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a b s t r a c t 

Objectives: Immunocompromised patients may experience prolonged shedding of influenza virus poten- 

tially leading to severe infections. Alternatives to monotherapy with neuraminidase inhibitors should be 

evaluated to entirely suppress viral replication and prevent drug-resistant mutations. 

Methods: We investigated the clinical and virological evolution in a case of persistent influenza A and 

human coronavirus OC43 (HCoV-OC43) coinfection in a hematopoietic stem cell transplant recipient after 

different therapeutic strategies. 

Results: Successive oseltamivir and zanamivir monotherapies failed to control both infections, with pos- 

itive results persisting for over 110 days each. This led to the emergence of highly resistant oseltamivir 

strains due to neuraminidase mutations (E119V and R292K) followed by a deletion (del245-248), while 

maintaining sensitivity to zanamivir. The intra-host viral diversity data showed that the treatments im- 

pacted viral diversity of influenza virus, but not of HCoV-OC43. Considering the patient’s underlying con- 

dition and the impact of prolonged viral shedding on pulmonary function, eradicating the influenza virus 

was necessary. A 10-day regimen combining zanamivir and baloxavir-marboxil effectively controlled in- 

fluenza virus replication and was associated with the clearance of HCoV-OC43, finally resulting in com- 

prehensive respiratory recovery. 

Conclusion: These observations underscore the importance of further investigating combination treat- 

ments as the primary approach to achieve influenza eradication in immunocompromised patients. 

© 2024 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Immunocompromised patients may experience prolonged shed- 

ing of respiratory viruses, which can result in severe infections 

 1 ] and may contribute to the emergence of variants with altered 
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ransmissibility or immune characteristics. The intrinsic antiviral 

fficacy of neuraminidase inhibitors (NAIs), when used as a sole 

reatment in immunocompromised patients, may be insufficient to 

ully suppress influenza virus replication, which can lead to the 

mergence of treatment-resistant mutations [ 2 , 3 ]. The existence of 

ifferent classes of anti-influenza molecules now allows consider- 

ng drug combinations, which might present synergism, thereby 

nhancing the chance of success and reducing the risk of drug re- 

istance emergence [ 4 ]. Herein, we present the case of a 37-year- 

ld woman, who underwent an allogeneic hematopoietic stem cell 

ransplantation (alloHSCT) and experienced a prolonged influenza 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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 and human coronavirus (HCoV-OC43) coinfection that was not 

uccessfully treated with two consecutive monotherapies of NAIs. 

 combination of a NAI and a polymerase complex inhibitor proved 

ffective in curing the infection. 

. Methods 

.1. Virus detection and follow-up 

Respiratory viral infections were tested with a multiplex PCR 

ssay (BioFire® Respiratory Panel 2.1 plus, bioMerieux, Marcy- 

’Etoile, France). The levels of influenza A levels were estimated 

ith cycle threshold values of specific real-time PCR assays 

Xpert® Xpress CoV-2/Flu/RSV, Cepheid, VILLE and NeuMoDxTM 

lu A-B/RSV/SARS-CoV-2 Vantage Assay, Qiagen, VILLE). Overall, 28 

amples were collected (27 nasopharyngeal swabs and 1 saliva). 

.2. Sequencing 

For metatranscriptomic sequencing, RNA was extracted using 

he QIAamp Viral RNA kit (Qiagen) and treated with Turbo DNase 

Ambion). After ribosomal RNA depletion [ 5 ], RNA was reverse 

ranscribed into double stranded cDNA using random hexamers, 

nd libraries prepared using the Nextera XT kit (Illumina). Libraries 

ere sequenced on an Illumina NextSeq500 (2 × 75 cycles). 

Influenza virus genomes were also amplified from positive sam- 

les using an amplicon approach [ 6 ]. Libraries were prepared at 

he Mutualized Platform for Microbiology (P2M) using the Nex- 

era XT kit (Illumina) and sequenced on an Illumina NextSeq500 

2 × 150 cycles). Sequencing statistics are presented in Supplemen- 

ary Table 1. 

