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Case Report
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Abstract: Remdesivir is the first FDA-approved drug for treating severe SARS-CoV-2 infection and
targets RNA-dependent RNA polymerase (RdRp) that is required for viral replication. To monitor for
the development of mutations that may result in remdesivir resistance during prolonged treatment,
we sequenced SARS-CoV-2 specimens collected at different treatment time points in two transplant
patients with severe COVID-19. In the first patient, an allogeneic hematopoietic stem cell transplant
recipient, a transient RdRp catalytic subunit mutation (nsp12:A449V) was observed that has not
previously been associated with remdesivir resistance. As no in vitro study had been conducted to
elucidate the phenotypic effect of nsp12:A449V, its clinical significance is unclear. In the second patient,
two other transient RdRp mutations were detected: one in the catalytic subunit (nsp12:V166A) and
the other in an accessory subunit important for processivity (nsp7:D67N). This is the first case report
for a potential link between the nsp12:V166A mutation and remdesivir resistance in vivo, which had
only been previously described by in vitro studies. The nsp7:D67N mutation has not previously been
associated with remdesivir resistance, and whether it has a phenotypic effect is unknown. Our study
revealed SARS-CoV-2 genetic dynamics during remdesivir treatment in transplant recipients that
involved mutations in the RdRp complex (nsp7 and nsp12), which may be the result of selective
pressure. These results suggest that close monitoring for potential resistance during the course of
remdesivir treatment in highly vulnerable patient populations may be beneficial. Development
and utilization of diagnostic RdRp genotyping tests may be a future direction for improving the
management of chronic COVID-19.

Keywords: SARS-CoV-2; Chronic COVID-19; RdRp; nsp3; nsp5; nsp7; nsp12; remdesivir; drug
resistance; transplant; intra-host viral evolution

1. Introduction

In the community setting, people with chronic underlying conditions, including obe-
sity, hypertension, diabetes mellitus, cardiovascular diseases, and respiratory disorders, are
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at a higher risk for developing severe COVID-19 [1]. In immunocompromised populations,
SARS-CoV-2 infection is associated with prolonged viral shedding, more severe diseases,
and generally worse outcomes [2]. Most notably, hematopoietic stem-cell transplantation
(HSCT) recipients tend to develop severe and chronic COVID-19, which often leads to
poor survival [3]. In solid organ transplant (SOT) patients, particularly non-kidney SOT
recipients, COVID-19 was found to be associated with much higher mortality rate (16.2%),
compared with 8.3% in non-SOT patients [4]. Therefore, in HSCT and SOT recipients,
treatment for COVID-19 is a critical task but often met with great challenges.

Remdesivir is the first FDA-approved drug for treating severe SARS-CoV-2 infection
and is indicated for hospitalized COVID-19 patients requiring supplemental oxygen or at
high risk of disease progression [5]. As a nucleoside analog, remdesivir inhibits viral repli-
cation by targeting the RNA-dependent RNA polymerase (RdRp) complex of SARS-CoV-2,
which consists of the catalytic subunit nsp12 and two stabilizing subunits nsp7 and nsp8 [6].
Remdesivir was initially developed for Ebola virus; however, with its potent inhibitory
activities against RdRp in many other RNA viruses it has broad-spectrum anti-viral activi-
ties on SARS-CoV, MERS, and SARS-CoV-2 [7]. Remdesivir is a monophosphoramidate
prodrug of an adenosine analogue, which requires bioactivation through esterase; this
limits its bioavailability, and thus it can only be administered intravenously [7,8].

In vitro studies have shown that resistance to remdesivir may emerge through muta-
tions in nsp12, specifically F476L and V553L in SARS-CoV (corresponding to F480 and V557
in SARS-CoV-2, respectively) [6,9]. Notably, global SARS-CoV-2 genomic surveillance has
shown very low genetic variation in the region of the ORF1ab gene that encodes nsp12, with
the only high-frequency non-synonymous mutation resulting in P323L, which is located
outside of the catalytic site or key motifs predicted to interfere with the mechanism of action
of remdesivir [6]. Interestingly, a study suggested nsp12:P323L may contribute to the emer-
gence of variants with transmission advantages [10]. In clinical use of remdesivir, resistance
due to nsp12 mutations has rarely been reported, mostly involving immunocompromised
patients with persistent COVID-19. In one post-rituximab B-cell immunodeficient patient,
remdesivir treatment failure was associated with nsp12:D484Y mutation [11], occurring
in the same key region of the catalytic domain as F480L mutation observed in animal
studies of remdesivir resistance [12]. In another case report, two renal transplant patients
independently developed nsp12:V792I mutation-associated remdesivir resistance after
prolonged remdesivir treatment [13].

