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Abstract 

Background The factors contributing to the accelerated convergent evolution of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) are not fully understood. Unraveling the contribution of viral replication in immuno-
compromised patients is important for the early detection of novel mutations and developing approaches to limit 
COVID-19.

Methods We deep sequenced SARS-CoV-2 RNA from 192 patients (64% hospitalized, 39% immunosuppressed) 
and compared the viral genetic diversity within the patient groups of different immunity and hospitalization status. 
Serial sampling of 14 patients was evaluated for viral evolution in response to antiviral treatments.

Results We identified hospitalized and immunosuppressed patients with significantly higher levels of viral genetic 
diversity and variability. Further evaluation of serial samples revealed accumulated mutations associated with escape 
from neutralizing antibodies in a subset of the immunosuppressed patients treated with antiviral therapies. Interest-
ingly, the accumulated viral mutations that arose in this early Omicron wave, which were not common in the patient 
viral lineages, represent convergent mutations that are prevalent in the later Omicron sublineages, including the XBB, 
BA.2.86.1 and its descendent JN sublineages.

Conclusions Our results illustrate the importance of identifying convergent mutations generated during antiviral 
therapy in immunosuppressed patients, as they may contribute to the future evolutionary landscape of SARS-CoV-2. 
Our study also provides evidence of a correlation between SARS-CoV-2 convergent mutations and specific antiviral 
treatments. Evaluating high-confidence genomes from distinct waves in the pandemic with detailed patient meta-
data allows for discerning of convergent mutations that contribute to the ongoing evolution of SARS-CoV-2.
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Introduction
Since its initial emergence, severe respiratory syndrome 
coronavirus 2 (SARS-CoV-2), the virus responsible for 
the COVID-19 pandemic, has evolved into a series of 
variants that emerged sequentially and are character-
ized by distinct mutation profiles, from Alpha, Beta, and 
Delta variants to the later Omicron lineages [1]. The early 
stage of SARS-CoV-2 major variants evolution has been 
termed the first generation of variants of concern (VOCs) 
[2]. One main driver of this evolution has been hypoth-
esized to be viral mutations generated during prolonged 
infections in immunosuppressed patients [3]. Indeed, 
multiple independent case studies of immunosuppressed 
patients revealed that viral mutations accumulated dur-
ing persistent viral replication were consistent with those 
seen in the VOCs [4–8], highlighting the important role 
of viral replication in immunosuppressed patients in con-
tributing to SARS-CoV-2 evolution. Starting from late 
2022, the pandemic has been dominated by a series of 
Omicron sublineages, including descendants of BA.2 and 
recombinant viruses such as the XBB sublineage [2, 9]. 
These sublineages, representative of “second-generation 
variants,” are notable for a remarkably accelerated pro-
cess of convergent evolution [2, 3]. However, the factors 
that are independently associated with this accelerated 
convergent evolution are not fully understood.

In this study, we deep sequenced viral RNA isolated 
from 192 patients and performed comparative bioinfor-
matic analysis to: 1) identify patients with elevated levels 
of viral genetic diversity; 2) identify sites of convergent 
mutations in patients that arose in the first generation 
variants and became fixed in second generation vari-
ants of SARS-CoV-2; and 3) determine if specific thera-
pies were associated with the selection of virus escape 
mutants and therefore likely contributed to the con-
vergent evolution of SARS-CoV-2. We also compared 
the viral mutations identified in our patients to those 
reported either during in vitro drug selection studies or 
in case studies of patients with prolonged infections to 
identify sites of convergent mutations that contribute to 
virus evolution.

Materials and methods
Sample collection
All SARS-CoV-2 positive nasopharyngeal swab speci-
mens were obtained at our medical center for clinical 
purposes, including those taken from patients who were 
hospitalized for COVID-19, immunosuppressed, and/
or sampled multiple times, using a protocol approved 
by the Loyola University Health Sciences Campus Insti-
tutional Review Board (IRB #214,365). We sequenced 
210 SARS-CoV-2 positive nasopharyngeal swab RNA 

samples from 192 patients. The majority of the samples 
were collected from November 2021 to November 2022, 
except for two samples (P1 and P2) that were collected in 
May and August 2021, respectively; P1 is a known Alpha 
sample that was used as a sequencing positive control 
and therefore was excluded in the analysis of viral muta-
tions. Most patients were over 50 years old (median age 
male = 68; female = 67) and had received at least one dose 
of a COVID-19 vaccine (99%). Among these patients, 
64% were hospitalized due to COVID-19, and 39% 
were immunosuppressed (Table  1). Information such as 
infected lineages, testing dates, patient age, gender, race, 
reason for immunosuppression, diabetes status, and 
SARS-CoV-2 vaccination were included in Supplemental 
Dataset 1.

For patients who were sampled twice with near-full 
viral genome coverage, COVID-related medication his-
tory before and after the initial sampling event was also 
collected (Supplemental Table 1). We define immunosup-
pressed patients in our dataset as those with the follow-
ing medical conditions: active treatment for solid tumor 
(n = 3) and hematologic malignancies (n = 3), receipts 
of solid-organ transplant (n = 63), patients with autoim-
mune diseases (n = 4), and advanced or untreated HIV-
infected patients (n = 2). We performed binomial logistic 
regression analysis in R using the glm() function to evalu-
ate the association between hospitalization status (i.e., 
hospitalized due to COVID-19 or not hospitalized) and 

Table 1 Summary of patient demographics (n = 192)

a Immunosuppression due to active treatment for solid tumor and hematologic 
malignancies, recipients of solid organ transplant, patients with autoimmune 
diseases, or HIV infection as included in Supplemental Dataset 1

N or Range % or Median

Gender

 Male 102 53%

 Female 90 47%

Age range (Median)

 Male 28–108 68

 Female 28–95 67

Vaccination

 Vaccinated (≥ 1 dose) 190 99%

 Unvaccinated or Unknown 2 1%

Immune status

  Immunosuppresseda 75 39%

 Not Immunosuppressed 117 61%

COVID-related hospitalization

 Hospitalized 122 64%

 Not hospitalized 70 36%

Diabetes mellitus

 Yes 105 55%

 No 87 45%
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factors including age, gender, diabetes status, immune 
status, and viral load (Ct values). Patient hospitalization 
status was associated with age (p-value = 0.003), male 
gender (p-value = 3.82 ×  10–4), and immunosuppressed 
status (p-value = 0.03).

