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Abstract
Background  Respiratory microbiome alterations, coinfections, and virus intrahost evolution are of great interest 
in persistently viable SARS-CoV-2 infections in the context of antiviral treatment and immune response. However, 
samples before, during, and after infection are seldom available to researchers. Therefore, there has been a significant 
lack of opportunities to comprehensively study microbiota homeostasis, coinfections, and virus intra-host evolution 
on the consensus and minor variants scale in response to antiviral treatments and patient immune response.

Case presentation  A 63-year-old female patient with diffuse large B-cell lymphoma received multiple treatments 
for SARS-CoV-2 that remained active 169 days. Together, 32 respiratory and 19 serum samples were collected before, 
during, and after (− 398 to 233 days) COVID-19. Subsets were selected for virus viability testing by culture (20) and 
subgenomic (sg) RNA (20) measurement, intra-host evolution assessment (18), microbiome composition analysis (28), 
and coinfection identification (11). IgA/IgG and neutralizing anti-SARS-CoV-2 antibodies were measured 19 times 
throughout the infection. SARSCoV-2 lineage XBB.1.16.11 persisted and remained viable until 116 days post infection 
(PI) regardless of treatments. No sgRNA marker tested was suitable for virus viability prediction. IgG/IgA antibodies 
first appeared after 38 days, but the virus persisted regardless of multiple plasma treatments before neutralizing 
antibodies appeared (100 days PI) and finally cleared the virus 116 days PI. Consensus-level mutations fluctuated 
around 102.7 ± 4.0, and minor variants increased from six to 61 with a mutation rate of 4.9 × 10−3 per site per year, 
with the highest average number of mutations per gene length in S and E (0.013) with surges after every antiviral 
treatment. The transversion/transition ratio increased from 0.50 (day 0) to 0.57 (day 24) with a steady decrease to 0.48 
(day 147). Mutational signature analysis showed dominance of C > T substitutions consistent with APOBEC antiviral 
enzyme activity. Upper respiratory microbiota showed three distinct profiles with varying α-/β-diversity and an 
association of Staphylococcus spp. with COVID-19.

Conclusions  These findings further elucidate the dynamics of intra-host viral evolution and complexities of virus 
clearance in individuals with hematological malignancies and highlight the impact of antiviral treatments on the 
potential of virus variants emergence in longitudinally infectious patients due to delayed immune response.
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Background
Individuals with hematological malignancies remain par-
ticularly vulnerable to SARSCoV-2–associated morbid-
ity and mortality due to their underlying disease, which 
limits prevention strategies, treatment, and elimination 
of the virus [1]. It has been shown that such patients can 
be an important source for the evolution of the virus [2]; 
however, less is known about whether the SARS-CoV-2 
lineage remains the same [3], how long viral infectivity is 
retained [4], and how antiviral therapy impacts viral evo-
lution [5]. Understanding the effect of multiple antiviral 
treatments on the potential for new virus variant emer-
gence (virus mutagenesis) in the context of infectivity 
longevity, disease progression, and clearance of SARS-
CoV-2 in these cases is therefore of utmost importance 
for developing better patient management strategies and 
refining infection prevention guidelines.

Case presentation
A 63-year-old female patient with advanced-stage fol-
licular lymphoma that had transformed into diffuse large 
B-cell lymphoma with lymph node involvement above 
and below the diaphragm was regularly screened for 
SARS-CoV-2 infection. The patient received three types 
of systemic treatment, including rituximab, and radio-
therapy encompassing almost the entire abdomen with 
the aim of CAR-T therapy. However, during the course 
of her anti-cancer treatment (Supplement), the patient 
developed severe myopathy and was infected with SARS-
CoV-2. Initially, the patient received multiple courses of 
remdesivir and convalescent plasma (CCP) for treatment 
of the SARS-CoV-2 infection. The total number of CCP 
units administered was 28, amounting to approximately 
6.5 l (two units of CCP were transfused upon each treat-
ment). Due to SARS-CoV-2 persistence, the therapeutic 
approach was modified by adding nirmatrelvir/ritona-
vir. Antiviral treatment was terminated on day 130 post 
infection (PI), when the patient was SARS-CoV-2 nega-
tive for the first time after 4 months. However, the emer-
gence of recurrent fever on day 147 PI prompted further 
SARSCoV-2 testing, which was positive (Ct = 20). The 
patient was then re-treated with a combined therapy 
until she was finally SARS-CoV-2 negative from day 171 
PI onward.

