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Abstract
Patients with hematologic diseases have experienced coronavirus disease 2019 (COVID-19) with a prolonged, progressive course. Here, we 
present clinical, pathological, and virological analyses of three cases of prolonged COVID-19 among patients undergoing treatment for B- 
cell lymphoma. These patients had all been treated with anti-CD20 antibody and bendamustine. Despite various antiviral treatments, high 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) levels persisted for >4 weeks, and two of them succumbed to COVID-19. 
The autopsy showed bronchopneumonia, interstitial pneumonia, alveolar hemorrhage, and fibrosis. Overlapping cytomegalovirus, 
fungal and/or bacterial infections were also confirmed. Sequencing of SARS-CoV-2 showed accumulation of mutations and changes in 
variant allele frequencies over time. NSP12 mutations V792I and M794I appeared independently in two cases as COVID-19 progressed. 
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In vitro drug susceptibility analysis and an animal experiment using recombinant SARS-CoV-2 demonstrated that each mutation, V792 
and M794I, was independently responsible for remdesivir resistance and attenuated pathogenicity. E340A, E340D, and F342INS 
mutations in the spike protein were found in one case, which may account for the sotrovimab resistance. Analysis of autopsy 
specimens indicated heterogeneous distribution of these mutations. In summary, we demonstrated temporal and spatial diversity in 
SARS-CoV-2 that evolved resistance to various antiviral agents in malignant lymphoma patients under immunodeficient conditions 
caused by certain types of immunochemotherapies. Strategies may be necessary to prevent the acquisition of drug resistance and 
improve outcomes, such as the selection of appropriate treatment strategies for lymphoma considering patients’ immune status and 
the institution of early intensive antiviral therapy.
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Significance Statement

In immunocompromised patients with hematological malignancies, prolonged/progressive course of Coronavirus disease 2019 
(COVID-19) is still a critical problem, even in an era when vaccines and several antiviral therapeutics have been developed. Here, 
we analyzed serial viral specimens of three B-cell lymphoma patients undergoing immunochemotherapies who experienced pro
longed/progressive course of COVID-19 and demonstrated that diverse genetic mutations on severe acute respiratory syndrome cor
onavirus 2 (SARS-CoV-2) accumulated on therapy within each individual. In vitro drug susceptibility assay revealed that specific 
genetic alterations on NSP12 (V792I and M794I) were responsible for the acquisition of remdesivir resistance. These findings indicate 
that mutations related to drug resistance accumulate in SARS-CoV-2 in immunocompromised patients, suggesting the importance of 
treatment strategies that can eradicate the virus at an early stage of COVID-19 onset.

Introduction
Coronavirus disease 2019 (COVID-19), caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), is a life- 

threatening infection among patients with underlying diseases 

and advanced age (1). Prolonged infection and severe disease 

have been reported in patients with hematologic malignancies 

(2–4). Higher rates of severe disease have also been noted, espe

cially in patients with lymphoid malignancies undergoing certain 

immunochemotherapy regimens and cell therapies, including 

chimeric-antigen-receptor T-cell therapy, suggesting that hu

moral and cellular immune deficiency may be closely associated 

with negative outcomes of COVID-19 (5).
Since the onset of the pandemic, the prognosis of COVID-19 

has gradually improved with the use of monoclonal antibody 
therapeutics sotrovimab (6), casirivimab/imdevimab (7), and 
tixagevimab/cilgavimab (8); antiviral drugs remdesivir (9), molnu
piravir (10), and ritonavir-boosted nirmatrelvir (11); and 
anti-SARS-CoV-2 mRNA vaccines (12, 13). However, subtypes of 
SARS-CoV-2, such as BA.2-BA.5, XBB, and BQ.1, have emerged as 
a result of immune escape (14–18). These viruses have many add
itional mutations, mainly in the receptor-binding domain (RBD) of 
the spike protein (19), and demonstrate various degrees of resist
ance to antibody therapeutics and monovalent/bivalent vaccines 
(14–18). The emergence of remdesivir resistance through muta
tions in NSP12 in ORF1b (20), which encodes an RNA-dependent 
polymerase (RdRp), has been reported (21), but small-molecule 
antiviral agents, including remdesivir, have generally maintained 
their activity throughout the pandemic (16, 17). In addition, insuf
ficient antibody acquisition after vaccination has been reported in 
patients vaccinated <1 year after the last administration of immu
nochemotherapy, including the anti-CD20 antibody rituximab 
and obinutuzumab, and in patients using Bruton’s tyrosine kinase 
(BTK) inhibitors and Janus kinase 2 inhibitors (22, 23).