Raw sequence data (human reads removed) were deposited in 

he European Nucleotide Archive (ENA) portal ( https://www.ebi.ac. 

k/ena/ ) under bioproject accession number PRJEB64657. 

.3. Genomes reconstruction 

Adapters and low-quality sequences of raw reads were removed 

sing Trimmomatic v0.39 [ 7 ]. Trimmed reads were assembled us- 

ng megahit v1.2.9 [ 8 ] and contigs were queried against the NCBI 

on-redundant protein database using DIAMOND v2.0.4 [ 9 ]. HCoV- 

C43 and influenza A H3N2 viruses were identified, with no other 

iral contaminants. Trimmed reads were then mapped on the scaf- 

old genomes of each virus genome. The mapping data was vi- 

ually checked to confirm the accuracy of the obtained genomes 

sing Geneious Prime 2023. The novel HCoV-OC43 genome se- 

uence from the earliest sample was deposited in GenBank (acces- 

ion number OR371530), and the A/H3N2 genomes were deposited 

n GISAID (EPI_ISL_17512135, EPI_ISL_17512136, EPI_ISL_17512162 

nd EPI_ISL_17975828). 

.4. Intra-host viral diversity 

Nucleotide diversity analysis was performed using a Python 

cript ( https://github.com/SimonLoriereLab/HCV_resistance ) de- 

igned to process Variant Call Format (VCF) data obtained from 

Var. We also computed the number of genomic positions with 

hanges (minimum threshold of 3%, minimum read depth of 10 0 0 

eads), and their respective frequencies. For each virus, sequencing 

eads were down sampled to the level of the sample with the 

owest amount of read mapped. 

.5. Phylogenetic and recombination/reassortment analysis 

All available complete HCoV-OC43 genome sequence data and 

etadata were retrieved from BV-BRC [ 10 ] ( https://www.bv-brc. 
2

rg/ ) in May 2023, and a subset of genomes representative of 

escribed genotypes was selected [ 11 ]. Sequences were aligned 

ogether with the genome reconstructed from the earliest sam- 

le using MAFFT (v.7.467) [ 12 ] and the alignment was checked 

or accuracy using Geneious prime. We used a combination of 

ix methods implemented in RDP4 [ 13 ](RDP, GENECONV, Max- 

hi, Bootscan, SisScan and 3SEQ) to detect potential recombi- 

ation events in the newly reported genome. ModelFinder [ 14 ], 

s implemented in IQ-TREE v2.0.6 [ 15 ] was used to select the 

est-fitting nucleotide substitution model to infer maximum- 

ikelihood phylogenies. Branch support was calculated using ultra- 

ast bootstrap approximation with 10 0 0 replicates [ 16 ]. The phylo- 

enies were visualized using the auspice module from Nextstrain 

 17 ]. Interactive phylogenies are available at: https://github.com/ 

imon-LoriereLab/OC43 . Phylogenetic analysis of the longitudinal 

enomes revealed that the patient samples all clustered together 

egardless of sampling date, indicative of a unique, persistent 

nfection. 

Similarly, a representative dataset of influenza A/H3N2 viruses 

as selected using the Nextstrain software subsampling module, 

ith a grouping by year-month-country, from complete genomes 

ata retrieved from GISAID ( https://gisaid.org/ ). Sampling of indi- 

iduals from the resulting selection ranged from 2017 to 2023. 

lignment was performed with the “augur align” function of 

extstrain. We inferred the H3N2 phylogeny using IQ-TREE v2.0.6, 

sing ultrafast bootstrap approximation with 10 0 0 replicates to 

est for robustness. Potential reassortment events were investi- 

ated by comparing phylogenetic trees across genomic segments. 

hylogenetic analysis of the longitudinal genomes revealed that the 

atient samples all clustered together regardless of sampling date, 

ndicative of a unique, persistent infection. 