During SARS-CoV-2 infection, the patient was con-
tinuously treated for the underlying disease, and while 
she was in the hospital she acquired multiple additional 
infections. Voriconazole and anidulafungin were admin-
istered due to lung aspergillosis and fungal sepsis, pneu-
monia caused by Klebsiella pneumoniae was treated with 

meropenem, anogenital herpes was treated with valacy-
clovir, ganciclovir was used for CMV reactivation, cefu-
roxime was administered for a urinary tract infection 
with K. pneumoniae, and Staphylococcus spp. sepsis was 
addressed with vancomycin.

Nasopharyngeal, sputum, and serum samples were 
collected before, during, and after SARS-CoV-2 infec-
tion (− 398 to 233 days). Subsets of samples were selected 
for virus viability testing by cell culture (20 samples) and 
subgenomic (sg) RNA detection (21 samples), investi-
gation of intra-host evolution (18 samples), respiratory 
microbiome interaction determination (28 samples), 
coinfection identification (11 samples), and the patient’s 
immune response analysis (19 samples; Table  1). Meth-
odology details are presented in Supplement.

Virus culture confirmed SARS-CoV-2 viability until day 
24 PI. The initial unsuccessful virus rescue in Vero E6 cells 
(days 38, 43, and 50 PI) coincides with the onset of sero-
conversion, as evidenced by the detection of IgG and IgA 
antibodies in the patient’s serum. In fact, IgA antibodies 
already started to increase between days 10 and 16 PI from 
total absence to just under the borderline region (≥ 0.8 to 
< 1.1), suggesting that, although immunocompromised, 
the patient developed an antibody response in spite of only 
recently terminated rituximab treatment, which is con-
sistent with previous findings [6, 7]. Viable virus was later 
again detected from day 59 PI to day 116 PI. Subsequently, 
receiving plasma with a high neutralization titer (1:640–
320) over 54 days resulted in a neutralizing response that 
finally neutralized the infectious virus from day 126 PI 
onward (Fig.  1). The relative abundance of SARS-CoV-2 
sgRNA to gRNA was stable over time and did not cor-
relate with viable virus (Fig.  1). However, an increasing 
agreement between the respective molecular marker and 
viable virus was observed for genomic RNA (65.0%), sub-
genomic N gene RNA (70.6%), and subgenomic M gene 
RNA (80.0%; Table 2).

Good sequencing data with a 99.53% ± 0.42% (min: 
98.53%, max: 99.76%) coverage of the SARS-CoV-2 
genome was obtained for 15 samples included. Samples 
collected on days 66, 162, and 169 PI showed only ≤ 75% 
genome coverage and were therefore excluded from fur-
ther analysis. In the consensus sequences, only lineage 
XBB.1.16.11 with a relatively stable number of nucleo-
tide mutations was detected throughout the infection. To 
exclude a reinfection, whole genome phylogenetic analy-
sis was performed, which confirmed intra-host evolution 
of the virus as seen by distinct branching of the patient’s 
sequences in comparison to the local population from 
the time of infection onward (Supplement). A median of 
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102.7 ± 4.0 (min: 98, max: 116) mutations compared to 
the Wuhan HU-1 (GeneBank: NC_045512.2) strain was 
observed. The calculated mutation rate based on linear 
regression analysis was 5.5 × 10−4 per site per year. On 
the minor variant scale, the number of mutations steadily 
increased over time, with a mutation rate of 4.9 × 10−3 per 

site per year, with the highest calculated average number 
of mutations/gene length in E (0.013; min 0.009– max 
0.018) and S (0.013; min 0.012– max 0.019). We observed 
a shift in favor of transversions from the beginning of 
infection until day 30 PI and then a gradual return to 
a ratio below 0.5. This observation does not directly 