Against these backgrounds, COVID-19 remains a life-threatening 
infection among patients with hematologic malignancies, even as 
the public threat of SARS-CoV-2 has been waning overall. These pa
tients may still suffer from refractory diseases after the clinical signs 
of COVID-19 have subsided, with persistence of high viral copy num
bers after infection, emergence of resistance to various antiviral 
therapies, and chronic clinical course leading to worsening pneumo
nia and other complications leading to death.

In the present study, we analyzed three cases of prolonged 
COVID-19 from clinical, histopathological, and molecular bio
logical aspects. Longitudinal analysis of the viral genome detected 
genetic mutations associated with remdesivir and sotrovimab re
sistance, which showed temporal and spatial diversity. These 
findings provide important insights into the management of 
COVID-19 in patients with hematologic diseases.

Methods
Patients’ characteristics
Three patients with B-cell lymphoma (BCL) who developed 
COVID-19 between January and December in 2022, had persistent 
SARS-CoV-2 infection for >8 weeks despite antiviral treatment, 
and whose nasal swab specimens were stored over time were in
cluded from three hospitals in Japan. Omicron strains (BA.1.1, 
BA.2, and BA.5) were prevalent during this period encompassing 
the sixth and seventh waves in Japan. All patients were being treated 
with bendamustine and an anti-CD20 antibody. The use of clinical 
information and residual samples was approved by the Ethical 
Review Committee of each institution (Fujita Health University: 
HM21-067, HM21-179, and HM23-016; Sapporo City General 
Hospital: R-04-063-951, Sapporo Kosei Hospital: 621). Written con
sent was obtained from each patient, and the specimens obtained 
from the patients were de-identified for further study.

Detection of SARS-CoV-2
SARS-CoV-2 was detected qualitatively by antigen testing or PCR 
using nasal swabs. For patients with hematological diseases, in
cluding BCL, quantitative reverse transcription-PCR (qRT-PCR) 
was also performed in the clinical laboratory upon request as 
part of routine clinical care, where viral RNA was extracted from 
the viral culture medium of the swab samples and subjected to 
copy number analysis or cycle threshold (Ct) value analysis. 
Detailed strategies are indicated in Supplementary Methods.

Pathological analyses
Autopsies were performed for cases 1 and 2 within 6 h of the pa
tients’ death. Detailed information is indicated in Supplementary 
Methods.
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Mutational analyses of SARS-CoV-2
Case 1: Genome sequencing of SARS-CoV-2 was performed ac
cording to the protocol of the National Institute of Infectious 
Diseases (https://www.protocols.io/view/ncov-2019-sequencing- 
protocol-for-illumina-eq2ly398mgx9/v5) using MiSeq (for swab) 
or NextSeq 1000 (for autopsy; Illumina, San Diego, CA). Obtained 
sequences were mapped to the reference sequence (SARS-CoV-2 
Wuhan strain, MN908947.3). Detailed information is depicted in 
Supplementary Methods.

Cases 2 and 3: Sangar sequencing using SeqStudio Genetic 
Analyzer (Thermo Fisher Scientific) was performed to determine 
the whole viral genome sequence, as previously reported (24). 
Detailed information is indicated in Supplementary Methods.

Rescue of the recombinant viruses
The recombinant viruses with remdesivir resistance mutations 
and/or the GFP gene were rescued by the CPER method, 
which was established previously (25). V792I or M794I in NSP12 
was individually introduced into the viral genome fragment- 
cloning plasmid by inverse PCR and in-fusion reaction using an 
In-Fusion Snap Assembly Master Mix (Takara Bio). A GFP gene 
was introduced as a replacement for the ORF7a region, as previ
ously described (26). Sanger sequencing (Fig. S1) and comprehen
sive next-generation sequencing analyses (data not shown) using 
stock viruses verified that each point mutation was correctly in
troduced. The detailed procedure is indicated in Supplementary 
Methods.

In vitro drug susceptibility testing and growth 
kinetics assay
VeroE6/TMPRSS2 cells (VeroE6 cells stably expressing human 
TMPRSS2 (27)), HEK293-ACE2/TMPRSS2 cells (HEK293 cells stably 
expressing human ACE2 and TMPRSS2 (28)), and Vero cells were 
utilized for in vitro drug susceptibility testing and growth kinetics 
assay. Detailed information is indicated in Supplementary 
Methods.