Overall, RdRp mutations generally lead to loss of viral fitness, and, therefore, remdesivir-
resistance-associated mutations are found very infrequently [8]. However, in the immuno-
compromised patient population, especially among HSCT and SOT recipients, COVID-19
often tends to be prolonged, and, therefore, it is necessary to monitor for emerging mech-
anisms of resistance to remdesivir, which remains one of the few treatment options for
severe COVID-19. Here, we studied the intra-host evolution of SARS-CoV-2 in a HSCT
recipient and a SOT recipient, with the focus on transient mutations in the remdesivir drug
target nsp12. With multiple viral sequencing data points carefully analyzed in the clinical
context in these two patients, we aimed to discover mutations potentially associated with
remdesivir resistance, and to explore possible genetic markers that may be of potential
prognostic utility.

2. Methods
2.1. SARS-CoV-2 PCR

Nasopharyngeal swabs (NPS) were tested using the SimplexaTM COVID-19 Direct
Real-Time RT-PCR assay on the LIASON® MDX instrument (DiaSorin Molecular, Cypress,
CA, USA), as previously described [14]. This assay targets the SARS-CoV-2 S and ORF1ab
genes. The plasma was tested using the TaqPath COVID-19, Flu A, Flu B Combo Kit
(Thermo Fisher Scientific, Waltham, MA, USA), which targets the SARS-CoV-2 N and S
genes (combined into one fluorescent signal channel).
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2.2. SARS-CoV-2 Sequencing and Mutation Analysis

NPS and plasma samples were sequenced using amplicon-based protocols using either
a MiSeq instrument (Illumina, La Jolla, CA, USA) with ARTIC primers (version 3 for Case 1,
version 4.1 for Case 2) or the Clear Dx SARS-CoV-2 WGS v3.0 platform (Clear Labs, San Car-
los, CA, USA) for Case 2 only. Detailed protocols and quality control criteria were described
previously [15,16]. Illumina sequencing data and Clear Labs consensus genomes were
analyzed on Terra.bio using the TheiaCoV_Illumina_PE v2.3.0 and TheiaCoV_FASTA v2.3.0
workflows, respectively, (Theiagen Genomics, Highlands Ranch, CO) [17–21] with Wuhan-
Hu-1/2019 (GenBank MN908947) used as the reference genome. Consensus genomes used
in this study all had greater than 90% reference genome coverage [22].

2.3. Viral Load Monitoring

In Case 1, approximately two weeks after the start of remdesivir treatment, plasma
and NPS samples were collected every 2–3 days for SARS-CoV-2 PCR. Cycle threshold (Ct)
values of the S gene and combined S and N genes were used as proxies to trend viral load
in the upper respiratory tract and plasma, respectively. In Case 2, only the NPS samples,
collected on day 5, day 22, and day 27 after the start of remdesivir treatment, were tested
via PCR and sequenced.

3. Results
3.1. Clinical Course and Virologic Dynamics

Case 1. A patient in their 50s with acute myeloid leukemia was admitted to our
institution in late 2020, for reduced-intensity conditioning and allogeneic HSCT from
a matched related donor. Three days prior to HSCT, they developed fevers and nasal
congestion and tested positive for COVID-19 infection during conditioning with busulfan
and fludarabine. The initial SARS-CoV-2 PCR in NPS showed a Ct value of 17.1 (remdesivir
treatment Day −1; Figure 1). Remdesivir (100 mg intravenously administered daily)
was started the following day (Day 0) and two units of COVID-19 convalescent plasma
(CP) were administered. The patient received allogeneic stem cells on remdesivir Day
3. Remdesivir was discontinued after a standard five-day course; however, on Day 11
there was an acute worsening of hypoxic respiratory failure necessitating high-flow nasal
cannula oxygen and ICU transfer. On Day 13, NPS PCR showed a persistently high viral
load (Ct = 15.8). A plasma sample collected on Day 14 was also positive (Ct = 30.7),
indicating RNAemia consistent with severe COVID-19 [23,24]. Additional units of CP
were given on Day 15, and remdesivir was restarted. Two subsequent plasma samples
(Day 19 and 23) showed declining viral loads (Ct 31.3 and 33.3, respectively) and PCR
of plasma samples taken between Days 26 to 71 remained negative. The viral load in
the upper respiratory tract also declined and fluctuated with Ct values between 24.2 and
34 until Day 68, except for a negative result on Day 35 and a “blip” (Ct 19.5) on Day 50,
possibly related to high dose glucocorticoids for possible gastrointestinal GvHD (Figure 1).
Remdesivir was discontinued on Day 59 due to clinical improvement after a total of
47 days of discontinuous therapy. On Day 71, the patient tested negative via PCR on both
NPS and plasma samples and was considered cleared of the virus and discharged.