Table 1  Timeline of clinical samples collected with results
Days PI Sample

no.
Sample
type

rtRT-PCR Virus viability: CPE/logTCID50/ml Serology Sequencing
gRNA sgRNA (N/M) IgG† IgA† NT Variants 16 S meta Coinfections

−398 1 NP NEG — — — YES
−377 2 NP NEG — — — YES
−135 3 NP NEG — — — YES
−73 4 NP NEG — — — YES
−39 5 NP NEG — — — YES
−18 6 NP NEG — — — YES
0 7 NP 19.78 32.7/35.1 — YES YES
5 S1 Serum 0.10 0.09 NEG
10 S2 Serum 0.10 0.10 NEG
11 8 NP 12.64 24.0/27.3 YES/8.88 YES YES YES
16 S3 Serum 0.43 0.78 NEG
17 9 NP 14.56 27.3/25.9 YES/8.75 YES YES YES

9a Sputum YES
24 10 NP 14.37 25.9/28.4 YES/6.88 YES YES
38 S4, 11 Serum and NP 16.80 26.3/29.5 NEG 2.00 1.87 NEG YES YES
43 S5, 12 Serum and NP 16.22 23.6/27.3 NEG 4.72 5.07 NEG YES YES
50 13 NP 20.33 28.7/32.1 NEG YES YES
51 S6 Serum 2.94 1.74 NEG
59 S7, 14 Serum and NP 12.92 23.2/27.2 YES/8.75 5.76 7.85 NEG YES YES
60 S8 Serum 5.77 7.13 NEG
66 15 NP 14.25 — — YES YES
71 S9, 16 Serum and NP 12.95 24.8/27.8 YES/8.88 6.60 8.15 NEG YES YES
78 17 NP 13.97 23.8/27.0 YES/7.63 YES YES
93 18 NP 11.99 25.2/29.4 YES/7.88 YES YES YES
94 S10 Serum 6.63 2.88 NEG
95 18a Sputum YES
100 S11 Serum 7.53 7.50 1:10
101 19 NP 26.35 36.8/NEG YES/6.25 YES YES
116 S12, 20 Serum and NP 16.43 26.9/31.5 YES/6.75 8.16 5.32 1:10 YES YES YES
126 21 NP 32.22 NEG/NEG NEG YES YES
130 22 NP NEG NEG/NEG NEG — YES
134 S13 Serum 9.47 5.38 1:20
144 S14, 23 Serum and NP NEG NEG/NEG NEG 6.87 2.35 1:10 — YES YES
147 24 NP 20.52 33.1/NEG NEG YES YES YES
148 S15 Serum 7.44 1.52 1:10
159 S16 Serum 6.74 4.74 1:20
162 25 NP 26.17 38.4/NEG NEG YES YES YES
166 S17 Serum 6.82 4.74 1:10
169 26 NP 31.89 NEG/NEG NEG YES YES YES

26a Sputum YES
171 S18, 27 Serum and NP NEG NEG/NEG NEG 8.47 2.82 1:10 — YES
179 28 NP NEG NEG/NEG NEG — YES
212 29 NP NEG — — — —
233 S19 Serum 3.88 0.22 NEG
†= target antigen: S1 domain of the SARS-CoV-2 spike (S) protein. Cutoff value: negative < 0.8 and positive > 1.1; NT = neutralization assay result; NP = nasopharyngeal 
swab
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translate into the temporal dynamics of the Syn/nSyn 
mutation ratio, which fluctuated but always remained in 
favor of nSyn. In total, 131 distinct consensus-level muta-
tions were identified, 99 of which were present across 
all samples (mutual mutations), whereas 32 sporadically 
occurred (fluctuating mutations). Among the 99 mutual 
mutations, 60 were lineage defining, and the remaining 
39 less frequently occur in lineage XBB.1.16.11. Among 