Results
Clinical courses of patients with resistance 
to anti-SARS-CoV-2 therapeutics
Case 1
A 65-y-old male with relapsed follicular lymphoma (FL) had re
ceived six courses of obinutuzumab and bendamustine (Obi-B) 
leading to complete remission (CR), which was followed by Obi 
maintenance (Obi-Mt; Fig. 1A). He had received two doses of 
SARS-CoV-2 mRNA vaccine during Obi-Mt; however, antispike 
antibody was not detected. SARS-CoV-2 infection was diagnosed 
in January 2021, 5 months after obtaining CR. He did not have 
pneumonia at diagnosis (Fig. 1A, a and e), and was treated with so
trovimab monotherapy and discharged. However, persistent fever 
resulted in re-admission 2 weeks later. Computed tomography 
(CT) showed multiple bilateral ground-glass opacities (Fig. 1A, b 
and f). He was treated with multiple courses of antiviral drugs, in
cluding remdesivir, nirmatrelvir-ritonavir, and molnupiravir with 
or without tocilizumab considering the intensity of the inflamma
tory status. He also received systemic corticosteroids. However, 
his oxygenation declined until ventilator management was re
quired (Fig. 1A, c and d). During these treatments, he also suffered 
from sepsis, cytomegalovirus (CMV) antigenemia, and acute pul
monary aspergillosis. CD4- and CD19-positive cell counts in per
ipheral blood remained low (Fig. 1A, middle part). The copy 

numbers of SARS-CoV-2 gradually increased despite intensive 
treatment (Fig. 1A, purple line). He died of respiratory failure 7 
months after onset.

Case 2
A 75-y-old male with head-and-neck diffuse large BCL (DLBCL) had 
received three courses of R-VP (rituximab, vincristine, and pred
nisolone) and six courses of Pola-BR (polatuzumab vedotin, bend
amustine, and rituximab). The lymphoma did not achieve 
remission, and he underwent salvage radiation therapy in June 
2022. During this hospitalization, he developed COVID-19 due to 
an in-hospital outbreak. He had received two doses of 
SARS-CoV-2 mRNA vaccine prior to chemotherapy, and acquisi
tion of antispike antibody was confirmed at the onset, but 
CD4-positive T-cell counts were critically low (Fig. 1B). His symp
toms were sore throat and mild cough. He was treated with com
bination therapy using sotrovimab and remdesivir given the 
severe immunodeficiency and discharged 15 days after onset. On 
day 18, the patient was hospitalized again with bacterial pneumo
nia: a CT scan showed infiltrates without ground-glass opacities in 
the right inferior lobe (Fig. 1B, a and b). He was treated with broad- 
spectrum antibiotics, but subsequently had gastrointestinal per
foration with bleeding on day 25 (Fig. 1B, c). Surgery was not indi
cated due to poor condition, and he died of sepsis on day 34. Ct 
values for SARS-CoV-2 persisted around 20 during his clinical 
course.

Case 3
A 75-y-old female with FL had completed six courses of Obi-B and 
subsequently received Obi-Mt (Fig. 1C) under the status of CR. She 
had received three doses of SARS-CoV-2 vaccine during chemo
therapy, followed by tixagevimab/cilgavimab administration in 
early December 2022. CD4-positive T-cell counts were critically 
low. SARS-CoV-2 infection was diagnosed by antigen and PCR test
ing in late December 2022 when she presented with fatigue, cough, 
and runny nose. Mild interstitial pneumonia was observed upon 
diagnosis (Fig. 1C, a). She was treated with dexamethasone and re
mdesivir and was discharged upon improvement of the symp
toms. However, she developed a fever again and was readmitted 
on day 18. CT scan showed multiple bilateral ground-glass opac
ities (Fig. 1C, b). She was treated again with remdesivir in addition 
to baricitinib and dexamethasone/prednisolone, considering her 
severe inflammatory condition. However, CT scan on day 32 
showed persistent pneumonia (Fig. 1C, c). The Ct values for 
SARS-CoV-2 remained around 20 for ∼8 weeks. CT scan on day 
66 was consistent with organizing pneumonia in the left lung 
(Fig. 1C, d). She was eventually discharged on day 73 with home 
oxygen therapy.