On Day 81, the patient was readmitted with recurrent acute hypoxic respiratory failure,
but SARS-CoV-2 PCR tests on NPS were repeatedly negative. Despite aggressive treatment,
the patient expired on Day 101. On postmortem examination via SARS-CoV-2 PCR, a NPS
sample tested weakly positive (Ct 33.8); however, two endobronchial lung biopsies were
negative. Lung examination demonstrated severe pulmonary fibrosis involving all lobes
of the lungs, consistent with post-COVID-19 pulmonary fibrosis, as well as organizing
diffuse alveolar damage with potential etiologies, including viral infection, GvHD, or
idiopathic pneumonia syndrome following allogeneic HSCT. During the entire course, no
other co-infections were presented.
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Figure 1. Timeline for treatment and SARS-CoV-2 virological dynamics in Case 1. Timeline for
Case 1 (allogeneic HSCT), COVID-19 treatment and SARS-CoV-2 PCR Ct trends. Arrows indicate
samples that were sequenced with sufficient genome coverage; red arrows indicate sequences with
the nsp12:A449V mutation. Yellow arrows indicate convalescent plasma (CP) treatment. Tacrolimus,
methotrexate, and glucocorticoids were given per institutional standards for graft-versus-host dis-
ease (GvHD) prophylaxis. Glucocorticoid doses were adjusted throughout treatment for GvHD
prophylaxis, empirical treatment of GvHD, and/or treatment of severe COVID-19.

Case 2. A patient in their 70s which had a history of Eisenmenger complex for which
they underwent en bloc bilateral orthotopic lung transplantation and orthotopic heart
transplantation more than 30 years ago that was complicated by chronic lung allograft
dysfunction-bronchiolitis obliterans syndrome (CLAD-BOS). The patient subsequently
underwent a single lung transplantation approximately 10 years later that was also compli-
cated by CLAD and pulmonary hypertension for which she required supplemental oxygen
administered via nasal cannula (NC). The patient’s immunosuppression regimen consisted
of tacrolimus, sirolimus, and prednisone. The patient had received two mRNA COVID-19
vaccine doses approximately two years prior but had not received the bivalent COVID-19
vaccine.

The patient initially presented themselves to another hospital with acute dyspnea,
hypoxemia, non-productive cough, rhinorrhea, chills, and fatigue that started the day
prior to admission in early 2023. An at-home COVID-19 antigen test resulted positive. In
the Emergency Department, the patient was placed on high-flow nasal cannula (HFNC).
Remdesivir (200 mg intravenously loading dose followed by 100 mg administered daily)
and dexamethasone (6 mg intravenously daily) were started. On Day 5, the patient was
transferred to our hospital for ongoing care. A nasopharyngeal COVID-19 PCR was
positive with a Ct value of 23.1. The patient received one unit of COVID-19 convalescent
plasma (CP). Remdesivir and dexamethasone were continued with ongoing improvement
of respiratory status. On Day 12, the patient was discharged home on NC after receiving
remdesivir and dexamethasone for 10 days each.

On Day 21, the patient was readmitted to our hospital with ongoing symptoms of
dyspnea, productive cough, rhinorrhea, weakness, and fatigue. The patient was again
placed on HFNC. On Day 22, NP COVID-19 PCR was positive with a Ct value of 28.7.
Another unit of COVID-19 CP was given. Remdesivir and dexamethasone were restarted.
On Day 27, NPS COVID PCR was again positive with a Ct value of 17.7. Due to the lack
of clinical improvement in conjunction with significantly decreased Ct values (suggestive
of increased viral burden) despite targeted therapies, suspicion of antiviral resistance was
heightened, and sequencing was performed. On Day 31, the patient elected to transition to
comfort-based care and expired. No other co-infections were identified.
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3.2. Intra-Host Viral Evolution after Remdesivir Treatment