the 32 fluctuating mutations, only three were lineage 
defining. Deletions in the genome were also observed, but 
it remained stable at 44 and did not change through the 
progression of infection. A high number of minor-level 
SNPs fluctuated between consensus-level frequencies 
(50%) and sequencing errors (5%) [8, 9]. Such a dynamic 
is indicative of viral evolution during infection, despite 
no changes in the consensus. This is further supported by 

Table 2  2 × 2 comparison of agreement between virus isolation and genomic and subgenomic N gene and M gene RNA detection
Genomic RNA Subgenomic RNA marker

N gene M gene
POS NEG POS NEG POS NEG

Virus isolation POS 9 0 9 0 8 1
NEG 7 4 5 6 3 8

Agreement [%] 65.0%
(95CI: 43.3–81.9%)

70.6%
(95CI: 53.1–88.8%)

80.0%
(95CI: 58.4 − 91.9%)

Fig. 1  Composite graph showing the timeline of antiviral therapy type and administration strategy with corresponding genomic and subgenomic rtRT-
PCR results and correlation with TCID50/ml, neutralizing antibody, and IgG antibody quantities
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the temporal and positional analysis of nucleotide muta-
tions on the minor variant scale, which revealed that 
until day 71 PI there was a slow yet gradual increase up 
to 15 non-synonymous and fewer than 10 synonymous 
nucleotide mutations. After day 71 PI, however, a quick 
surge to more than 45 non-synonymous and 17 synon-
ymous minor scale mutations with a later drop back to 
similar numbers before this event was observed. Interest-
ingly, no apparent hotspots could be detected, neither on 

the minor or major variant scale, with the highest average 
number of mutations/gene length in ITR (0.06), followed 
by S and E (both 0.013). However, it is noteworthy that, 
although only minor changes in the virus were observed 
on the major variant scale, surges in the number of muta-
tions on the minor scale coincide with every round of 
antiviral treatment (Fig. 2). Three mutations in the nsp12 
gene associated with remdesivir treatment, but not nec-
essarily resistance, were observed. The G617S mutation 

Fig. 2  A Accumulation of mutations (n) on the major and minor variant level against the reference Wuhan Hu-1 strain (GeneBank: NC_045512.2) in rela-
tion to underlying disease and antiviral treatment. B Ratio between transversions versus transitions (Tv/Ts) and synonymous versus non-synonymous 
mutations (Syn/nSyn) in relation to days PI and underlying disease and antiviral treatment. C Single base substitution (SBS)–96 mutational signatures 
derived from 17 sequenced samples
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was present at a fixed major level (frequency: ~100%) in 
all samples, whereas the V792I mutation occurred at a 
minor level (frequency: ~5%) on day 147. On the other 
hand, the A449V mutation, initially observed at a minor 
level on days 59 and 93 (frequency: ~5%), showed a tran-
sient increase on day 116 (frequency: ~26%), followed 
by a renewed decrease on day 147 (frequency: ~14%). 
No other mutations known to be implicated in remde-
sivir resistance, or mutations in the nsp5 gene linked to 
reduced susceptibility to nirmatrelvir, were observed on 
either the minor or major scale.

Upper respiratory microbiome analysis revealed a 
higher α-diversity (Shannon entropy) for phases before 

and post SARS-CoV-2 infection. The difference between 
before and during SARS-CoV-2 infection was also statis-
tically significant (pairwise Kruskal–Wallis test; p = 0.02). 
β-diversity showed a higher dispersion in phase 2 than 
in phases 1 and 3. The genus Staphylococcus was signifi-
cantly associated with phase 2 (W-score: 89; Fig. 3).