Sample processing, extraction, and sequencing methods
Sample processing, RNA extraction, qPCR screening, 
and sequencing library prep methods were previously 
described [10]. Briefly, RNA was extracted from 200 
μL of each sample using the MagMAX Pathogen RNA/
DNA Kit (Applied Biosystems, Foster City, CA, USA) 
on a KingFisher Flex automated system (Thermo Fisher 
Scientific, Waltham, MA, USA). Viral concentrations 
were quantified by reverse transcription-quantitative 
PCR using the CDC N1 assay [11] (2019-nCoV RUO Kit, 
Integrated DNA Technologies, Coralville, IA, USA). A 
human RNase P assay (2019-nCoV RUO Kit) was per-
formed with the same program as sample quality con-
trol. All samples with a cycle threshold (Ct) of < 33 were 
subjected to amplicon sequencing. A total of 210 RNA 
samples were sequenced using the NEBNext ARTIC 
SARS-CoV-2 FS Library Prep Kit for Illumina (E7658L, 
New England Biolabs, Ipswich, MA, USA) according to 
the manufacturer’s standard protocol with the ARTIC 
V4.1 primer panel (catalog #10,011,442, Integrated DNA 
Technologies, Coralville, IA, USA). Sequencing runs 
were performed at the Loyola Genomics Facility using an 
Illumina Miseq with 300-cycle V2 reagent kits.

Sequencing data analysis
Raw reads were assessed for quality using FastQC [12], 
followed by adaptor trimming in cutadapt [13] and qual-
ity trimming in BBduk (http:// jgi. doe. gov/ data- and- 
tools/ bb- tools/). Bwa-mem [14] was used for paired-end 
reads mapping to the Wuhan-Hu-1 reference genome 
(NCBI RefSeq accession NC_045512.2). Primer trim-
ming was performed with iVar [15] using the bed file 
specific to ARTIC V4.1. Reads deduplication was then 
performed using Picard (http:// broad insti tute. github. io/ 
picard/) [16]. For all sequenced patient viral RNA sam-
ples (n = 210), an average genome breadth of coverage of 
99.7% ± 0.4% (mean ± SD) was obtained with an average 
read depth of 1,132 ×  ± 337 × .

Viral mutations were called using iVar [10] with 
p-value < 0.05, a minimum read depth (-m) of 100, and 
a minimum frequency threshold (-t) of 0.02 and 0.5 for 
intra-host single nucleotide variant (iSNV) calling and 
major mutations calling, respectively. The results were 
converted to variant call format (VCF) files. Sites that 
may be artificially impacted by the ARTIC V4.1 primer 
panel were removed from the VCF file [17].

For iSNV identification, we set the threshold to be ≥ 2%, 
as this threshold has been proven to be confident exclud-
ing false positives such as those caused by sequencing 
errors [3, 16]. Samples were evaluated at 2%-95% fre-
quencies (equal to or greater than 2% and less than 95% 
frequency) for the presence of true positive iSNVs but 
not lineage-defining (fixed) mutations [16, 18], and at 
2%-50% frequencies (equal to or greater than 2% and less 
than 50% frequency) for low frequency iSNVs as an indi-
cation of viral genetic diversity in patient samples. The 
ratio of non-synonymous to synonymous substitutions 
(dN/dS) was identified using SnpEff [19].

Consensus genomes were generated using bcftools 
(v1.12) [20] based on the major mutation VCF files 
(≥ 50% frequency) with the exclusion of the low-coverage 
regions (< 10 reads), which were identified by bedtools 
[21]. A phylogeny tree using all 210 consensus genome 
sequences was generated using the Nextstrain [22] SARS-
CoV-2-specific procedures and annotated using the 
interactive tree of life (iTOL) (https:// itol. embl. de). Con-
sensus genomes were analyzed through the Nextclade 
CLI [23] for PANGO lineage and private mutation infor-
mation for each sample. Private mutations refer to viral 
mutations that are not commonly observed in the same 
SARS-CoV-2 lineage globally. These mutations, when 
their presence is confident (i.e., not caused by sequenc-
ing error, assembly error, etc.), can serve as indicators of 
viral genetic variability in comparison to the same line-
ages on the Nextclade reference tree. Here we term these 
private mutations as “non-lineage-defining mutations”, as 
they are distinct from the fixed mutations contributing to 
the lineage identification. A greater number of such non-
lineage-defining mutations in a high-quality viral genome 
indicates a higher level of viral genetic variability on the 
consensus genome level compared to the same subline-
age globally.

Patient and community viral lineages comparison
To compare patient viral lineage trend with the local 
community, the “getGenomicData” function in the 
outbreakinfo R package [24] was used to access the 
SARS-CoV-2 lineage prevalence data in Illinois from 
November 1, 2021, to November 30, 2022. The com-
munity lineages across time were visualized using the R 
package ggplot2 [25].

Spike protein structure visualization
The structure of SARS-CoV-2 Omicron spike protein 
was accessed from the protein data bank (PDB, accession 
number 7T9J) and visualized with UCSF ChimeraX ver-
sion 1.7 [26].

http://jgi.doe.gov/data-and-tools/bb-tools/
http://jgi.doe.gov/data-and-tools/bb-tools/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://itol.embl.de
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Results
Evaluating SARS‑CoV‑2 viral lineages in 192 patient 
samples
We obtained 210 nasopharyngeal swab samples from 
192 patients with the majority of the samples col-
lected from November 2021 to November 2022. RNA 
was isolated and sequenced using the ARTIC V4.1 
primer panel. The > 99% average genome breadth cov-
erage and > 1,100 × average read depth allowed us to 
confidently identify the lineage of each patient sample. 
PANGO lineage analysis revealed a transition in vari-
ants from Delta (AY sublineages) to Omicron (BA.1, 
BA.2, BA.4, and BA.5 sublineages) from November 
2021 to November 2022 (Fig.  1, Supplemental Dataset 
1). This lineage transition is consistent with the com-
munity variants during the same period (Fig.  1). This 
broad representation of lineages allowed us to further 
investigate the level of intra-host single nucleotide vari-
ants (iSNVs) in these samples.