Mutations identified in SARS-CoV-2 during the 
disease course
Nasal swabs were collected periodically during their clinical 
course and analyzed for mutations in the SARS-CoV-2 genome us
ing the Wuhan strain as a reference. In case 1, multiple nonsynon
ymous mutations in the spike protein were detected as the disease 
progressed (Fig. 1A, lower panel, blue and red boxes). Of these, the 
E340A substitution has been reported to be critical in sotrovimab 
resistance (29). An insertion F342INS was also detected in its vicin
ity, in which F342 was substituted to amino acid sequence LTRMV 
due to 12-bp insertion. V792I substitution in NSP12 of ORF1b was 
detected immediately after the first course of remdesivir, and 
then M794I substitution was also detected during the second 
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A

B C

Fig. 1. Clinical courses and SARS-CoV-2 mutation analysis of three cases. On the top panel, the timeline of medications administered is shown with white 
blood cell count, hemoglobin level, platelet count, CRP, and viral copy number of SARS-CoV-2 since the day of onset (0W in A and C, and 0D in B). The 
numbers in square boxes are time points when mutation analyses were performed. In the middle panel, chest X-ray and CT scan at each time point are 
shown (a–f). On the bottom panel, additional mutations that were observed during treatment are shown. Diagram of SARS-CoV-2 coding region is on the 
left. Darkly painted boxes show acquired mutations. The boxes marked with amino acids (V792I, M794I, E340A, E340D, and F342INS) show mutations 
implicated in drug resistance. A: case 1, B: case 2, C: case 3. R/R, refractory/relapsed; WBC, white blood cell; Hb, hemoglobin; Plt, platelet; PSL, 
prednisolone; Dex, dexamethasone; PB, peripheral blood; W, weeks; D, days.
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course of remdesivir. Analysis of the lung tissue at autopsy from 
three different sites confirmed mutations identical with those 
found between weeks 4 and 16, as well as newly acquired muta
tions (Fig. 1A, lower panel, sample 13, and Fig. S2). A trend toward 
the accumulation of additional genetic changes in the terminal 
stages of the disease was observed as the disease progressed, 
but the changes were not consistent and diversified over time.

In case 2, three specimens were collected over the course 
(Fig. 1B, lower panel). Samples obtained 20 days after the start of 
sotrovimab and remdesivir showed an additional genetic abnor
mality in the RBD of the spike protein, and samples taken at aut
opsy showed V792I substitution in NSP12. In this case, a trend 
toward the accumulation of additional genetic abnormalities 
was also observed as the disease progressed.

In case 3, three samples were collected over time, and we de
tected the M794I substitution in NSP12 approximately 30 days 
after the first course of remdesivir was started. A trend toward 
the accumulation of additional genetic abnormalities over time 
was also observed in this case. No anti-SARS-CoV-2 antibody 
therapeutic agents were used in this case, but samples collected 
9 weeks after treatment initiation showed accumulation of genet
ic changes in the spike protein.

Heterogeneity of additional genetic mutations in 
SARS-CoV-2 in the airway
Heterogeneity of mutations on SARS-CoV-2 was analyzed using 
pulmonary tissues from three different areas of the airway (right 
and left lungs and trachea) of the autopsy specimens (Fig. 1A low
er panel and Fig. S2). Mutations were widely distributed in ORF1a, 
ORF1b, and the S-protein domain. Interestingly, mutation profiles 
differed among samples, suggesting independent and heteroge
neous evolution of the virus within the airway.

Persistent SARS-CoV-2 infection and concomitant 
infection with CMV
Autopsies were immediately performed following death for cases 
1 (Fig. 2A) and 2 (Fig. 2B). For case 1, lung stiffening with acute 
bronchiolitis, interstitial pneumonia, and alveolar hemorrhage 
was observed macroscopically (Fig. 2A, a–d). Microscopically, the 
lung demonstrated acute bronchopneumonia (Fig. 2A, e), diffuse 
alveolar damage in exudative to proliferative stages (Fig. 2A, g) 
with squamous metaplasia (Fig. 2A, f), and fibrin thrombi 
(Fig. 2A, h and i). The lesions involved almost the entire lung. 
SARS-CoV-2-infected cells (Fig. 2A, j and k) and CMV-infected 
giant cells with an owl’s eye appearance were demonstrated by 
immunohistochemistry (IHC; Fig. 2A, l and m). A small number 
of giant cells were positive for both SARS-CoV-2 and CMV, show
ing clear localization of SARS-CoV-2 in the cytoplasm and CMV 
in the nucleus, respectively (Fig. 2A, n and o). HHV-6B mRNA 
was detected by RT-PCR at low copy number (Table S1), but in
fected cells were not confirmed by IHC (data not shown).