The NGS approach for detection of respiratory patho-
gens and antibiotic resistance genes identified some 
of the pathogens in earlier samples than targeted test-
ing. Interestingly, NGS showed rhinovirus A to be pres-
ent in the patient samples throughout the time of the 
SARSCoV-2 infection. Based on reads classification 
results, Rhinovirus A2 strain USA/2018/CA-RGDS-1062 

Fig. 3  Heatmap showing the 21 most abundant bacterial operational taxonomic units (OTUs) (y-axis) per day PI (x-axis). The remaining species detected 
are grouped in one category (Others). Each of the three phases represents samples according to SARS-CoV-2 infection status. The color of each box cor-
responds to the relative abundance of respective bacterial species as log10%. If a box is not visible, the species was not detected in the respective sample; 
* marks days on which a specific antiviral treatment was administered
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(GeneBank: MN228695.1) was consistently detected in 
all samples with the highest classification scores, thus 
pointing to a single chronic infection rather than multiple 
distinct infections. Furthermore, the detected amount 
and spectrum of present antimicrobial resistance (AMR) 
genes gradually increased; however, the detected resis-
tance genes cannot be directly linked to bacteria identi-
fied as etiologically important. Moreover, infections with 
K. pneumoniae, Staphylococcus spp., and E. faecium were 
not treated with the antibiotics against which potential 
resistance was molecularly detected (Table 3).

Discussion
There are no guidelines and recommendations for opti-
mal strategies in managing persistent SARS-CoV-2 
infection in patients with B-cell lymphoma. Often, the 
standard antiviral monotherapy regimen, initially vali-
dated for treatment of COVID-19 immunocompetent 
patients, proves ineffective [10]. Monotherapy is likely 
to drive the emergence of treatment-related immune 
escape, relapses, and delayed treatment of the underlying 
disease [11]. An off-label treatment approach to mitigate 
such consequences is therefore based on combination 
therapies [12]. Similar to the report from Mendes-Correa 
et al. [13], we demonstrated sustained SARS-CoV-2 rep-
licative capacity for more than 116 days PI. During the 
infection, the virus culture was negative only between 
days 38 and 50 PI. We believe that both antiviral treat-
ment and the patient’s immune response significantly 
reduced the quantity of infectious virus and influenced 
the viral mutations—and this, in turn, likely led to virus 
concentrations falling below the threshold necessary 
for successful in vitro isolation. This is supported by 

previous findings showing that virus culture systems, 
particularly those using Vero E6 cells, have limited sen-
sitivity [13, 14]. Such a limitation of the in vitro system 
is consistent with findings in Ebola virus rescue from 
semen samples, for which viral viability could not be con-
firmed in cells but could be demonstrated in SCID mice 
[15]. The fact that the patient did not infect any family 
members further supports the idea that there were low 
concentrations of infectious virus. Reinfection was ruled 
out by phylogenetic analysis and data from the national 
SARS-CoV-2 lineage monitoring program because no 
cases of XBB.1.16.11 were detected in the general pop-
ulation at that time. Nevertheless, the virus remained 
viable in vivo, as reflected by the emergence of nsp12 
mutations (A449V, G671S, and V792I), which are associ-
ated with remdesivir treatment. Although V792I occurs 
only transiently as a passenger mutation, it is not consid-
ered a remdesivir resistance mutation because it does not 
confer antiviral resistance [16]. Similarly, A449V, which 
showed gradual increase after day 59 PI onward, has also 
been associated with remdesivir treatment, but also not 
directly with resistance. However, it has been suggested 
that together with the P323L mutation (consistently pres-
ent at 100% frequency in all samples included) it increases 
the stability and activity of the RdRp complex [17], thus 
showing some adaptation of the virus in response to 
treatment. Interestingly, G671S can reduce viral replica-
tion fitness in vitro, as evidenced by slower growth and 
lower virus titers in Vero E6 cells [18]. This is a typical 
feature of drug-resistance mutations because they are 
often associated with fitness cost in a drugfree environ-
ment. Mutations directly linked to the use of nirmatrel-
vir, the main protease inhibitor encoded by the nsp5 

Table 3  Coinfection detection using the respiratory pathogen ID panel showing known and potentially pathogenic microorganism 
hits with detected AMR genes
Sample 
no.