Criteria for sample filtering for accurate iSNV identification
We use the level of iSNVs in each patient sample as an 
indication of the viral genetic diversity. To be confi-
dent in iSNV identification, we narrowed down patient 
samples to those of ≥ 99% genome breadth of cover-
age and ≥ 500 × average read depth (n = 195). To further 
assess possible impacts from sample quality on iSNV 
identification, especially on low frequency iSNV, we 
examined the correlation between viral loads (here Ct 
values) and iSNV numbers in patient samples (Figure 
S1). We found that the numbers of all frequency (2–95%) 
and low frequency (2–50%) iSNVs were positively cor-
related with Ct values (Figure S1AB; Pearson’s r = 0.421, 
p-value = 9.2 ×  10–10 for 2–95% iSNVs, Pearson’s r = 0.441, 
p-value = 1.1 ×  10–11 for 2–50% iSNVs). This significant 
positive correlation was also observed in 2–5% frequency 
iSNVs in our dataset (Figure S1C). However, for higher 
frequency (50–95%) iSNVs, the correlation between 
mutation numbers and Ct was not observed (Figure S1D, 
Pearson’s r = -0.057, p-value = 0.427). Particularly, sam-
ples with Ct > 30 showed significantly higher numbers of 
iSNVs than those with Ct ≤ 30 in all frequency and low 
frequency iSNVs (Wilcoxon test, p-value = 2.4 ×  10–5 for 
2–95% iSNVs, p-value = 1.6 ×  10–6 for 2–50% iSNVs). This 
suggests a higher possibility of false positive mutations 
associated with low viral RNA input, especially in low 
frequency mutations that are strong indicators of within-
host viral genetic diversity. To maximize the accuracy in 
the downstream analysis of iSNVs in patient groups, we 
analyzed samples with ≥ 99% genome breadth of cover-
age, ≥ 500 × average read depth, and with a Ct value ≤ 30 
(n = 176).

Levels of SARS‑CoV‑2 genetic diversity and variability are 
higher in hospitalized and immunosuppressed patients
To evaluate the levels of genetic diversity in the samples, 
we assessed levels of iSNVs based on read frequencies 
in the chosen patient samples. We analyzed the iSNVs 
at different frequencies: 2–95% frequency to capture 
all iSNVs; 50–95% frequency to assess high frequency 
iSNVs; and 2–50% frequency to assess low frequency 
iSNVs. We found a significantly higher average num-
ber of iSNVs in immunosuppressed patients (Figure 
S2A; Wilcoxon test, p-value = 0.008). When we grouped 
patients into different immunity and hospitalization sta-
tuses, we found that the immunosuppressed and hos-
pitalized patients had the highest average number of all 
iSNVs (Figure S2B). We then investigated the levels of 
low frequency (2–50%) iSNVs, because such iSNVs are 
a strong indication of viral genetic diversity in the viral 
replication process [3, 16]. We found that immunosup-
pressed patients had significantly higher numbers of 
low frequency iSNVs compared to the non-immunosup-
pressed group (Fig.  2A; p-value = 4.9 ×  10–5). Further-
more, the immunosuppressed and hospitalized patients 
had the highest average number of low-frequency iSNVs 
in all subgroups (Fig. 2C), and this is statistically signifi-
cant (p-value = 0.001 and 0.002, respectively). The low 
frequency iSNV level differences are significant even 
when the three potential outliers are removed (Figure 
S3). Evaluating the ratio of non-synonymous to syn-
onymous substitutions (dN/dS) in these low frequency 
mutations revealed a higher ratio in immunosuppressed 
patients (p-value = 0.005; Figure S4). In contrast, when 
comparing levels of high frequency (50–95%) iSNVs in 
the same groups, we did not detect a difference between 
immunosuppressed and non-immunosuppressed 
patients (Fig.  2B). Further examination of these iSNVs 
in the four subgroups of immunity and hospitalization 
did not show a higher level of high frequency iSNVs in 
the immunosuppressed and hospitalized patient group 
(Fig. 2D). Overall, these results indicate that the elevated 
viral genetic diversity in our immunosuppressed and hos-
pitalized patient samples is likely driven by replication 
that generates low frequency mutations (iSNVs).

In addition to the iSNVs analysis described above, 
we investigated the non-lineage defining mutations 
to further understand the viral genetic variability 
between the patient’s viral genomes and the nearest 
neighbor PANGO lineage. This analysis compares the 
patient genome sequence to the nearest neighbor on 
the Nextclade reference tree (see Materials and meth-
ods). The analysis reveals the genetic variability of 
these viral genomes, while taking into consideration 
viral mutations that are fixed in the lineage specific 
to each sample. We found a slightly higher level of 
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non-lineage-defining mutations in the immunosup-
pressed patients (mean = 4.2 mutations/genome) than 
in the non-immunosuppressed patients (mean = 3.6/

genome), although this was not statistically signifi-
cant (Figure S5A). Further analysis of the data revealed 
the highest average number of non-lineage-defining 

P1
92

-2
P1

92
-1

P1
76

P1
81

P1
64

-1
P1

69
P1

38
P1

34
P1

88
P1

43
-1

P1
43

-2
P1

70
P1

75
P154
P178
P186
P177
P182
P110
P160
P161
P164-2
P163
P179
P101
P135
P165
P166
P141
P151
P159
P142-1
P142-2

P185
P191
P106

P112
P120

P100

P155-1

P155-2

P125-2

P125-1

P162

P168

P150

P118
P144
P117
P153
P167
P172
P128
P148-1

P148-2

P187
P156
P107
P109
P184
P123
P145
P146
P126-2
P126-1
P97
P98
P105
P139
P121
P75-1
P132
P124
P111
P189
P129
P137
P158
P133
P173
P14