For case 2, the findings of the pneumonia lesions were similar to 
case 1 (Fig. 2B, a–c). A pneumonia lesion in the right inferior lobe 
showed “fibrin balls” and hemorrhage within alveolar spaces mixed 
with organizing fibroblastic tissue without hyaline membrane forma
tion (Fig. 2B, b); these findings were compatible with acute fibrinous 
and organizing pneumonia (AFOP). Another pneumonia lesion in 
the right inferior lobe showed aspiration pneumonia (Fig. 2B, c). By 
IHC, CMV-infected cells and SARS-CoV-2-infected cells were simul
taneously observed in both lungs (Fig. 2B, d–g). Of them, 
CMV-infected cells were found more extensively and predominantly.

In addition, we collected several parts of organs and quantified 
SARS-CoV-2 RNA (cases 1 and 2) and CMV and HHV-6B DNA (case 
1) by qPCR (Table S1). As expected, SARS-CoV-2 RNA was detected 
in respiratory organs. In case 1, CMV and HHV-6B DNA were also 
identified, but the latter was in low copy numbers. In case 2, 
SARS-CoV-2 RNA was undetectable in the heart, liver, spleen, kid
neys, and serum, which suggests that systemic infection had not 
developed (Table S2).

Mutations observed in NSP12 and remdesivir 
resistance
V792I or M794I, located close to the binding site of remdesivir to 
NSP12 (Fig. 3A and B), was predominantly selected in all cases 
(Fig. 1A–C). To determine the role of these two mutations in remde
sivir susceptibility and viral replication, we generated recombinant 
SARS-CoV-2 with each mutation individually based on strain JPN/ 
TY/WK-521 (GISAID ID: EPI_ISL_408667) by using CPER method 
(25). Sequences of the recombinant viruses were checked by 
Sanger sequencing (Fig. S1) and next-generation comprehensive 
analysis, and the mutation introduction rates for V792I and M794I 
were 97.47 and 97.92%, respectively. We first evaluated remdesivir 
susceptibility of V792I and M794I mutants using HEK293 cells (28) 
and Vero cells (27). Because Vero cells express high amounts of 
P-gp, an ATP-dependent efflux pump with a broad substrate specifi
city (31), P-gp inhibitor was treated with Vero cells. Both V792I and 
M794I mutants were less susceptible to remdesivir than the wild- 
type (WT) virus (Fig. 4A). Compared with WT, the EC50 of the 
V792I/M794I mutants increased 2.97/2.39-fold in HEK293 cells and 
4.84/4.30-fold in Vero cells, respectively.

We then examined the in vitro growth efficiency and the in vivo 
pathogenicity of the two remdesivir-resistant viruses. Growth ki
netics using Vero cells in the absence of remdesivir showed that 
the virus titers of the V792I mutant were lower than those of WT 
at 12 and 24 h postinfection, and similarly, M794I mutant was slight
ly slow compared with WT, albeit no significant differences (Fig. 4B, 
left panel). On the contrary, in the presence of remdesivir (0.1 µM), 
the virus titers of V792I and M794I mutants were apparently higher 
than those of WT as expected (Fig. 4B, right panel). In an animal ex
periment using hamsters, whereas WT infection resulted in marked 
weight loss, infection with either of the two mutants significantly 
ameliorated the body weight loss, indicating that the remdesivir- 
resistant viruses exhibited lower pathogenicity in vivo (Fig. 4C).

To determine the therapeutic effect of remdesivir in the resist
ant viruses, we further carried out another infection experiment 
with remdesivir treatment. Hamsters infected with WT, V792I, 
and M794I mutant viruses were administered remdesivir 
(15 mg/kg/day) or vehicle control (only WT group) at 0 and 1 dpi 
(Fig. S4A). Compared with remdesivir treatment and vehicle con
trol in WT groups, hamsters treated with remdesivir exhibit mild
er weight loss at 1 and 2 dpi, but the weight gaps have disappeared 
after 3 dpi. The results suggest that the effects of remdesivir were 
immediately lost within a few days of administration. Comparing 
with WT and each resistant virus under remdesivir treatment, no 
differences were observed among the three groups in the early 
phase of infection. Considering that the virulence of the resistant 
viruses was attenuated compared with the WT without remdesi
vir, V792I and M794I showed resistance to remdesivir in vivo as 
well as in vitro. Viral RNA levels in the lungs at 7 dpi were compar
able in any of the groups, both with and without remdesivir 
(Fig. S4B). Viral RNA levels and viral nucleocapsid protein amount 
in IHC analysis using lung samples at 2 dpi were also comparable 
in each group with/without remdesivir (data not shown).
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A

