiratory syndrome coronavirus.
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Figure 2. T21I mutation at the 3CLP™-induced nirmatrelvir resistance. (A) Inhibition rate from the
focus numbers at the indicated nirmatrelvir concentration. (B) The 50% focus reduction neutralization
titer (FRNT50). Data represent the mean =+ standard error of the mean (1 = 3, * p < 0.05). The results
show that the T21I mutation on the BE.11.1 virus increased the ICs values by 3.8 fold. Abbreviations:
3CLP™ = 3-chymotrypsin-like protease; IC59 = 50% inhibitory concentration.

4. Discussion

Immunodeficiency is a risk factor for severe COVID-19, even during the Omicron
era [15]. Some patients who are immunocompromised have difficulty acquiring immu-
nity despite vaccination or following infection and illness. Ineffective immune clearance
contributes to persistent viral replication in the hosts, providing viruses with many oppor-
tunities to mutate. Here, we described the clinical case of nirmatrelvir resistance in a patient
who had persistent COVID-19 and was receiving chemotherapy for multiple myeloma.
The emergence of viruses resistant to other COVID-19 therapeutics during rituximab and
bendamustine therapy or transplantation treatment has been reported previously [9,10,13].

A recent in vitro study demonstrated that the T21I mutation in 3CLP™ readily emerges
under substantial concentrations of nirmatrelvir. T21 is located around the S1” sub-pocket
of 3CLP™ and is involved in hydrogen bonding between 3CLP™ and 3CLP™ inhibitors.
Mutations in T21 result in instability of the hydrogen bonds between them [16]. The T21I
mutation alone increased the ICs of nirmatrelvir and ensitrelvir 4.6 and 1.7 fold, respec-
tively [8]. Although the T21I mutation alone only confers low resistance to nirmatrelvir
and is presumed to be less of a clinical threat, other mutations derived from T21I or a
combination of T21I and other mutations may increase the ICsy value of nirmatrelvir and
the cross-resistance to other antivirals, such as remdesivir [11,12]. We also isolated BF11.1
viruses harboring T21 or 121 from swabs derived from the patient at different times and
compared the ICs) values of nirmatrelvir. The T21I mutation on the BF.11.1 virus increased
the ICsg values 3.8 fold, consistent with the degree of nirmatrelvir resistance when other
SARS-CoV-2 lineages acquired the T21I mutation in vitro [11,12]. Based on GISAID data,
the probability of having at least one or more mutations in the 3CL protease is 0.5-0.6%
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during the Omicron strain epidemic, of which T21I is one of the most frequent genetic
mutations [17,18]. Additionally, the frequency of this mutation has been reported to show
no apparent increasing trend as of 1 year after the launch of nirmatrelvir [17]. However,
a few reports exist on actual cases of SARS-CoV-2 with mutations in 3CLP™ including
T211[17], and it remains unclear in which patients the mutations are more likely to appear
and how they affect the clinical course, including disease severity. In this case, the patient
was treated with NMV /r in the early stages of COVID-19, and the disease quickly resolved.
However, the patient experienced a COVID-19 relapse, during which the T21I mutation
was detected. A time lag was observed between nirmatrelvir administration and when the
T21I mutation became dominant. The clinical condition was stable when the proportion
of viruses with the T21I mutation increased. However, the proportion of the wild-type
virus increased and was predominant when the clinical symptoms worsened, such as on
days 21 and 34 after the initial COVID-19 onset. The reasons for the increase or decrease in
the proportion of viruses with the T21I mutation and their relevance to the clinical course
are unknown. Thus, the association of 3CLP™ mutations, including T21I, with clinical
treatment and COVID-19 severity requires further analysis.

The T21I mutation alone does not produce resistance to remdesivir, and its viral
replication fitness is comparable with that of the wild type [11]. The P323L mutation in
RdRp was also detected during illness (Supplementary Table S2). However, this mutation
may not have contributed to the remdesivir resistance [19,20]. It has been reported that
the mutation of 3CLP™ in SARS-CoV-2 reduces the inhibition of interferon production
in the host [21]. In this case, the proportion of viruses with the T21I mutation increased
with the alleviation of fever or decreased host immune response due to dexamethasone
administration and became recessive with dexamethasone discontinuation. Therefore, the
T21I mutation may have gradually become recessive because of the immune response.
Although the clinical condition was stable when the virus with the T21I mutant increased,
remdesivir and dexamethasone administration may have had an effect in this case. How-
ever, a reduction in protease activity due to the mutation of 3CLP™ in SARS-CoV-2 and
a decrease in the severity of illness in affected patients has been reported [22]. Therefore,
changes in pathogenicity induced by 3CLP™ mutations should be monitored.