9P17
1P18
0P19
3P17
4P14
0P18
3P1

90P1
16P1
47P1

36P1
19P1

14P1
57P1

52P8
1P7
9P9
6P1
02P1
13P7
7P9
0-
2

P9
0-
1

P9
9P9
5

P1
03

P8
8

P8
4

P7
4

P8
2

P1
22

P8
7

P8
3-
2

P8
3-
1

P6
9

P7
0

P1
30

P9
4

P9
3

P1
31

P1
08P80

P104
P55
P72

P71-2
P71-1
P115
P89
P91

P75-1
P86

P78-2
P78-1
P127
P85
P92P76

P73-2

P73-1P61P66P47P63P43P58P54P37P15P24P20P32P67P35P29-2P29-1P60P41P53P23P59P57P64P51P39P45P52P65P49P40
P38
P48
P13
P12
P26
P42
P22
P62
P56
P34
P44
P36
P46
P68
P50
P21
P18
P8

P16
-1

P16
-2
P28
P33
P25
P30
P27
P1

7
P3
1
P1
9
P1
1
P1P5

P6

P1
0

P1
4-1

P1
4-2P9P4P7P3P2

W
uh
an
-H
u-
1

Tree scale: 1

Community lineages (inner circle)

Other (freq<0.1)

BA.2.12.1

BA.1.1

BA.2

BA.1.20
AY.103 BA.5.5

BQ.1.1

BA.5.2.1AY.44

AY.3 BA.1 BA.5.2

BA.1.15

BA.1.1.18

BA.5.1

BA.4.6

BA.2.3

BA.2.9

AY.25

AY.39

BQ.1.1.5

XBB.1.5

No
v 2

1

Dec 21

Jan 22

Feb 22

Mar 22

Apr 22 M
ay

 2
2

Jun 22

Jul 22

Aug 22

Sep 22

O
ct 22

N
ov

 2
2

Sample lineages
Alpha

BA.1

BA.4
BA.2

BA.5

Delta

Nov 2021

Nov 2022

Fig. 1 SARS-CoV-2 lineages identified in patient RNA samples (n = 210) and the comparison to lineages reported in the state of Illinois 
during the same period. Patient samples (phylogenetic tree) are annotated with different clade colors representing variants from Delta to Omicron 
BA.1 to BA.5 (except for one Alpha, P1, that was collected in May 2021 and serves as a positive control for sequencing). The outside color 
strip indicates the sample collection time from November 2021 (light blue) to November 2022 (dark blue). The inner ring shows lineages 
identified in Illinois with months annotated inside of the circle; sublineages > 10% frequency are shown in the representative color scheme, 
and lineages < 10% frequency are included in “other” in gray



Page 6 of 13Feng et al. Virology Journal          (2024) 21:105 

mutations in immunosuppressed and hospitalized 
patients and the lowest in the non-immunosuppressed 
outpatients (Figure S5B). Particularly, the patients that 
had the highest level of non-lineage defining muta-
tions (> 10/genome, n = 8), including three samples 
with high iSNV levels (Fig. 2A; P14, n = 66; P29, n = 59; 
P190, n = 25), were all immunosuppressed and hospital-
ized (Figure S5A, black dashed box). Taken together, 
these results indicate a greater genetic diversity in the 
immunosuppressed and hospitalized patients, and that 
a subset of these patients had higher levels of genetic 
variability on the consensus genome level compared to 
the nearest neighbor on the Nextclade reference tree.

A subset of immunosuppressed patients accumulated 
multiple major mutations over time with a focus on ORF1a 
and spike convergent mutation sites
With the observation of the higher level of genetic diver-
sity and variability in immunosuppressed and hospital-
ized patients, we hypothesized that the viral evolution in 
those patients may be associated with viral replication in 
the absence of a strong adaptive immune response and 
selective pressure from COVID-related antiviral treat-
ments. We therefore examined the consensus genome 
sequences and read alignment of a subset of patients 
who were sampled twice (n = 15) for their mutation 
changes between the sampling events. Among these, one 
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patient (P75) was sampled more than three months apart 
and was found infected with two different sublineages 
(BA.2.3 in April 2022 and BA.5.5 in August 2022) and 
was therefore excluded in the subsequent analysis. The 
other 14 patients were all identified as having the same 
sublineage in two samplings (average of 12  days apart), 
allowing for analysis of viral evolution in these patients. 
We identified three distinct Omicron sublineages in 
these patients (BA.1, BA.2, and BA.5, Supplemental 
Table  1). Among the 14 patients, 10 were immunosup-
pressed (Fig. 3A), including P14 and P29 which had high 
levels of genetic variability. Four out of the ten had accu-
mulated major mutations between the two samplings 
(nucleotide mutation number 4.3 ± 2.2, mean ± SD; sam-
pling intervals 27.0 ± 25.5  days, mean ± SD). We identify 
nonsynonymous mutations that progressed from < 50% 
read frequency in the 1st sampling to ≥ 50% read fre-
quency in the 2nd sampling as accumulated mutations. 
Three patients showed evidence of multiple accumu-
lated mutations (P29, P78, and P126) and one had evi-
dence of a single mutation (P148) (Fig. 3A, Supplemental 
Table 1). Non-immunosuppressed patients (n = 4) had no 
detectable consensus genome changes (sampling inter-
vals 4 ± 4.1 days) (Fig. 3A). The three immunosuppressed 
patients with multiple mutations all had at least two 
weeks apart between the sampling events. These results 
document that immunosuppressed patients accumulate 
viral mutations during ongoing virus replication.