.6. Virus isolation and antiviral susceptibility 

To attempt isolation of influenza virus, 100 μl of samples were 

noculated in duplicate in 12-well plates containing Madin-Darby 

anine Kidney MDCK (ATCC® CCL-34) cells, grown in Modified Ea- 

le’s Medium (MEM) supplemented with 5% FBS. After 1 hour ad- 

orption at 35 °C, 2 mL of MEM without FBS supplemented with 

% penicillin–streptomycin, 1% Fungizone and 1 μg/ml TPCK-treated 

rypsin was added. Cell morphology and the development of cy- 

opathic effects (CPE) were observed daily for up to 7 days post 

nfection and culture supernatant collected at Day 6 and 3 days af- 

er signs of CPE were observed. Virus titers were measured using 

 hemagglutination assay, and viral stocks characterized by meta- 

ranscriptomic sequencing. 

Oseltamivir susceptibility was measured using the NA-FluorTM 

nfluenza Neuraminidase Assay kit (Applied Biosystems). The signal 

as read on an Infinite M20 0 0 PRO device (Tecan). 

. Results 

.1. Case presentation 

The patient was diagnosed with follicular lymphoma in 

017 and received bendamustine and rituximab treatment. Upon 

ymphoma relapse two years later, she received rituximab as 

onotherapy. The disease was controlled for a few months 

ut subsequently progressed, and the patient received CAR-T 

ells therapy in 2020. In Spring 2022, she developed pancy- 

openia without evidence of relapse, which was classified as 

plastic anaemia. Due to persistent pancytopenia despite eltrom- 

opag treatment, she received an allogeneic bone marrow graft 

rom an HLA matched unrelated donor in October 2022. The 

atient did not experience graft-versus-host disease. Hemato- 

ogic recovery was late and incomplete, with granulocyte-colony- 

https://www.ebi.ac.uk/ena/
https://github.com/SimonLoriereLab/HCV_resistance
https://www.bv-brc.org/
https://www.bv-brc.org/
https://github.com/Simon-LoriereLab/OC43
https://gisaid.org/


V. Euzen, A. Xhaard, S. Berreira-Ibraim et al. International Journal of Antimicrobial Agents 64 (2024) 107281

Fig. 1. Virus detection, antiviral treatments and neuraminidase mutations. Panel A. Timeline of virus detection, antiviral drugs administration and neuraminidase sequencing 

results. HCoV-OC43 and Influenza were detected using the BioFire® Respiratory Panel 2.1 plus (bioMerieux, Marcy-l’Etoile, France). Positive results are indicated by cyan dots, 

negative results are marked with red crosses. Anti-viral treatments are represented by yellow squares. Mutations in the neuraminidase (A/H3N2 NA) and their frequencies 

are noted in white squares. Panel B. Monitoring influenza infection and blood cell counts. Influenza A levels (blue circles) plotted on the left y-axis were estimated using 

cycle threshold (Ct) values from specific real-time PCR assays (Xpert® Xpress CoV-2/Flu/RSV, Cepheid, Sunnyvale, CA). The negative threshold value of 40 is represented by 

the dotted line. White blood cells (pink squares) and lymphocytes (green triangles), expressed in billions of cells per litre in whole blood (G/L), are plotted on the right 

y-axis. Influenza treatment timing is illustrated by yellow bars and corresponding molecules are indicated above. Day 0 corresponds to the date when HCoV- OC43 was first 

detected. 
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timulating factor dependency and transfusion-dependent anaemia 

nd thrombocytopenia. Chimerism was mixed, around 5% re- 

ipient in peripheral blood, and immunosuppressive treatment 

ith cyclosporine was continued. Cytopenia persisted despite 

omiplostim treatment. The patient received the usual prophy- 

axis after alloHSCT, including amoxicillin, valacyclovir, cotrimox- 

zole, letermovir as well as posaconazole due to persistent neu- 

ropenia. After alloHSCT, she had not been vaccinated against 

nfluenza. 