Case 1. The initial NPS sample collected one day prior to remdesivir treatment (Day
−1) was sequenced and the virus typed as Pangolin lineage B.1.400 (Clade 20A). The virus
from a subsequent NPS sample (Day 23) was also typed as B.1.400 and genetically identical
to the virus from the NPS except for an A449V mutation in nsp12 (Figure 1). Sequencing
was attempted on the two following plasma samples with higher Ct values but failed
to recover sufficient viral genome for analysis. After another six days, the nsp12:A449V
mutation was detected in an NPS sample (Day 29) while on remdesivir therapy, which also
showed an additional synonymous mutation at genomic position 943 (G943A). However,
the nsp12:A449V mutation was short-lived, as five subsequent NPS samples collected
between Days 36 to 68 were sequenced and none possessed the nsp12:A449V mutation.
Interestingly, examination of individual sequencing reads determined that samples from
NPS collected on Day 17 and plasma on Day 14 contained the nsp12:A449V mutation
as minor alleles, suggesting intra-host genetic heterogeneity and emergence initially in
the plasma. In the approximately two months on remdesivir treatment, aside from the
nsp12:A449V mutation found in two samples collected on Days 23 and 29, analysis of
consensus sequences detected only one other non-synonymous mutation (nsp5:L24F) in an
NPS sample collected on Day 36 (Figure 1) that also contained a synonymous mutation at
genomic position 15471 (A15471T).

Case 2. The sequencing of the first NPS sample (Ct 23.1) collected five days after the
start of remdesivir treatment revealed a wild-type strain typed as lineage XBB.1.5 (Clade
22F), when the patient was clinically improving. The viral load showed a significant down
trend by the Ct value (28.7) of the second PCR result on the NPS collected 17 days later (Day
22) (Figure 2). Interestingly, in this sample with lower viral load collected when the patient
was re-admitted due to worsening symptoms, three non-synonymous mutations were
detected: nsp3:T820N, nsp7:D67N, and nsp12:V166A. These mutations did not persist and
were not found in a subsequent NPS specimen collected five days later (Day 27), despite
having significantly higher viral load (Ct 17.7). The high viral load corresponded to a poor
clinical response despite remdesivir treatment.
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plasma (CP) treatment.

4. Discussion

In this study, we observed the emergence of transient mutations in the RdRp complex
(nsp7 and nsp12) following remdesivir treatment in two immunocompromised transplant
recipients, as well as two other mutations outside of known remdesivir targets (nsp3 and
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nsp5). In Case 1 (an HSCT patient), we found that although prolonged remdesivir treatment
did not result in persistent escape mutants, nsp12:A449V transiently appeared following
a standard five-day remdesivir treatment. Nsp12:A449V first emerged in the plasma and
then appeared in the upper respiratory tract a week later, suggesting the potential evolution
of the virus under selective pressure. The nsp12:A449V mutation has been observed at low
frequency in global isolates [6,25], and protein structural analysis showed it resides in the
finger domain of the nsp12 subunit, potentially impacting key residues in the RdRp F-motif
involved in RNA-template binding [6]. In our case, however, the nsp12:A449V mutant
only persisted for approximately two weeks before spontaneous regression, suggesting
reduced viral fitness of the mutant. Interestingly, in another reported case, nsp12:A449V
mutation was also found in a hypogammaglobulinemic patient with chronic persistent
COVID-19 infection approximately 40 days after 17 days of remdesivir treatment [26].
However, in vitro experiments in that study showed remdesivir susceptibility of the isolated
viruses after remdesivir treatment, indicating the mutation most likely did not lead to drug
resistance. Another mutation observed in Case 1, nsp5:L24F, has not been associated with
remdesivir resistance. Nsp5 has been reported to have roles in suppressing antiviral stress
granule formation and innate antiviral immunity [27]; however, this mutation also was
transient.