The accumulated amino acid mutations (n = 14) in 
the four immunosuppressed patients were mostly in the 
ORF1a (nsp3 and nsp6) and the spike regions (Table  2) 
and were all non-lineage-defining mutations as identi-
fied by Nextclade (i.e., mutations not commonly found in 
the sample’s lineages globally). We asked if the mutations 
detected in these patients were random or were examples 
of sites of convergent evolution that were also detected in 
later variants. Table 2 shows the information on the cor-
responding amino acid mutations and their convergent 
mutations in the literature, and in variants and lineages 
up to date (accessed from the GISAID platform using the 
outbreakinfo R package). Most of the accumulated amino 
acid mutations identified in our study, particularly those 
in the spike gene, are consistent with those described in 
case studies of prolonged infection in immunosuppressed 
patients, and in vitro studies of antibody neutralization. 
Interestingly, these early-wave Omicron-infected immu-
nosuppressed patients share the same sites of mutation 
as those reported in many later variants, including the 
S: K444 and ORF1a:L3829F sites that are fixed in multi-
ple later Omicron sublineages and S:G446 in the recent 
BA.2.86.1 and its descendent JN sublineages (see Table 2 
for the presence of all patient convergent mutations fixed 
in early or late SARS-CoV-2 lineages). Similarly, deletions 

in the spike NTD recurrent deletion regions (RDRs) [27] 
identified in two patients (P78 and P126; RDR1, RDR2, 
and RDR4) are also found in patient case studies and 
early or late sublineages (Table  2). Interestingly, these 
RDR deletions in our patients were present in lineages 
distinct from previous reports, suggesting adaptative 
convergent evolution of SARS-CoV-2 in these patients. 
Furthermore, when mapping the spike mutations in our 
patients onto the SARS-CoV-2 Omicron spike structure 
(Fig. 4), these mutations are all located on the surface of 
the NTD and RBD domains, as well as in the S2 connec-
tor domain (CD), indicating their potential structural and 
functional impacts, such as escaping from neutralizing 
antibodies. Taken together, our observations indicated 
that the accumulated mutations (deletions and substitu-
tions) are independent adaptations to the viral replication 
process in these early Omicron-infected immunosup-
pressed individuals and correspond to the later conver-
gent evolution genetic landscape of SARS-CoV-2.

Specific therapies were associated with the accumulation 
of convergent spike mutations in immunosuppressed 
patients
To understand possible factors associated with the occur-
rence of these convergent mutations in the repeatedly 
sampled immunosuppressed patients, particularly those 
who accumulated multiple mutations, we examined 
their related COVID-19 treatment history before and 
after the initial sampling events (Fig.  3B, Supplemental 
Table  1). We note that all immunosuppressed patients 
(n = 10) were treated with immunosuppressants, such as 
mycophenolate mofetil, prednisolone, and tacrolimus.

For non-immunosuppressed patients (n = 4), two had 
no reported treatments, and the other two (P90 and 
P125) had remdesivir and/or nirmatrelvir/ritonavir 
treatment but with short sampling intervals (≤ 1  day). 
For immunosuppressed patients without major mutation 
accumulation (n = 6), two had antiviral treatment history 
(P14, casirivimab/imdevimab and remdesivir 22  days 
before the 1st sampling and no treatment between a 
11-day sampling interval; P143, nirmatrelvir/ritonavir 
and remdesivir between a 4-day sampling interval). For 
immunosuppressed patients who had mutations (n = 4), 
multiple antiviral treatment histories were reported. P78 
and P126, who were treated with both small molecule 
inhibitor antivirals (e.g., remdesivir) and mAbs (e.g., tix-
agevimab/cilgavimab and bebtelovimab), showed muta-
tions in ORF1a (nsp3 and nap6, respectively) and spike 
genes, including the spike RDR deletions (Fig.  3B). The 
RDR2 and RDR4 deletions in P126 are in two adjacent 
flexible loops in spike NTD (Fig. 4), suggesting that they 
may confer conformational changes in this domain to 
facilitate escape from neutralizing mAbs. The two spike 
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RBD antigenic substitutions (K444N and G446R) in P78 
are located in corresponding spike epitopes binding 
to tixagevimab/cilgavimab and bebtelovimab [41], the 

treatments of this patient, suggesting a selective pres-
sure from the mAb treatments on the intra-host viral 
evolution. Interestingly, P29 had a treatment history of 

A

B
Immunosuppressed no yes

P78

P126

P29

P148

21d

Tixagevimab/
cilgavimab 
10d prior 

Remdesivir
for 3d

17d

Molnupiravir
for 5d

SARS-CoV-2  medication

64d

Tixagevimab/
cilgavimab 
3m and 2m prior

Bebtelovimab
infusion

Convalescent plasma;
Remdesivir and 
dexamethasone for 5d
22d prior

6d

AA mutation

ORF1a:P2739S (nsp3)
S: 68/69- (RDR1)
S:K444N (RBD)
S:G446R (RBD)

ORF1a:L3829F (nsp6)
S: 138-145 del (RDR2)
S: 242/243- (RDR4)
S:G1085A
N:M234I

ORF1a:T1567I (nsp3)
ORF1a:V1574I (nsp3)
S:E484T (RBD)
S:D574N

ORF1a:E938G (nsp3)