B

Fig. 2. Pathological observations of the lung lesions at autopsy. A) Autopsy findings of case 1.a–d), gross findings on the lung tissues. b–d) Enlarged view of 
lesions of interstitial pneumonia (b), pulmonary hemorrhage (c), and bronchopneumonia (d). (e–i) Histological findings of the lungs: bronchopneumonia 
with neutrophil infiltration (e), squamous metaplasia (f), and interstitial fibrosis (g). h and i) Fibrin thrombi (×100). j and k) SARS-CoV-2-infected cells. l 
and m) CMV-infected giant cells with an owl’s eye appearance. n) Coinfection of SARS-CoV-2 and CMV in the same cell demonstrated by immunostaining. 
Brown (3,3′-diaminobenzidine) and green (Vina Green) signals indicate SARS-CoV-2 and CMV, respectively. o) Coinfection of SARS-CoV-2 and CMV in the 
same cell demonstrated by fluorescent staining. Green (Alexa Fluor 488) and red (Alexa Fluor 568) signals indicate SARS-CoV-2 and CMV, respectively. 
Nuclear labeling was performed using DAPI (blue). B) Autopsy findings of case 2. a) The gross findings on the lung tissues. b and c), histological findings of 
the AFOP-like lesion (b) and the consolidation lesion (c) in the right lung (×40). d and e), presence of SARS-CoV-2-infected cells in areas of the AFOP-like 
lesion: hematoxylin and eosin stain (d), and IHC for SARS-CoV-2 nucleocapsid antigen (e) (×200). f and g) Presence of CMV-infected cells in areas of the 
AFOP-like lesion: hematoxylin and eosin stain (f), and IHC for CMV antigen (g) (×400). Detailed information about microscopes utilized is indicated in 
Supplementary Methods.
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Discussion
The risk of prolonged and severe COVID-19 in patients with hema
tologic diseases has been previously reported. Dulery et al. (2) re
ported a high frequency of prolonged hospitalization in BCL 
cases, such as DLBCL, FL, and marginal zone lymphoma in 2020 be
fore vaccination, was implemented, and a significant correlation 
between prolonged hospitalization and risk of death, especially 
with treatment that includes anti-CD20 antibodies and in re
lapse/refractory cases. Visco et al. (3) extracted the prognostic 
risk factors of COVID-19 in unvaccinated malignant lymphoma 
(ML) patients and showed that age 65 or higher, male sex, lympho
penia, and thrombocytopenia were significantly associated with 
risk of death. A retrospective analysis of breakthrough COVID-19 
in hematologic disease cases after January 2021, after the start of 
vaccination, showed a 9% mortality rate 30 days after onset, a de
crease compared with prevaccine data (4). On the other hand, it 
has also been reported that the acquisition of antispike antibodies 
after vaccination is extremely poor in patients with BCL and 
chronic lymphocytic leukemia who are treated with anti-CD20 
antibodies and/or BTK inhibitors (22, 23, 32). Even now with signifi
cant uptake of vaccines, there is concern for severe and prolonged 
COVID-19 in patients receiving anti-CD20 antibody therapeutics.

Recently, a phenomenon has been observed in clinical settings 
where viral load is not reduced by various antiviral treatments, 

especially in patients who are undergoing or have recently com
pleted treatment for ML. Prolonged infection (sometimes over 3– 
6 months) has been reported, especially in patients treated with 
both an anti-CD20 antibody and bendamustine (33–35). 
Bendamustine has the properties of both an alkylating agent 
and a purine analog (36) and is potent in eliminating lymphocytes. 
In particular, it has been shown that it may take >2 years for the 
CD4-positive T-cell count to normalize after the last dose (37). In 
addition, elevated exhaustion markers have been observed in 
CD4-positive T cells in cases of prolonged infection (33). 
Furthermore, a recent report indicates that CD4-positive T-cell 
counts trended lower in patients with prolonged viral shedding 
compared with those without (35). Based on these data, we specu
late that the host factors driving persistent COVID-19 may include 
both B- and T-cell functions, particularly the number of 
CD4-positive T cells and their dysfunction. The three cases we re
ported in this study were all older than 65 years of age and were 
treated with a combination of an anti-CD20 antibody and benda
mustine within 2 years of the onset of COVID-19, resulting in crit
ically low CD4-positive T-cell count below 100 cells/μL at the time 
of infection. In such markedly immunosuppressed hosts, 
SARS-CoV-2 may not only be difficult to eliminate but may also 
be provided the time and place to survive and accumulate add
itional mutations during prolonged infection (5, 20).