Days 
PI

Detected pathogen with 
conventional methods

Detected pathogen using NGS AMR gene (% identity)

8 11 SARS-CoV-2 SARS-CoV-2/Rhinovirus A N/A
9 17 SARS-CoV-2 SARS-CoV-2/Rhinovirus A/K. pneumoniae/E. faecium blaTEM-1 (100)
9a K. pneumoniae/C. albicans/C. 

krusei/A. fumigatus
SARS-CoV-2/K. pneumoniae/A. fumigatus N/A

18 93 SARS-CoV-2/Rhinovirus SARS-CoV-2/Rhinovirus A/A. flavus N/A
18a 95 K. pneumoniae/C. krusei SARS-CoV-2/Rhinovirus A/K. pneumoniae/S. mitis/S. odontolytica erm(B) (100), erm(X) (100)
20 116 K. pneumoniae in urine SARS-CoV-2/Rhinovirus A/K. pneumoniae/S. mitis/S. 

odontolytica/G. haemolysans
erm(B) (100)

23 144 K. pneumoniae in urine SARS-CoV-2/K. pneumoniae/S. mitis/S. odontolytica/G. 
haemolysins/S. aureus/N. meningitidis

erm(B) (100), vga(A) (97.32)

24 147 SARS-CoV-2/Rhinovirus SARS-CoV-2/Rhinovirus A/S. odontolytica/N. meningitidis erm(B) (99.87)
25 162 SARS-CoV-2 SARS-CoV-2/E. faecium/ ant(6)-Ia (100), erm(B) (99.87), 

mph(C) (84.11), msr(C) (100)
26 169 SARS-CoV-2 SARS-CoV-2/Rhinovirus A/E. faecium aph(3′)-IIIa (100), erm(B) (99.87), 

erm(C) (96.33), mecA (100), 
msr(C) (96.15), tet(M) (100)

26a E. faecium/C. krusei SARS-CoV-2/Rhinovirus A/E. faecium ant(6)-Ia (99.89), msr(C) (100)
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gene, were not observed on either scale. However, muta-
tion P132H in the nsp5 gene, which is otherwise present 
in over 95% of Omicron lineages (also a lineage-defining 
mutation of XBB.1.16.11), is associated with a reduction 
in thermal stability [19]. The absence of nirmatrelvir-
linked mutations is most likely due to the strong con-
servation of the main protease active site (His41-Cys145 
catalytic dyad), which limits the tolerance to functional 
mutations, and the high fitness cost of resistance muta-
tions such as E166V [20]. The increase in the number of 
mutations after the first administration of nirmatrelvir/
ritonavir (day 101) was reflected at a minor level, most 
prominently in the N-terminal domain (NTD) of the 
spike gene (Supplementary Figure S1). NTD can harbor 
a higher number of mutations, which may have epistatic, 
compensatory functions that allow prolonged infection, 
giving the virus more time to explore resistance pathways 
[21]. This observation is further supported by the fact 
that only prolonged treatment with a high neutraliza-
tion titer CCP, more than 6.5 l over 4 months, resulted in 
detectable amounts of neutralizing antibodies (100 days 
PI), which finally cleared the viable virus between days 
116 and 126 PI. Although IgG and IgA antibodies were 
present earlier, they did not appear to definitively affect 
SARSCoV-2 viability in vivo. Nevertheless, they may have 
played a secondary role in effector functions and immune 
response regulation [22]. Although neutralizing antibod-
ies usually appear rapidly after infection [23], in cancer 
patients the response may be diminished in magnitude, 
slower to develop, less enduring, and influenced by can-
cer type and treatment regimens [24].