Patient
Allele

frequency

74%
73%
78%
73%

68%
55%
90%
82%

78%
55%
60%
85%
87%

92%

F, 62

M, 67

M，59

M, 73
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Fig. 3 Accumulation of mutations in patients over time, as revealed by serial sampling and sequencing. A The number of accumulated 
nucleotide mutations detected in 14 repeatedly sampled patients. Orange dots represent immunosuppressed patients, and blue dots represent 
non-immunosuppressed patients. The y-axis shows the number of patients’ mutations changed between two samplings, and the x-axis shows 
sampling intervals (days). B Schematic diagram of SARS-CoV-2 treatment history and viral mutation accumulation in five immunosuppressed 
patients. Patient ID, gender, age, and infected viral sublineages are shown on the left side. The vertical dashed gray lines represent the 1st (starred) 
and 2nd sampling events, with days apart annotated under the line. Medication before and after the 1st sampling event is shown above the line. 
Amino acid mutations accumulated between two sampling events and their allele frequencies are shown on the right
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molnupiravir and showed multiple substitutions (n = 6) 
on ORF1a and spike, including the S:E484T and S:D574N 
mutations. Molnupiravir mainly disrupts SARS-CoV-2’s 
nascent RNA strand synthesis or positive-sense genome 
synthesis by incorporating itself as an analogue of cyto-
sine (C) and therefore leads to guanine (G) to adenine 
(A) or cytosine (C) to uracil (U) mutation [29]. Both 
spike amino acid mutations in P29 were derived from 
the G to A nucleotide mutation, strongly supporting 
the correlation between viral mutation accumulation 
and the molnupiravir treatment. P148 only had conva-
lescent plasma and remdesivir treatments 22 days prior 
to the 1st sampling and accumulated an nsp3 mutation 
(ORF1a:E938G) during the samplings. These developed 
substitutions in the four patients all had allele frequen-
cies between 73 to 92% (Fig.  3B), and were all derived 
from < 2% frequency in the 1st sampling (i.e., mutations 
were not called at 2% cutoff), except for the single muta-
tion in P148 that was progressed from 25% frequency in 
the 1st sampling. Taken together, these results strongly 
support the selection pressure from antiviral treatments 
in immunosuppressed patients during ongoing viral rep-
lication and the role of antiviral therapies in contributing 
to the selection of SARS-CoV-2 convergent evolutionary 
sites in this population.

Discussion
Our study evaluating SARS-CoV-2 evolution in 192 
patients throughout a year with comparison to the 
community variants strongly supports the central role 

of persistent infection in the generation of intra-host 
SARS-CoV-2 mutations in immunosuppressed patients, 
particularly those undergoing antiviral treatments. We 
found that the viral lineages in our main patient cohort 
are consistent with the community variants (Fig.  1). 
However, the notably higher level of viral genetic diver-
sity and variability in some hospitalized and immuno-
suppressed patients (Fig.  2) indicates their potential for 
acting as independent “reservoirs” for convergent muta-
tions. Importantly, we show that during prolonged virus 
replication, immunosuppressed patients tend to accumu-
late host-adaptive mutations (Fig. 3), and that such viral 
mutation accumulation is not rare (in 4/10 repeatedly 
sampled immunosuppressed patients). The mutations are 
likely associated with resistance to mAbs and other anti-
viral treatments (Fig. 3B). These results strongly support 
the idea that persistent infection in immunosuppressed 
individuals may serve as the reservoir for SARS-CoV-2 
immune-escaping mutations and contribute to the ongo-
ing evolutionary landscape of SARS-CoV-2 [3–8, 30, 38].

Our study aligns with prior findings highlighting the 
potential functional impacts of convergent evolution in 
the SARS-CoV-2 spike protein. The spike NTD region 
is highly plastic and very likely to have recurrent dele-
tions [27, 42]. The RBD substitutions at positions R346, 
K444, and L452 are associated with escape from neutral-
izing antibodies [43]. Antigenic substitutions and RDR 
deletions in spike NTD and RBD in our study, which are 
mostly located on the surface of the spike protein (Fig. 4), 
are associated with antibody escape in other patient 

138-145 del (P126)
RDR2

242-243 del (P126)
RDR4

 68-69 del (P78)
RDR1

E484T (P29)

K444N/G446R(P78)

G1085A(P126)

D574N(P29)

NTD

RBD

90°

Fig. 4 The SARS-CoV-2 Omicron spike structure (PDB 7T9J) top (left) and side (right) view with the accumulated mutations in three 
immunosuppressed patients. The NTDs in the trimer are shown in green and the RBD is shown in blue as indicated in the boxes on the left panel. 
The spike deletions and substitutions in P29, P78, and P126 are labeled and marked on the structure view in yellow, red, and pink colors, respectively
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studies and/or in  vitro neutralizing antibody studies 
(Table 2), suggesting functional roles of these mutations 
in response to factors like host immunity and mAb-like 
treatments. Further, the substitutions in the immunosup-
pressed patients in our study are within the “evolution-
ary hotspots” of the SARS-CoV-2 RBD region; mutations 
such as G446X are ubiquitous in multiple later Omi-
cron sublineages, including the XBB recombinants [44], 
BA.2.86.1 and its descendent JN lineages (Table 2), sup-
porting the importance of these convergent mutations 
in viral evolution. Our study reports independent obser-
vations of convergent mutations in the spike protein in 
immunosuppressed patients undergoing antiviral thera-
pies, illustrating the potential role of antiviral therapy in 
this vulnerable population in driving SARS-CoV-2 con-
vergent evolution.

Our study also contributes to the knowledge of SARS-
CoV-2 convergent mutations correlating with specific 
antiviral treatment regimens in immunosuppressed 
patients. The mutations accumulated in our immuno-
suppressed patients occurred predominantly in ORFla 
(nsp3 and nsp6, proteins that contribute to the forma-
tion and organization of the double membrane vesicles 
for viral replication) and spike genes, indicating the 
mutations correlated with the viral replication process 
under antiviral treatments. Our results from patients in 
the early Omicron wave are consistent with the findings 
from other individual case studies. For example, a case 
report of an immunosuppressed patient treated with 
remdesivir, dexamethasone, and convalescent serum 
also confirmed RDR2 deletions [27, 36], similar to P126 
in our study who also had remdesivir and mAb treat-
ments; Ordaya et al. reported mutations in S:K444 and 
S:G446 sites in response to bebtelovimab treatment in 
immunosuppressed patients, similar to P78. Specifically, 
P29 who had only molnupiravir treatment showed mul-
tiple nsp3 and spike substitutions that were caused by G 
to A or C to T nucleotide changes, which corresponds to 
the antiviral mechanisms of molnupiravir [29, 45]; this 
includes G23012A that led to the double codon muta-
tion S:E484T, a derivative of E484A in the 1st sampling. 
Recently, E484T has been reported by Halfmann et  al. 
[28] in a persistently infected immunosuppressed indi-
vidual in response to mAb treatment (bamlanivimab), 
where the mutation also progressed from E484A. 
Together with our study, these findings support the con-
cept that the convergent immune-escaping mutations 
could be derived from different types of antiviral thera-
pies, and highlight the importance of delineating the 
correlation between antiviral treatment and immune-
escape viral mutations. More reports of SARS-CoV-2 
surveillance in immunosuppressed patients and their 
detailed treatment schemes are needed.