In both of the two autopsy cases, we observed a variety of path
ologies throughout the lungs, including fibrosis and alveolar hem
orrhage, as previously reported (38, 39). Case 1 also showed 
hyaline membrane formation and alveolar epithelialization, sug
gesting that irreversible changes had progressed with protracted 
infection. In both cases, SARS-CoV-2 was still present in alveolar 
cells at the time of death. CMV overlap infection may be associ
ated with poor prognosis (40, 41), a phenomenon that requires 
special attention in clinical practice. In particular, in case 1, coex
istence of SARS-CoV-2/CMV in the same cell was confirmed for the 
first time. These findings underscore the importance of consider
ing infectious diseases other than COVID-19 in the differential 
diagnoses, since severe immunodeficiency is assumed to exist in 
the background of cases with prolonged SARS-CoV-2 infection.

Viral genome sequences were compared to identify genetic 
mutations generated during the course of each case. Most not
ably, the mutations in the residues 790s in NSP12, either V792I 
or M794I, were observed across the three cases following remdesi
vir treatment (Fig. 1A–C). Previous studies have shown several 
mutation sites in NSP12 responsible for remdesivir resistance. 
To date, P323L, S759A, V792I, E796G, C799F/R, and E802D were 
identified by in vitro selection with remdesivir (24, 42), and 
V792I, C799F, and E802D were found from immunocompromised 
individuals with prolonged infection (20, 43). P323L is preserved in 
the variants of concern, including Omicron (44). In the present 
study, a potential candidate for remdesivir resistance, M794I, 
was detected in cases 1 and 3. Therefore, we here investigated 
characteristics of M794I mutation together with V792I as a known 
resistance mutation. By comparison of recombinant viruses with 
or without resistance mutations, M794I conferred reduced sus
ceptibility to remdesivir comparable to V792I and an increase in 
EC50 by ∼2.5- to 4.5-fold compared with WT (Fig. 4A). The replica
tion efficiency in cultured cells was lower for the mutant viruses, 
especially V792I (Fig. 4B). In vivo, either of the mutations clearly 
reduced pathogenicity (Fig. 4C). Torii et al. also associated a re
combinant virus bearing E796G/C799F with decreased pathogen
icity in hamsters (24). These results suggest that remdesivir 
resistance mutations are detrimental to viability within the hosts 
in the absence of remdesivir. This is consistent with Focosi’s 

A

B

Fig. 3. Crystal structure of NSP12 of SARS-CoV-2 and remdesivir. A) The 
positional relationship between remdesivir and the residues of V792 and 
M794 on the crystal structure of NSP12. B) Close-up view of the mutation 
positions V792I and M794I in NSP12. The structure of the NSP12–NSP7– 
NSP8 complex (PDB ID 7BV2 PMID: 32358203) is shown as a cartoon 
representation in cyan. The RNA structure is shown as a white stick 
representation, and the remdesivir residue is in magenta. The residues of 
V792 and M794 are shown as CPK representations in red. This figure was 
prepared using PyMOL (30) (http://www.pymol.org/pymol).
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report that showed the very low frequencies of viruses with re
mdesivir resistance in databases such as GISAID (45). We also 
gathered the full-length sequences registered in GISAID between 
June 2021and May 2023 (from Alpha wave to the early Omicron 
wave) and found that the frequency of V792I and M794I was still 
quite rare, although it tended to increase to over 0.01% of the total 
after the Omicron era (Fig. S5). These findings imply that there is a 
high barrier to transmission even if resistant viruses are continu
ously shed from individuals with prolonged infection. In the in 

vivo analysis using hamsters, while the difference in reactivity 
to remdesivir between WT and mutated viruses was suggested 
by weight change, we were unable to confirm a significant differ
ence in virus amount in each lung after remdesivir treatment 
(Figs. 4 and S4). This suggests the need to consider the systemic ef
fects of mutant SARS-CoV-2, as well as the need for further con
sideration of the duration of remdesivir administration and 
timing of analysis. Analysis strategies in vivo are considered an is
sue for future study.