In Case 2 (a heart and lung transplant patient), another RdRp mutation, nsp12:V166A,
emerged after only five days of remdesivir treatment. Two additional mutations, nsp3:T820N
and nsp7:D67N, were also observed at the same time point. Similar to Case 1, all of
these mutations were transient and not found in a subsequent sample collected five days
later despite a higher viral load. V166 in nsp12 is adjacent to motif D, which plays an
important role in closing of the polymerase active site once a nucleoside-triphosphate
(NTP) is positioned for incorporation. A recent in vitro study showed that nsp12:V166A
emerged in remdesivir resistant strains after prolonged drug selection, but it co-emerged
with other mutations including nsp12:S759A and nsp12:C799F [28]; it is unknown whether
nsp12:V166A alone can lead to remdesivir resistance. Nsp7 is an accessory subunit of RdRp
that interacts with the thumb domain of nsp12 and is important for processivity [29,30], but
no mutations in nsp7 have been associated with remdesivir resistance. Nsp3 is a papain-like
protease that is important for cleavage and maturation of viral polyproteins, and though
T820 might be important for proper functionality of the protease domain [31], nsp3 has not
been associated with remdesivir resistance. These findings show that multiple transient
mutations were present in Day 22 specimen, two of which were present in the RdRp
complex targeted by remdesivir. However, it is unknown whether any of these mutations
had an effect on remdesivir susceptibility or may have contributed to this patient’s demise.

Limitations of this report are that our observations are from only two patients, and
that convalescent plasma therapy and donor cell engraftment may have contributed to
remdesivir-independent clearance of the mutant, thus confounding interpretation of steady-
state viral fitness. Second, except for the nsp12:A449V mutation, we only investigated
the major alleles that are present in consensus sequences; minor alleles that correspond to
known remdesivir targets may be present but unaccounted for. Third, in vitro phenotypic
testing for remdesivir resistance was not performed in this study due to limited resources
available for viral culture. Another limitation is that in both cases, the mutations were tran-
sient, and did not persist to the end of the treatment, thus confounding the interpretation
of their true clinical significance. It is likely that these mutations may only be precursors
for true remdesivir resistance or a biological signal predicting a poor prognosis. Further
studies are needed to expand our understanding of virologic dynamics under prolonged
remdesivir treatment, the role of prolonged remdesivir therapy in immunocompromised
patients, and of the broader incidence and clinical relevance of the mutations observed in
these cases.

In conclusion, our study revealed SARS-CoV-2 genetic dynamics during remdesivir
treatment in transplant recipients and highlighted the possibilities of mutations in remde-
sivir drug target RdRp, which may require close monitoring during the course of treatment
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in these highly vulnerable patient populations. Development and utilization of diagnostic
RdRp genotyping tests, similar to other anti-viral resistance tests, may be a future direction
for improving the management of chronic COVID-19.
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Appendix A

Table A1. Summary of samples and sequencing results.

Case Collection
Day

Specimen
Source Ct Value Amino Acid

Substitutions GISAID ID GenBank ID SRA ID

1 Day −1 NPS 17.1 none EPI_ISL_962506 OR387920 SRR25496336

1 Day 13 NPS 15.8 none EPI_ISL_962507 OR387921 SRR25496335

1 Day 14 plasma 30.7 nsp12:A449V
(minor allele) EPI_ISL_962514 OR387927 SRR25496328

1 Day 17 NPS 23 nsp12:A449V
(minor allele) EPI_ISL_962508 OR387922 SRR25496333

1 Day 23 NPS 20.1 nsp12:A449V EPI_ISL_962509 OR387923 SRR25496332

1 Day 29 NPS 27.2 nsp12:A449V EPI_ISL_962510 OR387924 SRR25496331

1 Day 36 NPS 28.1 nsp5:L24F EPI_ISL_962512 OR387925 SRR25496330

1 Day 42 NPS 26.9 none EPI_ISL_962513 OR387926 SRR25496329

1 Day 50 NPS 19.5 none EPI_ISL_1191129 OR387929 SRR25496326

1 Day 64 NPS 25.3 none EPI_ISL_1191131 OR387930 SRR25496334

1 Day 68 NPS 24.2 none EPI_ISL_1191110 OR387928 SRR25496327

2 Day 5 NPS 23 none EPI_ISL_17636781 OR397702 SRR25506571

2 Day 22 NPS 28.7
nsp3:T820N,
nsp7:D67N,

nsp12:V166A
EPI_ISL_17799305 OR393372 SRR25506336

2 Day 27 NPS 17.7 none EPI_ISL_17636782 OR397703 SRR25506570

NPS: Nasopharyngeal swab; GISAID: Global Initiative on Sharing All Influenza Data; SRA: Sequence Read
Archive.



Microorganisms 2023, 11, 2096 8 of 9

References
1. Fitero, A.; Bungau, S.G.; Tit, D.M.; Endres, L.; Khan, S.A.; Bungau, A.F.; Romanul, I.; Vesa, C.M.; Radu, A.F.; Tarce, A.G.; et al.