This study has some limitations. We did not obtain and evaluate the specimens
before nirmatrelvir administration. The T21I mutation emerges spontaneously in patients
even before nirmatrelvir administration. Therefore, we could not ascertain that the T211
mutation was induced by nirmatrelvir administration in this case. However, the analysis
of the COVIDCG database before the early use authorization of nirmatrelvir showed that
the frequency of T21I mutations was extremely rare, being up to 0.24% [23]. Therefore, it is
highly possible that the T21I mutation was induced by nirmatrelvir administration.

5. Conclusions

We described nirmatrelvir resistance in an immunocompromised patient with per-
sistent COVID-19, highlighting the importance of monitoring 3CLP™ mutations during
nirmatrelvir therapy. In this case, COVID-19 was persistent. However, the percentage
of the virus with the T21I mutation did not correlate with the disease status. Treatment
with remdesivir and dexamethasone resulted in improvement and a good clinical course.
Further investigation and careful observation of the role of this mutation in the treatment
selection, severity of illness, and prognosis of patients with COVID-19 are warranted.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/v16050718/s1. Table S1: Hematological findings on admis-
sion; Table S2: Mutations of amino acids detected by whole viral genome sequencing. The link to the
raw sequencing data is available at https:/ /zenodo.org/uploads/10912130 (accessed 30 April 2024).
Consensus viral genome sequences of the four nasopharyngeal swabs and isolated viruses on days
21,27, 30, and 34 after the initial COVID-19 onset were obtained by Minlon Mk1C sequencing.


https://www.mdpi.com/article/10.3390/v16050718/s1
https://zenodo.org/uploads/10912130

Viruses 2024, 16, 718 7 of 8

Author Contributions: C.Y,, M.T,, K.E, TL, Y.N. (Yui Niiyama), D.I, SM., ] K,, Y.T., KN., YW, K.T,
T.N. and Y.N. (Yoko Nukui) made substantial contributions to the study concept or the data analysis
or interpretation; drafted the manuscript or revised it critically for important intellectual content;
approved the final version of the manuscript to be published; and agreed to be accountable for all
aspects of the work. All authors have read and agreed to the published version of the manuscript.

Funding: No funding or sponsorship was received for this study or publication of this article.

Institutional Review Board Statement: This retrospective study was conducted in accordance
with the principles of the Declaration of Helsinki (1964) and its later amendments and approved
by the Kyoto Prefectural University of Medicine’s Institutional Review Board (approval number:
ERB-C-1435-3).

Informed Consent Statement: The patient provided written informed consent. Additionally, written
consent was obtained from the patient for the publication of this report and the accompanying images.

Data Availability Statement: The datasets generated during or analyzed during the current study
are available from the corresponding author upon reasonable request.

Acknowledgments: We would like to thank Yukiji Yamada, Rie Kikai, Rikako Kasuga for their
assistance for PCR testing.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of the data; in the writing of the
manuscript; or in the decision to publish the results.

References

1.

10.

11.

12.

13.

Therapeutics and COVID-19 Living Guideline. 2023. Available online: https://www.who.int/publications/i/item/WHO-2019
-nCoV-therapeutics-2023.2 (accessed on 30 March 2024).

Hammond, J.; Leister-Tebbe, H.; Gardner, A.; Abreu, P.; Bao, W.; Wisemandle, W.; Baniecki, M.; Hendrick, V.M.; Damle, B.;
Simén-Campos, A.; et al. Oral nirmatrelvir for high-risk, nonhospitalized adults with COVID-19. N. Engl. ]. Med. 2022, 386,
1397-1408. [CrossRef] [PubMed]

Faust, J.S.; Kumar, A.; Shah, J.; Khadke, S.; Dani, S.S.; Ganatra, S.; Sax, PE. Oral nirmatrelvir and ritonavir for coronavirus disease
2019 in Vaccinated, Nonhospitalized Adults Aged 18-50 Years. Clin Infect Dis 2023, 77, 1257-1264. [CrossRef] [PubMed]
Dryden-Peterson, S.; Kim, A.; Kim, A.Y.; Caniglia, E.C.; Lennes, L.T.; Patel, R.; Gainer, L.; Dutton, L.; Donahue, E.; Gandhi, R.T,;
et al. Nirmatrelvir plus ritonavir for early COVID-19 in a Large U.S. health system: A population-based cohort study. Ann. Intern.
Med. 2023, 176, 77-84. [CrossRef] [PubMed]

Lewnard, J.A.; McLaughlin, ] M.; Malden, D.; Hong, V.; Puzniak, L.; Ackerson, B.K.; Lewin, B.J.; Kim, ].S.; Shaw, S.F,; Takhar, H.;
et al. Effectiveness of nirmatrelvir-ritonavir in preventing hospital admissions and deaths in people with COVID-19: A cohort
study in a large US health-care system. Lancet Infect. Dis. 2023, 23, 806-815. [CrossRef] [PubMed]