A

B

C

Fig. 4. Virological features of V792I and M794I mutants. A) Evaluation of remdesivir susceptibility using recombinant SARS-CoV-2 carrying the GFP gene. 
HEK293-ACE2/TMPRSS2 cells or VeroE6/TMPRSS2 cells treated with a P-gp inhibitor were infected with either WT, V792I, or M794I mutant at a MOI of 0.05 
containing a 2-fold serial dilution of remdesivir. After 72 h in HEK293-ACE2/TMPRSS2 cells or 48 h in VeroE6/TMPRSS2 cells, the inhibition of infection 
was quantified via observation of GFP signals from four biological experiments, and then the EC50 of each virus was calculated by nonlinear regression 
analysis. B) Viral growth kinetics of WT, V792I, and M794I mutants using Vero cells in the absence (left panel) and presence (right panel) of remdesivir. 
Culture supernatants were collected at 12, 24, and 48 h postinfection, and infectious titers were determined and calculated as TCID50/mL. C) 
Pathogenicity of the remdesivir-resistant viruses in Syrian hamsters. A group of 4-week-old hamsters (n = 6) were inoculated intranasally with either 
saline (uninfected control), WT, V792I, or M794I virus. The body weight was examined daily by 7 days postinfection. Data represent mean ± SD. Statistical 
analyses were performed using one-way ANOVA with multiple comparisons (the Dunnett’s test) compared with WT as a control. Asterisks indicate 
significant differences (*P < 0.05, ** P < 0.01, *** P < 0.001).
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Sequence analysis of the specimens of case 1 identified two 
mutations in the spike gene that have been associated with resist
ance to sotrovimab, namely E340A and E340D, and another novel 
change (F342INS). Substitution of E340 with other amino acids has 
been reported to confer resistance to sotrovimab (29, 46). 
Regarding abnormalities like F342INS, we speculate that 
F342INS may compromise the antibody binding and cause resist
ance since N343 is glycosylated and the monoclonal antibody re
portedly recognizes the glycan (Fig. S2) (47). In case 1, a mutation 
in NSP5 (C10560G) resulting in T169S was also detected (data not 
shown). Considering a recent report correlating the T169 muta
tion (48) indicating the correlation with nirmatrelvir resistance, 
there is a possibility that this mutation contributes to nirmatrelvir 
resistance. Since this mutation is consistently detected regardless 
of the use of nirmatrelvir, it is suggested that this is not a mutation 
acquired after the use of nirmatrelvir.

Interestingly, at least two major substrains were present in the 
patient between the onset and 15 weeks in case 1, and appeared in 
the nasopharyngeal swab specimens in turns (Fig. 1A). After the 
first remdesivir treatment, the substrain with E340A gained 
V792I in the NSP12 (second sample). Then with the second remde
sivir treatment M794I appeared in NSP12 possibly in both of the 
substrains (E340A + M794I in the eighth collection and F342INS +  
M794I in the eleventh sample), but the V792I and M794I substitu
tions seem mutually exclusive. Furthermore, additional muta
tions accumulated suddenly after the twelfth sample, which 
may be attributed to treatment with molnupiravir known to cause 
random errors of sequence fidelity during viral genome replica
tion by acting as an analogue of cytosine or partially uracil (49).

All patients we described in this study were markedly immuno
deficient, influenced by the primary disease, and immunochemo
therapy. We speculate that suboptimal anti-SARS-CoV-2 antibody 
generation following vaccination among patients undergoing 
B-cell depletion therapy by anti-CD20 antibodies, in addition to 
poor recovery of CD4-positive T cells over a long period of time 
with bendamustine, made containment of infection difficult. In 
the fatal cases, lack of SARS-CoV-2-specific immune response 
despite vaccination, resistance to antiviral therapies, and super
infection by other viral and bacterial pathogens together contrib
uted to progressive tissue injuries and irreversible multiple organ 
failure. Considering treatment of ML in the COVID-19 era, it may 
be important to select a treatment regimen that limits the dys
functional state of the lymphocytes to as short periods as possible. 
Since recent reports have also shown that T cells involved in anti
viral activity are induced by vaccination even among patients who 
do not develop antibodies (50), it is important to administer up
dated boosters as appropriate. Prophylactic administration of 
anti-SARS-CoV-2 antibody products is also considered (8). 
Finally, the development of new strategies that differ from those 
of healthy individuals, such as combination treatment with anti
viral drugs (51) that may substantially reduce viral load in the 
early stages of disease onset to prevent the virus from having 
the opportunity to acquire resistance mutations, will be an im
portant consideration.
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