Comorbidities, Associated Diseases, and Risk Assessment in COVID-19—A Systematic Review. Int. J. Clin. Pract. 2022, 2022,
1571826. [CrossRef]

2. Fung, M.; Babik, J.M. COVID-19 in Immunocompromised Hosts: What We Know So Far. Clin. Infect. Dis. 2021, 72, 340–350.
[CrossRef]

3. Sharma, A.; Bhatt, N.S.; St Martin, A.; Abid, M.B.; Bloomquist, J.; Chemaly, R.F.; Dandoy, C.; Gauthier, J.; Gowda, L.; Perales, M.A.;
et al. Clinical characteristics and outcomes of COVID-19 in haematopoietic stem-cell transplantation recipients: An observational
cohort study. Lancet Haematol. 2021, 8, e185–e193. [CrossRef]

4. Schaenman, J.; Byford, H.; Grogan, T.; Motwani, Y.; Beaird, O.E.; Kamath, M.; Lum, E.; Meneses, K.; Sayah, D.; Vucicevic, D.; et al.
Impact of solid organ transplant status on outcomes of hospitalized patients with COVID-19 infection. Transpl. Infect. Dis. 2022,
24, e13853. [CrossRef] [PubMed]

5. NIH. Therapeutic Management of Hospitalized Adults with COVID-19. COVID-19 Treatment Guidelines 2021. Available online:
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults{-}{-}therapeutic-
management/ (accessed on 25 February 2022).

6. Mari, A.; Roloff, T.; Stange, M.; Sogaard, K.K.; Asllanaj, E.; Tauriello, G.; Alexander, L.T.; Schweitzer, M.; Leuzinger, K.; Gensch,
A.; et al. Global Genomic Analysis of SARS-CoV-2 RNA Dependent RNA Polymerase Evolution and Antiviral Drug Resistance.
Microorganisms 2021, 9, 1094. [CrossRef] [PubMed]

7. Negru, P.A.; Radu, A.F.; Vesa, C.M.; Behl, T.; Abdel-Daim, M.M.; Nechifor, A.C.; Endres, L.; Stoicescu, M.; Pasca, B.; Tit, D.M.;
et al. Therapeutic dilemmas in addressing SARS-CoV-2 infection: Favipiravir versus Remdesivir. Biomed. Pharmacother. 2022, 147,
112700. [CrossRef]

8. Shannon, A.; Canard, B. Kill or corrupt: Mechanisms of action and drug-resistance of nucleotide analogues against SARS-CoV-2.
Antivir. Res. 2023, 210, 105501. [CrossRef]

9. Agostini, M.L.; Andres, E.L.; Sims, A.C.; Graham, R.L.; Sheahan, T.P.; Lu, X.; Smith, E.C.; Case, J.B.; Feng, J.Y.; Jordan, R.; et al.
Coronavirus Susceptibility to the Antiviral Remdesivir (GS-5734) Is Mediated by the Viral Polymerase and the Proofreading
Exoribonuclease. mBio 2018, 9. [CrossRef] [PubMed]

10. Goldswain, H.; Dong, X.; Penrice-Randal, R.; Alruwaili, M.; Shawli, G.T.; Prince, T.; Williamson, M.K.; Raghwani, J.; Randle, N.;
Jones, B.; et al. The P323L substitution in the SARS-CoV-2 polymerase (NSP12) confers a selective advantage during infection.
Genome Biol. 2023, 24, 47. [CrossRef]

11. Martinot, M.; Jary, A.; Fafi-Kremer, S.; Leducq, V.; Delagreverie, H.; Garnier, M.; Pacanowski, J.; Mekinian, A.; Pirenne, F.;
Tiberghien, P.; et al. Emerging RNA-Dependent RNA Polymerase Mutation in a Remdesivir-Treated B-cell Immunodeficient
Patient With Protracted Coronavirus Disease 2019. Clin. Infect. Dis. 2021, 73, e1762–e1765. [CrossRef]

12. Sheahan, T.P.; Sims, A.C.; Zhou, S.; Graham, R.L.; Pruijssers, A.J.; Agostini, M.L.; Leist, S.R.; Schafer, A.; Dinnon, K.H., 3rd;
Stevens, L.J.; et al. An orally bioavailable broad-spectrum antiviral inhibits SARS-CoV-2 in human airway epithelial cell cultures
and multiple coronaviruses in mice. Sci. Transl. Med. 2020, 12, eabb5883. [CrossRef] [PubMed]