Stevens, L.J.; Pruijssers, A.].; Lee, HW.; Gordon, C.J.; Tchesnokov, E.P.; Gribble, ]J.; George, A.S.; Hughes, TM.; Lu, X.; Li, J.; et al.
Mutations in the SARS-CoV-2 RNA-dependent RNA polymerase confer resistance to remdesivir by distinct mechanisms. Sci.
Transl. Med. 2022, 14, eabo0718. [CrossRef]

Torii, S.; Kim, K.S.; Koseki, J.; Suzuki, R.; Iwanami, S.; Fujita, Y.; Jeong, Y.D.; Ito, ].; Asakura, H.; Nagashima, M.; et al. Increased
flexibility of the SARS-CoV-2 RNA-binding site causes resistance to remdesivir. PLOS Pathog. 2023, 19, e1011231. [CrossRef]
Focosi, D.; Maggi, F.; McConnell, S.; Casadevall, A. Very low levels of remdesivir resistance in SARS-CoV-2 genomes after
18 months of massive usage during the COVID19 pandemic: A GISAID exploratory analysis. Antivir. Res. 2022, 198, 105247.
[CrossRef]

Gandhi, S.; Klein, J.; Robertson, A.].; Pefia-Hernandez, M. A ; Lin, M.].; Roychoudhury, P.; Lu, P.; Fournier, J.; Ferguson, D.;
Mohamed Bakhash, S.A.K,; et al. De novo emergence of a remdesivir resistance mutation during treatment of persistent
SARS-CoV-2 infection in an immunocompromised patient: A case report. Nat. Commun. 2022, 13, 1547. [CrossRef] [PubMed]
Hogan, ].I; Duerr, R.; Dimartino, D.; Marier, C.; Hochman, S.E.; Mehta, S.; Wang, G.; Heguy, A. Remdesivir resistance in transplant
recipients with persistent coronavirus disease 2019. Clin Infect Dis 2023, 76, 342-345. [CrossRef]

Iketani, S.; Mohri, H.; Culbertson, B.; Hong, S.J.; Duan, Y.; Luck, M.I.; Annavajhala, M.K.; Guo, Y.; Sheng, Z.; Uhlemann, A.C,;
et al. Multiple pathways for SARS-CoV-2 resistance to nirmatrelvir. Nature 2023, 613, 558-564. [CrossRef] [PubMed]

Focosi, D.; McConnell, S.; Shoham, S.; Casadevall, A.; Maggi, F; Antonelli, G. Nirmatrelvir and COVID-19: Development,
pharmacokinetics, clinical efficacy, resistance, relapse, and pharmacoeconomics. Int. |. Antimicrob. Agents 2023, 61, 106708.
[CrossRef] [PubMed]

Tanino, Y.; Nishioka, K.; Yamamoto, C.; Watanabe, Y.; Daidoji, T.; Kawamoto, M.; Uda, S.; Kirito, S.; Nakagawa, Y.; Kasamatsu, Y.;
et al. Emergence of SARS-CoV-2 with dual-drug resistant mutations during a long-term infection in a kidney transplant recipient.
Infect. Drug Resist. 2024, 17, 531-541. [CrossRef] [PubMed]


https://www.who.int/publications/i/item/WHO-2019-nCoV-therapeutics-2023.2
https://www.who.int/publications/i/item/WHO-2019-nCoV-therapeutics-2023.2
https://doi.org/10.1056/NEJMoa2118542
https://www.ncbi.nlm.nih.gov/pubmed/35172054
https://doi.org/10.1093/cid/ciad400
https://www.ncbi.nlm.nih.gov/pubmed/37387690
https://doi.org/10.7326/M22-2141
https://www.ncbi.nlm.nih.gov/pubmed/36508742
https://doi.org/10.1016/S1473-3099(23)00118-4
https://www.ncbi.nlm.nih.gov/pubmed/36933565
https://doi.org/10.1126/scitranslmed.abo0718
https://doi.org/10.1371/journal.ppat.1011231
https://doi.org/10.1016/j.antiviral.2022.105247
https://doi.org/10.1038/s41467-022-29104-y
https://www.ncbi.nlm.nih.gov/pubmed/35301314
https://doi.org/10.1093/cid/ciac769
https://doi.org/10.1038/s41586-022-05514-2
https://www.ncbi.nlm.nih.gov/pubmed/36351451
https://doi.org/10.1016/j.ijantimicag.2022.106708
https://www.ncbi.nlm.nih.gov/pubmed/36603694
https://doi.org/10.2147/IDR.S438915
https://www.ncbi.nlm.nih.gov/pubmed/38348230