Our study has limitations. This study analyzed a rela-
tively small number of samples obtained from one clini-
cal center during a period of rapid change during the 
pandemic. The patient samples were obtained from 
individuals presenting with a variety of pre-existing 
conditions which may impact on disease progression.

Conclusions
This study provides evidence of SARS-CoV-2 conver-
gent evolution in immunosuppressed patients undergo-
ing antiviral therapies. Our findings highlight the need 
for a better understanding of associations between viral 
mutations and specific antiviral therapies, which will 
ultimately lead to better strategies to limit virus replica-
tion and reduce the accumulation of novel mutations.
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RBD  Receptor-binding domain
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
VCF  Variant call format
VOC  Variant of concern

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12985- 024- 02378-y.

Supplementary Material 1. 

Supplementary Material 2. 

Acknowledgements
We thank the Loyola University Biobank for the collection and storage of 
patient sample material. We thank the Loyola Genomic Core facility director 
Dr. Peter Larsen for assistance with Illumina sequencing.

Authors’ contributions
Conceptualization, S.F. and S.C.B; Methodology, S.F.; Software, S.F.; Formal 
analysis, S.F.; Investigation, S.F., S.L.U., G.E.R, N.M.C and A.H.; Data Curation, S.F. 
and S.L.U; Visualization, S.F.; Writing – Original Draft, S.F.; Writing – Review & 
Editing, S.F., G.E.R, N.M.C, A.H., S.L.U, and S.C.B; Resources. G.E.R, N.M.C, A.H., 
S.L.U and S.C.B; Funding Acquisition, S.L.U and S.C.B; Project Administration, 
S.L.U and S.C.B.

Funding
This work was supported by the Walder Foundation’s Chicago Coronavirus 
Assessment Network (Chicago CAN) initiative and the National Institutes of 
Health grant AI159945 (to S.C.B).

Availability of data and materials
All sequencing data were uploaded to the National Center for Biotechnol-
ogy Information (NCBI) Sequence Read Archive (SRA) under the Bioproject 
PRJNA1038785.

Declarations

Ethics approval and consent to participate
The collection and banking of de-identified patient nasopharyngeal swab 
samples and associated clinical data was approved by the Loyola University 
Health Sciences Campus Institutional Review Board (IRB) and deemed exempt 

https://doi.org/10.1186/s12985-024-02378-y
https://doi.org/10.1186/s12985-024-02378-y


Page 12 of 13Feng et al. Virology Journal          (2024) 21:105 

in accordance with the Department of Health and Human Services regula-
tions at 45 CFR 46.104(d)(4)(ii-iii) (IRB #214,365).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Microbiology and Immunology, Stritch School of Medicine, 
Loyola University Chicago, Maywood, IL 60153, USA. 2 Department of Medicine, 
Stritch School of Medicine, Loyola University Chicago, Maywood, IL 60153, 
USA. 3 Infectious Disease and Immunology Research Institute, Stritch School 
of Medicine, Loyola University Chicago, Maywood, IL 60153, USA. 4 Department 
of Pathology and Laboratory Medicine, Stritch School of Medicine, Loyola 
University Chicago, Maywood, IL 60153, USA. 

Received: 5 February 2024   Accepted: 29 April 2024

References
 1. CDC SARS-CoV-2 Variant Classifications and Definitions. Available online: 

https:// www. cdc. gov/ coron avirus/ 2019- ncov/ varia nts/ varia nt- class ifica 
tions. html. Accessed 5 Sept 2023.

 2. Roemer C, Sheward DJ, Hisner R, Gueli F, Sakaguchi H, Frohberg N, Schoe-
nmakers J, Sato K, O’Toole Á, Rambaut A, et al. SARS-CoV-2 evolution in 
the Omicron era. Nat Microbiol. 2023;8:1952–9. https:// doi. org/ 10. 1038/ 
s41564- 023- 01504-w.

 3. Markov PV, Ghafari M, Beer M, Lythgoe K, Simmonds P, Stilianakis NI, Kat-
zourakis A. The evolution of SARS-CoV-2. Nat Rev Microbiol. 2023;21:361–
79. https:// doi. org/ 10. 1038/ s41579- 023- 00878-2.

 4. Choi B, Choudhary M, Regan J, Sparks J, Padera R, Qiu X, Solomon I, Kuo 
H, Boucau J, Bowman K, et al. Persistence and evolution of SARS-CoV-2 
in an immunocompromised host. New engl J Med. 2020;383:2291–3. 
https:// doi. org/ 10. 1056/ NEJMc 20313 64.

 5. Weigang S, Fuchs J, Zimmer G, Schnepf D, Kern L, Beer J, Luxenburger H, 
Ankerhold J, Falcone V, Kemming J, et al. Within-host evolution of SARS-
CoV-2 in an immunosuppressed COVID-19 patient as a source of immune 
escape variants. Nat Commun. 2021;12:6405. https:// doi. org/ 10. 1038/ 
s41467- 021- 26602-3.

 6. Corey L, Beyrer C, Cohen MS, Michael NL, Bedford T, Rolland M. SARS-
CoV-2 variants in patients with immunosuppression. N Engl J Med. 
2021;385:562–6. https:// doi. org/ 10. 1056/ NEJMs b2104 756.

 7. Kemp SA, Collier DA, Datir RP, Ferreira IATM, Gayed S, Jahun A, Hosmillo M, 
Rees-Spear C, Mlcochova P, Lumb IU, et al. SARS-CoV-2 Evolution during 
treatment of chronic infection. Nature. 2021;592:277–82. https:// doi. org/ 
10. 1038/ s41586- 021- 03291-y.