Two months after alloHSCT, the patient presented with a sore 

hroat without fever or respiratory symptoms. A nasopharyngeal 

wab tested positive (day 0 [D0]) for HCoV-OC43 ( Fig. 1 ), belong- 

ng to the newly proposed genotype J (Supplementary Fig. 1). The 

atient developed a cough, which persisted for four weeks. On Day 

5, a nasopharyngeal swab was still positive for HCoV-OC43 only. 

ine days later (D34), a subsequent nasopharyngeal swab identi- 

ed the presence of influenza A virus (H3N2), belonging to the 

urrently circulating A/H3N2 3C.2a1b.2a.2b clade (Supplementary 

ig. 2). 
3

.2. Clinical course, anti-viral treatments 

On D34 the patient had persistent cough without dyspnea, and 

ormal auscultation, as well as oxygen saturation. On D44, symp- 

oms persisted, and a nasopharyngeal swab was still positive for 

nfluenza A and HCoV-OC43. A computed tomography (CT) scan 

howed bilateral (predominantly left) bronchopneumonia of the 

ases. A 10-day course of oseltamivir 75 mg twice a day was 

tarted on D46 but was unable to control the infection ( Fig. 1 ). 

In the context of pancytopenia, hypogammaglobulinemia (4 g/L) 

nd respiratory viral infection, monthly intra-venous immunoglob- 

lin supplementation was started. 

On D64, pulmonary function tests (PFTs) showed a moderate 

on-reversible obstructive respiratory disorder, prompting the ini- 

iation of inhaled steroids. A D74 CT scan showed no progressive 

horacic anomalies but indicated pan-sinus filling. A new chest CT 

can performed on D126, due to increased coughing with purulent 

orning sputum, revealed diffuse bronchial thickening, and D133- 

ollow-up sinus CT scan showed stable pan-sinusitis. 
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Fig. 2. Evolution of intra-host viral diversity. Diversity index estimated from the intra-host single nucleotide variations (iSNVs) data for the complete genome of OC43 (A) 

and the influenza H3N2 NA gene segment (D) for the respective snapshots captured over time. Number of sites with were detected iSNVs along the complete genome of 

OC43 (B) and the influenza H3N2 NA gene segment (E) for the respective snapshots captured over time. Violin plots representing the distribution of iSNVs frequencies the 

complete genome of OC43 (B) and the influenza H3N2 NA gene segment (E) for the respective snapshots captured over time. 
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During the patient’s course, two 10-day courses (from D68 

nd D129) empiric piperacillin-tazobactam were administered for 

ebrile episodes. Despite extensive work-up, no bacterial or fun- 

al infections were identified. Weekly nasopharyngeal swabs were 

ositive for influenza A and HCoV-OC43 for 104 days ( Fig. 1 ). 

After oseltamivir failure, the patient received a 10-day course 

f intravenous zanamivir at a daily dose of 600 mg, starting from 

80. However, this treatment did not lead to either clinical im- 

rovement or viral clearance, and the viral load increased again 

fter treatment withdrawal ( Fig. 1 A and B). 

.3. Virus variability and virus susceptibility to antivirals 

Phylogenetic analyses were performed to characterize viruses 

Supplementary Figs. S1 and S2). The HCoV-OC43 strain branched 

ith genotype J (Supplementary Fig. S1). Recombination has been 

hown to have played a major role in coronaviruses evolution- 

ry history [ 18 ] including impacting HCoV-OC43 genomic diversity 

 19 ]. The genome sequenced here did not present a signal of re-

ombination within genotype J. Phylogenetic analysis of HA gene 

egments of influenza A/H3N2 viruses indicated that the genome 

elonged to clade 3C.2a1b.2a.2b. and the occurrence of a reassort- 

ent event (Supplementary Fig. S2). 

As persistent infections cand lead to the emergence of viral 

ariants characterized by altered transmissibility or immune eva- 

iveness, intra-host viral diversity was assessed for both HCoV- 

C43 and influenza H3N2 infections. The intra-host viral diversity 
4

ata suggested that the treatments impacted viral diversity of in- 

uenza virus, but not of HCoV-OC43 ( Fig. 2 , Supplementary Figs. 