Viruses 2024, 16, 718 80f8

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Shabardina, V.; Kischka, T.; Manske, F.; Grundmann, N.; Frith, M.C.; Suzuki, Y.; Makatowski, W. NanoPipe-a web server for
nanopore MinION sequencing data analysis. Gigascience 2019, 8, giy169. [CrossRef] [PubMed]

Evans, R.A.; Dube, S,; Lu, Y.; Yates, M.; Arnetorp, S.; Barnes, E.; Bell, S.; Carty, L.; Evans, K.; Graham, S.; et al. Impact of COVID-19
on immunocompromised populations during the Omicron era: Insights from the observational population-based INFORM study.
Lancet Reg. Health Eur. 2023, 35, 100747. [CrossRef] [PubMed]

Beia, Z.C,; Yu, H,; Wang, H.; Li, Q.; Wang, B.; Zhang, D.; Xu, L.; Zhao, L.; Dong, S.; Song, Y. Orthogonal dual reporter-based gain-
of-signal assay for probing SARS-CoV-23CL protease activity in living cells: Inhibitor identification and mutationinvestigation.
Emerg. Microbes Infect. 2023, 12, 2211688. [CrossRef]

Ip, ].D.; Chu, AW.H.; Chan, W.M,; Leung, R.C.Y.; Abdullah, SM.U.; Sun, Y.; To, K K.W. Global prevalence of SARS-CoV-2 3CL
protease mutations associated with nirmatrelvir or ensitrelvir resistance. eBioMedicine 2023, 91, 104559. [CrossRef] [PubMed]
Sayan, M.; Arikan, A.; Sanlidag. Molecular epidemiology of SARS-CoV-2 omicron sub-lineages isolated from Turkish patients
infected with COVID-19. Viruses 2023, 15, 1066. [CrossRef] [PubMed]

Mohammad, A.; Al-Mulla, E; Wei, D.Q.; Abubaker, ]J. Remdesivir MD simulations suggest a more favourable binding to
SARS-CoV-2 RNA dependent RNA polymerase mutant P323L than wild-type. Biomolecules 2021, 11, 919. [CrossRef] [PubMed]
Pitts, J.; Li, ].K.; Perry, ].K.; Du Pont, V.; Riola, N.; Rodriguez, L.; Lu, X; Kurhade, C.; Xie, X.; Camus, G.; et al. Remdesivir and
(S-441524 retain antiviral activity against delta, omicron, and other emergent SARS-CoV-2 variants. Antimicrob. Agents Chemother.
2022, 66, €0022222. [CrossRef]

Chen, J.; Li, Z.; Guo, J.; Xu, S.; Zhou, J.; Chen, Q.; Tong, X.; Wang, D.; Peng, G.; Fang, L.; et al. SARS-CoV-2 nsp5 exhibits stronger
catalytic activity and interferon antagonism than its SARS-CoV ortholog. J. Virol. 2022, 96, e0003722. [CrossRef] [PubMed]

Abe, K.; Kabe, Y.; Uchiyama, S.; Iwasaki, Y.W.; Ishizu, H.; Uwamino, Y.; Takenouchi, T.; Uno, S.; Ishii, M.; Maruno, T.; et al.
Pro108Ser mutation of SARS-CoV-2 3CLP™ reduces the enzyme activity and ameliorates the clinical severity of COVID-19. Sci.
Rep. 2022, 12, 1299. [CrossRef] [PubMed]

Covid CG. COVID-19 CoV Genetics. Available online: https://covidcg.org/ (accessed on 30 March 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/gigascience/giy169
https://www.ncbi.nlm.nih.gov/pubmed/30689855
https://doi.org/10.1016/j.lanepe.2023.100747
https://www.ncbi.nlm.nih.gov/pubmed/38115964
https://doi.org/10.1080/22221751.2023.2211688
https://doi.org/10.1016/j.ebiom.2023.104559
https://www.ncbi.nlm.nih.gov/pubmed/37060743
https://doi.org/10.3390/v15051066
https://www.ncbi.nlm.nih.gov/pubmed/37243152
https://doi.org/10.3390/biom11070919
https://www.ncbi.nlm.nih.gov/pubmed/34206274
https://doi.org/10.1128/aac.00222-22
https://doi.org/10.1128/jvi.00037-22
https://www.ncbi.nlm.nih.gov/pubmed/35389264
https://doi.org/10.1038/s41598-022-05424-3
https://www.ncbi.nlm.nih.gov/pubmed/35079088
https://covidcg.org/

	Introduction 
	Materials and Methods 
	Cell Culture and Viral Isolation 
	RNA Extraction and Real-Time PCRs 
	Viral Genome Sequencing and Alignment Analysis 
	Focus Reduction Neutralizing Test (FRNT) 

	Case Description 
	Discussion 
	Conclusions 
	References