Virus culture remains the reference method for deter-
mination of virus infectivity; sgRNA markers were pre-
viously investigated as surrogates, which could offer a 
quick highcontainment independent way of assessing 
virus infectivity [25]. Our results show that neither of 
the sgRNAs tested correlates with culture adequately to 
be used as an infectivity surrogate. However, the number 
of human cells in the samples tested varied by approxi-
mately 3 logs, thus raising the question of sample-to-
sample comparability. In addition, given the fact that the 
relation between gRNA and sgRNA was fairly constant 
during the entire course of infection, we believe that 
sgRNA should be further explored in a quantitative and 
normalized way before more accurate conclusions can be 
drawn.

The calculated consensus level mutation rate of 
5.5 × 10−4 per site per year falls into the lower end of the 
established range of 10−3 to 10−4 [26]. This result may 
indicate a slowing down in the mutation fixation rate of 
Omicron compared to earlier VOCs [27]. The observed 
mutation rate also aligns with endemic human coronavi-
ruses HCoV-229E and HCoV-OC43, for which an equi-
librium between virus and environment has already been 

established [28]. In addition to replication errors, host-
mediated genome editing by cell defense mechanisms can 
also introduce specific mutations into the SARS-CoV-2 
genome. One such mechanism includes members of the 
APOBEC enzyme family, including APOBEC1, APO-
BEC3, and APOBEC3G [29]. APOBEC activity has been 
inferred bioinformatically by a significant excess of C→U 
transitions. The predominant APOBEC-associated muta-
tion patterns, in particular the TCW→TTW transitions 
(W = A/T), suggest that administered antiviral treatments 
might be partly responsible for the occurrence of lethal 
mutations leading to non-viable viruses [30]. The activity 
of cellular antiviral proteins could in part be responsible 
for higher ratios of Syn and nSyn mutations, which may 
be a potent driver of antigenic and phenotypic changes 
[31]. The sustained excess of nSyn mutations suggests 
ongoing adaptive evolution within the host driven by 
positive selection pressure. Due to the patient’s underly-
ing disease and treatment, at the beginning of infection 
the virus is most probably under selective pressure by the 
antiviral treatment administered, but later on also by the 
host’s immune response because rituximab’s effect starts 
wearing off and the patient’s immune response partially 
recovers. This observation underscores the potential role 
of chronically infected individuals as reservoirs for the 
emergence of evolved viral lineages due to both artificial 
and natural selection.

From available studies exploring relations between 
human microbiota and SARS-CoV-2, inconsistent results 
can be observed in terms of the α-diversity index, key 
marker organisms, and prediction of SARS-CoV-2 infec-
tion prognosis [32, 33]. In our case, the α-diversity index 
was lower during COVID-19 compared to the pre- and 
post-infection phases, which agrees with previous data 
[32]. We believe that the decrease in α-diversity is the 
result of tissue damage due to viral replication and there-
fore changes in the oro-/nasopharyngeal environment, 
which no longer supports a healthy microbiome. This 
allows a larger number of microorganisms, including 
potentially pathogenic ones, to temporarily thrive in the 
oro-/nasopharynx. In the case at hand, such a conclusion 
is supported by the observation of a higher β-diversity 
and detected bacterial/viral/fungal species.