3 and S4). 

In order to understand the treatments failures and evaluate op- 

ions, high throughput whole genome sequencing was performed 

o obtain snapshots of the viral population. Prior to oseltamivir 

reatment, on D46, the virus presented wild-type (WT) genomic 

eatures. On day 54, two substitutions of interest in the neu- 

aminidase coding segment were detected in the viral population: 

292K at a frequency of 56% and E119V at a frequency of 36% 

 Fig. 1 A). The short reads sequencing approach used did not allow 

o infer potential linkage between these changes, which may have 

een carried by distinct RNA genomes. The E119V substitution has 

een shown to confer reduced or highly reduced susceptibility to 

seltamivir but no impact on zanamivir efficacy [ 20 ], and our in 

itro assay on the viruses isolated at the end of the treatment con- 

rmed the highly reduced phenotype in this recent H3N2 geno- 

ype context (2b) ( Fig. 3 ). The R292K mutation has been associ- 

ted with highly reduced susceptibility to oseltamivir. Its effect on 

anamivir efficacy appears more variable among influenza viruses 

iversity, with reports for some influenza A subtypes, not includ- 

ng H3N2 viruses [ 21–23 ]. On Day 110, the R292K mutation was 

ndetectable, but a deletion (del245-248) was identified at 100% 

requency ( Fig. 1 B), which has been shown to confer high level of 

esistance to oseltamivir but no resistance to zanamivir [ 20 ]. This 

eletion was not detected as a minor variant population in prior 

ime points. 
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Fig. 3. Antiviral susceptibility. The 50% Inhibitory concentration (IC50) of os- 

eltamivir for viruses isolated prior to (A/PARIS/05458i/2023, WT) and at the end 

(A/PARIS/05459i/2023) of the oseltamivir treatment. Metatranscriptomic sequencing 

revealed that the A/PARIS/05459i/2023 isolate contains a viral population with 84% 

of the E119V substitution (up from 36% in the primary sample), and below 1% of 

R292K (down from 56% in the primary sample), suggesting a replication advantage 

of E119V in vitro, and compatible with previous reports indicating that the R292K 

negatively impact viral fitness in vitro. 
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.4. Anti-influenza combination therapy 

In the context of persisting pancytopenia not improving despite 

rowth factors and romiplostim treatment, without suspicion of re- 

apse or graft failure (98% donor chimerism), a CD34-HSCT boost 

r a second alloHSCT were discussed but considered unfeasible in 

iew of the persisting viral infection. Moreover, the obstructive res- 

iratory disorder on PFTs was suspected to be triggered by persis- 

ent respiratory viral infection. 

In the aim of eradicating the influenza A infection, a new 

nti-viral course was started from D110, associating intra-venous 

anamivir (600mg/day) and oral baloxavir-marboxil (40 mg once 

very 3 days, for a total of 4 doses). At the end of this treat-

ent (D131), symptoms persisted with cough and pan-sinusitis, 

ut the nasopharyngeal swab was negative for influenza A and 

urprisingly also for HCoV-OC43 ( Fig. 1 A, Supplementary Fig. 

) and remained negative for the four following weekly con- 

rols until D168, except weak influenza virus detection on D138. 

ral azithromycin (250 mg thrice weekly) was started from 

140 and followed by clinical improvement within 10 days. 

154 and D204 PFTs were normal, arguing in favour of a viral- 

elated obstructive pattern rather than a post-alloHSCT bronchi- 

litis obliterans. Haematological parameters slowly improved and 

o CD34-HSCT boost or second alloHSCT has been performed until 

ow. 

. Discussion 

Long-term shedding of influenza virus [ 3 ], SARS-CoV-2 [ 24 ] and 

ther respiratory viruses [ 1 ] is a common occurrence in immuno- 

ompromised individuals due to impaired adaptive immune re- 

ponses, leading to incomplete viral clearance. Such prolonged in- 

ections have been occasionally associated with rapid viral evolu- 

ion and could represent a source of immune escape variants, as 

roposed for SARS-CoV-2 [ 25 ]. 