13. Hogan, J.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]

14. Price, T.K.; Bowland, B.C.; Chandrasekaran, S.; Garner, O.B.; Yang, S. Performance Characteristics of Severe Acute Respiratory
Syndrome Coronavirus 2 RT-PCR Tests in a Single Health System: Analysis of >10,000 Results from Three Different Assays. J.
Mol. Diagn. 2021, 23, 159–163. [CrossRef] [PubMed]

15. Yang, S.; Hemarajata, P.; Hilt, E.E.; Price, T.K.; Garner, O.B.; Green, N.M. Investigation of SARS-CoV-2 Epsilon Variant and
Hospitalization Status by Genomic Surveillance in a Single Large Health System During the 2020-2021 Winter Surge in Southern
California. Am. J. Clin. Pathol. 2021, 157, 649–652. [CrossRef]

16. Gorzalski, A.J.; Boyles, C.; Sepcic, V.; Verma, S.; Sevinsky, J.; Libuit, K.; Van Hooser, S.; Pandori, M.W. Rapid repeat infection of
SARS-CoV-2 by two highly distinct delta-lineage viruses. Diagn. Microbiol. Infect. Dis. 2022, 104, 115747. [CrossRef] [PubMed]

17. Libuit, K.G.; Doughty, E.L.; Otieno, J.R.; Ambrosio, F.; Kapsak, C.J.; Smith, E.A.; Wright, S.M.; Scribner, M.R.; Petit Iii, R.A.;
Mendes, C.I.; et al. Accelerating bioinformatics implementation in public health. Microb. Genom. 2023, 9. [CrossRef]

18. Katz, K.S.; Shutov, O.; Lapoint, R.; Kimelman, M.; Brister, J.R.; O’Sullivan, C. STAT: A fast, scalable, MinHash-based k-mer tool to
assess Sequence Read Archive next-generation sequence submissions. Genome Biol. 2021, 22, 270. [CrossRef]

19. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

20. Grubaugh, N.D.; Gangavarapu, K.; Quick, J.; Matteson, N.L.; De Jesus, J.G.; Main, B.J.; Tan, A.L.; Paul, L.M.; Brackney, D.E.;
Grewal, S.; et al. An amplicon-based sequencing framework for accurately measuring intrahost virus diversity using PrimalSeq
and iVar. Genome Biol. 2019, 20, 8. [CrossRef]

21. Schaffer, A.A.; Hatcher, E.L.; Yankie, L.; Shonkwiler, L.; Brister, J.R.; Karsch-Mizrachi, I.; Nawrocki, E.P. VADR: Validation and
annotation of virus sequence submissions to GenBank. BMC Bioinform. 2020, 21, 211. [CrossRef]

22. Aksamentov, I.; Roemer, C.; Hodcroft, E.; Neher, R. Nextclade: Clade assignment, mutation calling and quality control for viral
genomes. J. Open Source Softw. 2021, 6, 3773. [CrossRef]

https://doi.org/10.1155/2022/1571826
https://doi.org/10.1093/cid/ciaa863
https://doi.org/10.1016/S2352-3026(20)30429-4
https://doi.org/10.1111/tid.13853
https://www.ncbi.nlm.nih.gov/pubmed/35579437
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults{-}{-}therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults{-}{-}therapeutic-management/
https://doi.org/10.3390/microorganisms9051094
https://www.ncbi.nlm.nih.gov/pubmed/34069681
https://doi.org/10.1016/j.biopha.2022.112700
https://doi.org/10.1016/j.antiviral.2022.105501
https://doi.org/10.1128/mBio.00221-18
https://www.ncbi.nlm.nih.gov/pubmed/29511076
https://doi.org/10.1186/s13059-023-02881-5
https://doi.org/10.1093/cid/ciaa1474
https://doi.org/10.1126/scitranslmed.abb5883
https://www.ncbi.nlm.nih.gov/pubmed/32253226
https://doi.org/10.1093/cid/ciac769
https://doi.org/10.1016/j.jmoldx.2020.11.008
https://www.ncbi.nlm.nih.gov/pubmed/33285286
https://doi.org/10.1093/ajcp/aqab203
https://doi.org/10.1016/j.diagmicrobio.2022.115747
https://www.ncbi.nlm.nih.gov/pubmed/35843112
https://doi.org/10.1099/mgen.0.001051
https://doi.org/10.1186/s13059-021-02490-0
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1186/s13059-018-1618-7
https://doi.org/10.1186/s12859-020-3537-3
https://doi.org/10.21105/joss.03773