Thus, we have observed that several bacterial, viral, 
and also fungal pathogens and opportunists can be 
readily detected by NGS, yet this is limited by enrich-
ment kit selection. Moreover, some of the pathogens 
were detected in the upper and lower respiratory tract 
samples even before they were identified as the caus-
ative agents of coinfections by conventional diagnos-
tic methods. The most likely reason for this is not the 
shortcomings of conventional methods per se, but 
the more unbiased nature of nucleic acid detection 
by NGS, which can find pathogens that are not yet 
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suspected. Such a case is clearly NGS rhinovirus detec-
tion throughout the time of SARS-CoV-2 infection. 
Routine diagnostics testing suggested two separate 
rhinovirus superinfections (93 and 147 PI) because 
these were the only two time points when rhinovirus 
testing was requested. With NGS and reads classifica-
tion, we have shown that the rhinovirus coinfection 
was caused by a single strain that persisted through-
out the time of the SARS-CoV-2 infection. Similar 
prolonged rhinovirus infections have been reported 
in healthy infants [34] and in immunocompromised 
patients due to transplantation [35, 36], chronic dis-
ease [37], or carcinoma [38]. Although we were unable 
to determine the extent to which rhinovirus is impli-
cated in disease presentation, our study demonstrates 
that chronic viral coinfections should also be con-
sidered when managing such patients. We have also 
shown that the potential for antibiotic resistance 
increases with the duration of the infection; however, 
current metagenomic capabilities cannot yet link AMR 
markers to specific organisms. This limitation is also 
important given that the AMR markers detected were 
not the result of direct antibiotic treatment, but rather 
due to the patient’s prolonged exposure to the hospi-
tal environment, where multidrug resistant strains 
are more prevalent [39]. This is even more pertinent 
during a pandemic due to the increased prescription 
of antibiotics to patients with SARS-CoV-2 [40]. This 
also appears to be the case here because the patient’s 
bacterial coinfections were treated with two beta-lac-
tams (meropenem and cefuroxime) and a glycopeptide 
(vancomycin). However, in addition to AMR genes 
for beta-lactams, potential resistance was observed 
against the MLSB group (macrolides, lincosamides, 
streptogramin B), aminoglycosides, and tetracyclines. 
These additional AMR genes most probably originated 
from a nosocomial source due to the patient’s pro-
longed hospitalization, which provided ample oppor-
tunity for contact with carriers. Furthermore, the 
importance of the additional AMRs identified can be 
controversial because temporary colonization of the 
patient’s mucosa by a commensal could also be the 
source.

Some limitations of the study must be acknowl-
edged. First, the quality of nasopharyngeal swab col-
lection cannot be standardized, which makes absolute 
comparisons between samples difficult. To address 
this to some extent, all samples were collected in equal 
volumes of transport medium and processed in the 
same way. Second, virus viability was assessed only in 
Vero E6 cells due to the limited quantity of samples 
available. Third, although all available patient sera 
were included in the study, a more comprehensive 
understanding of immune response dynamics would 

be possible with more samples and larger quantities, 
which would also allow T-cell responses to be tested. 
Fourth, the reproducibility of low-frequency muta-
tions could be better assessed in independent library 
preparations; however, NGS sequencing would need 
to be performed in technical replicates for this. To 
mitigate this issue, we used strand bias filtering. This 
process checks whether the mutations detected are 
supported by paired sequencing reads (forward and 
reverse strand), thus reducing the likelihood of artifi-
cial variant calling due to strand-specific sequencing 
errors. Finally, the detection of coinfections and AMR 
markers was limited by the specificity of the hybridiza-
tion probes included in the commercial NGS test. This 
test does not directly detect C. krusei or C. albicans, 
but it does detect C. auris.

Conclusions
In conclusion, we have demonstrated that subgenomic 
RNA markers, which could facilitate the determination 
of infectivity, are not yet well enough understood to be 
applicable in practice. The patient’s respiratory micro-
biota was affected by SARS-CoV-2, and this imbalance 
appears to have facilitated initial coinfections. These were 
subsequently treated with antibiotics and antimycot-
ics, which further disrupted the upper respiratory tract 
microbiome. Although AMR genes can be identified 
by NGS, they cannot yet be tied to specific organisms. 
This limitation is further demonstrated by the fact that 
exposure to the hospital environment over a prolonged 
period makes possible the acquisition of AMR markers 
for antibiotics that have not necessarily been used in the 
treatment of the patient. Our work also demonstrates 
that SARS-CoV-2 exhibits increased mutational activity 
after each antiviral treatment, seemingly in response to 
the artificially induced selective pressure exerted by the 
therapeutics administered. Taken together, this compre-
hensive analysis sheds more light on the complexities and 
pitfalls of virus clearance in individuals with hematologi-
cal malignancies.
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