Our patient had undergone several courses of immunosuppres- 

ive treatments and experienced poor graft function after alloHSCT, 

esulting in a significantly compromised immune function, which 

roved insufficient in controlling influenza and HCoV-OC43 infec- 

ions. Considering her underlying haematological condition and the 

otential need for a second alloHSCT, as well as the potential im- 

act of prolonged viral shedding on pulmonary function, eradicat- 

ng the influenza virus became imperative. 
5

Consecutive treatments with oseltamivir and zanamivir were 

neffective in controlling viral replication and respiratory symp- 

oms. The decrease in influenza load during zanamivir treatment 

aises the question of whether extending the treatment beyond 

0 days could have cured the infection. Considering the recom- 

ended duration of zanamivir treatment, the medical condition 

f the patient, and the risk of acquiring zanamivir resistance, as 

reviously observed in similar conditions [ 2 ], it was decided to 

iscontinue monotherapy and consider combined therapy to opti- 

ize the chances of a cure. Furthermore, during each treatment, 

esistant strains emerged. Oseltamivir led to the emergence of 

seltamivir-resistant mutations in the neuraminidase, specifically 

292K and E119V, although at frequencies of 56% and 36%, respec- 

ively in the captured snapshot, suggesting potential fitness issues. 

equencing during zanamivir treatment revealed that the E119V 

hange had disappeared, and the proportion of R292K dropped to 

%. A deletion (del245-248, absent from previous sequencing) then 

merged in the neuraminidase ( Fig. 1 B). Two reports showed this 

eletion being selected after either oseltamivir treatment [ 26 ] or 

uccessive oseltamivir and zanamivir treatments [ 27 ]. Surprisingly, 

hile this deletion has been shown to confer a high level of resis- 

ance to oseltamivir, it does not affect zanamivir sensitivity signif- 

cantly in vitro [ 26 , 27 ]. The persistence of selective pressure with

anamivir, combined with the introduction of baloxavir, may have 

ontributed to the effectiveness in controlling influenza. A previous 

eport described the success of a combination of zanamivir and 

aloxavir in a lung transplant recipient with oseltamivir-resistant 

1N1 influenza infection [ 28 ]. Two other reports in HSCT recipi- 

nts showed that baloxavir, as monotherapy, was effective in con- 

rolling influenza infection after oseltamivir or peramivir treatment 

ailure for some patients, but not all [ 29 ]. A randomized controlled 

rial in patients hospitalized for severe influenza infections [ 4 ] 

howed that the combination of baloxavir and NAIs did not lead 

o superior clinical outcomes compared with NAIs alone. However, 

t did result in a faster reduction in viral load and a lower rate 

f emergence of antiviral drug resistance. The patient had a con- 

omitant HCoV-OC43 infection that was controlled simultaneously 

ith influenza. The clearance of HCoV-OC43 might have resulted 

rom respiratory mucosal restoration due to influenza replication 

ontrol and/or an inhibition of the main protease of HCoV-OC43. 

hile the clinical antiviral efficacy of NAIs against coronaviruses 

ppears limited [ 30 ], their inhibition of the host neuraminidase 

ight contribute to the reduction of neutrophil overactivation [ 31 ]. 

urthermore, in a mouse model, NAI treatment led to decrease in 

ung neutrophil infiltration, viral load and tissue damage follow- 

ng a beta-coronavirus challenge [ 31 ]. Despite in silico and in vitro 

ata suggesting a potential activity of baloxavir against SARS-CoV- 

 [ 32 ], there is no clinical evidence of efficacy against SARS-CoV- 

 [ 33 ] and no data are available for other coronaviruses. Overall, 

hese observations underscore the risk and complexity of selecting 

esistant viruses in deeply immunocompromised patients treated 

ith neuraminidase inhibitors as monotherapy. They also highlight 

he need to continue evaluating combination treatments as the 

rst line of treatment in those infected patients at high risk for 

cute and chronic complications. 
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