Microorganisms 2023, 11, 2096 9 of 9

23. Fajnzylber, J.; Regan, J.; Coxen, K.; Corry, H.; Wong, C.; Rosenthal, A.; Worrall, D.; Giguel, F.; Piechocka-Trocha, A.; Atyeo, C.;
et al. SARS-CoV-2 viral load is associated with increased disease severity and mortality. Nat. Commun. 2020, 11, 5493. [CrossRef]

24. Jacobs, J.L.; Bain, W.; Naqvi, A.; Staines, B.; Castanha, P.M.S.; Yang, H.; Boltz, V.F.; Barratt-Boyes, S.; Marques, E.T.A.; Mitchell,
S.L.; et al. SARS-CoV-2 Viremia is Associated with COVID-19 Severity and Predicts Clinical Outcomes. Clin. Infect. Dis. 2021, 74,
1525–1533. [CrossRef]

25. Yuan, F.; Wang, L.; Fang, Y.; Wang, L. Global SNP analysis of 11,183 SARS-CoV-2 strains reveals high genetic diversity. Transbound.
Emerg. Dis. 2021, 68, 3288–3304. [CrossRef]

26. Williamson, M.K.; Hamilton, F.; Hutchings, S.; Pymont, H.; Hackett, M.; Arnold, D.; Maskell, N.; MacGowan, A.; Albur, M.;
Jenkins, M.; et al. Chronic SARS-CoV-2 infection and viral evolution in a hypogammaglobulinaemic individual. medRxiv 2021.
[CrossRef]

27. Zheng, Y.; Deng, J.; Han, L.; Zhuang, M.W.; Xu, Y.; Zhang, J.; Nan, M.L.; Xiao, Y.; Zhan, P.; Liu, X.; et al. SARS-CoV-2 NSP5 and N
protein counteract the RIG-I signaling pathway by suppressing the formation of stress granules. Signal Transduct. Target. Ther.
2022, 7, 22. [CrossRef]

28. Stevens, L.J.; Pruijssers, A.J.; Lee, H.W.; Gordon, C.J.; Tchesnokov, E.P.; Gribble, J.; George, A.S.; Hughes, T.M.; 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]

29. Hillen, H.S.; Kokic, G.; Farnung, L.; Dienemann, C.; Tegunov, D.; Cramer, P. Structure of replicating SARS-CoV-2 polymerase.
Nature 2020, 584, 154–156. [CrossRef] [PubMed]

30. Yin, W.; Mao, C.; Luan, X.; Shen, D.-D.; Shen, Q.; Su, H.; Wang, X.; Zhou, F.; Zhao, W.; Gao, M.; et al. Structural basis for inhibition
of the RNA-dependent RNA polymerase from SARS-CoV-2 by remdesivir. Science 2020, 368, 1499–1504. [CrossRef] [PubMed]

31. Osipiuk, J.; Azizi, S.-A.; Dvorkin, S.; Endres, M.; Jedrzejczak, R.; Jones, K.A.; Kang, S.; Kathayat, R.S.; Kim, Y.; Lisnyak, V.G.; et al.
Structure of papain-like protease from SARS-CoV-2 and its complexes with non-covalent inhibitors. Nat. Commun. 2021, 12, 743.
[CrossRef] [PubMed]

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/10.1038/s41467-020-19057-5
https://doi.org/10.1093/cid/ciab686
https://doi.org/10.1111/tbed.13931
https://doi.org/10.1101/2021.05.31.21257591
https://doi.org/10.1038/s41392-022-00878-3
https://doi.org/10.1126/scitranslmed.abo0718
https://doi.org/10.1038/s41586-020-2368-8
https://www.ncbi.nlm.nih.gov/pubmed/32438371
https://doi.org/10.1126/science.abc1560
https://www.ncbi.nlm.nih.gov/pubmed/32358203
https://doi.org/10.1038/s41467-021-21060-3
https://www.ncbi.nlm.nih.gov/pubmed/33531496

	Introduction 
	Methods 
	SARS-CoV-2 PCR 
	SARS-CoV-2 Sequencing and Mutation Analysis 
	Viral Load Monitoring 

	Results 
	Clinical Course and Virologic Dynamics 
	Intra-Host Viral Evolution after Remdesivir Treatment 

	Discussion 
	Appendix A
	References