 8. Scherer EM, Babiker A, Adelman MW, Allman B, Key A, Kleinhenz JM, 
Langsjoen RM, Nguyen P-V, Onyechi I, Sherman JD, et al. SARS-CoV-2 
evolution and immune escape in immunocompromised patients. N Engl 
J Med. 2022;386:2436–8. https:// doi. org/ 10. 1056/ NEJMc 22028 61.

 9. Tamura T, Ito J, Uriu K, Zahradnik J, Kida I, Anraku Y, Nasser H, Shofa M, 
Oda Y, Lytras S, et al. Virological characteristics of the SARS-CoV-2 XBB 
variant derived from recombination of two Omicron subvariants. Nat 
Commun. 2023;14:2800. https:// doi. org/ 10. 1038/ s41467- 023- 38435-3.

 10. Feng S, Ali MS, Evdokimova M, Reid GE, Clark NM, Uprichard SL, Baker 
SC. Sequencing during times of change : evaluating SARS-CoV-2 clinical 
samples during the transition from the delta to Omicron wave. Viruses. 
2022;14:1408.

 11. CDC Real-Time RT-PCR Diagnostic Panel for Emergency Use Only; Atlanta, 
Vol. 3. 2020.

 12. Andrews S. FastQC: a quality control tool for high throughput sequence 
data. 2010.

 13 Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet.journal. 2011;17:10–2. https:// doi. org/ 10. 
14806/ ej. 17.1. 200.

 14. Li H. Aligning sequence reads, clone sequences and assembly contigs 
with BWA-MEM. 2013;00:1–3.

 15. Castellano S, Cestari F, Faglioni G, Tenedini E, Marino M, Artuso L, Man-
fredini R, Luppi M, Trenti T, Tagliafico E. Ivar, an interpretation-oriented tool 
to manage the update and revision of variant annotation and classifica-
tion. Genes (Basel). 2021;12:384. https:// doi. org/ 10. 3390/ genes 12030 384.

 16. Lythgoe KA, Hall M, Ferretti L, de Cesare M, MacIntyre-Cockett G, Trebes A, 
Andersson M, Otecko N, Wise EL, Moore N, et al. SARS-CoV-2 within-host 
diversity and transmission. Science. 2021;372:eabg0821. https:// doi. org/ 
10. 1126/ sciene. abg08 21.

 17. Maio N De, Walker C, Rui B, Weilguny L, Slodkowicz G, Goldman 
N. Issues with SARS-CoV-2 sequencing data. Available online: 
https:// virol ogical. org/t/ issues- with- sars- cov-2- seque ncing- data/ 
473. Accessed 16 Jan 2024.

 18. Li J, Du P, Yang L, Zhang J, Song C, Chen D, Song Y, Ding N, Hua M, Han K, 
et al. Two-step fitness selection for intra-host variations in SARS-CoV-2. 
Cell Rep. 2022;38:110205. https:// doi. org/ 10. 1016/j. celrep. 2021. 110205.

 19. Cingolani P, Platts A, Coon M, Nguyen T, Wang L, Land SJ, Lu X, Ruden DM. 
A program for annotating and predicting the effects of single nucleotide 
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster 
strain W1118; Iso-2; Iso-3. Fly (Austin). 2012;6:80–92. https:// doi. org/ 10. 
1070/ qe198 0v010 n03ab eh009 978.

 20. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whit-
wham A, Keane T, McCarthy SA, Davies RM, et al. Twelve years of SAM-
tools and BCFtools. Gigascience. 2021;10:1–4. https:// doi. org/ 10. 1093/ 
gigas cience/ giab0 08.

 21. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing 
genomic features. Bioinformatics. 2010;26:841–2. https:// doi. org/ 10. 1093/ 
bioin forma tics/ btq033.

 22. Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C, Sagu-
lenko P, Bedford T, Neher RA. NextStrain: real-time tracking of pathogen 
evolution. Bioinformatics. 2018;34:4121–3. https:// doi. org/ 10. 1093/ bioin 
forma tics/ bty407.

 23. Aksamentov I, Roemer C, Hodcroft E, Neher R. Nextclade: clade assign-
ment, mutation calling and quality control for viral genomes. J Open 
Source Softw. 2021;6:3773. https:// doi. org/ 10. 21105/ joss. 03773.

 24. Alkuzweny M, Gangavarapu K, Hughes L. Outbreakinfo: Outbreak.Info R 
Client. 2022.

 25. Wickham H. Ggplot2: elegant graphics for data analysis. New York: 
Springer-Verlag; 2016. ISBN 9780387981406.

 26. Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ, Morris JH, Fer-
rin TE. UCSF ChimeraX: tools for structure building and analysis. Protein 
Sci. 2023;32:e4792. https:// doi. org/ 10. 1002/ pro. 4792.

 27. McCarthy KR, Rennick LJ, Nambulli S, Robinson-McCarthy LR, Bain WG, 
Haidar G, Duprex WP. Recurrent deletions in the SARS-CoV-2 spike glyco-
protein drive antibody escape. Science. 2021;371:1139–42. https:// doi. 
org/ 10. 1126/ scien ce. abf69 50.

 28. Halfmann PJ, Minor NR, Haddock LA III, Maddox R, Moreno GK, Braun KM, 
Baker DA, Riemersa KK, Prasad A, Alman KJ, et al. Evolution of a globally 
unique SARS-CoV-2 spike E484T monoclonal antibody escape mutation 
in a persistently infected immunocompromised individual. Virus Evol. 
2023;9:veac104. https:// doi. org/ 10. 1093/ ve/ veac1 04.

 29. Sanderson T, Hisner R, Donovan-Banfield I, Hartman H, Løchen A, Peacock 
TP, Ruis C. A molnupiravir-associated mutational signature in global 
SARS-CoV-2 genomes. Nature. 2023;623:594–60. https:// doi. org/ 10. 1038/ 
s41586- 023- 06649-6.

 30. Sonnleitner ST, Prelog M, Sonnleitner S, Hinterbichler E, Halbfurter H, 
Kopecky DBC, Almanzar G, Koblmüller S, Sturmbauer C, Feist L, et al. 
Cumulative SARS-CoV-2 mutations and corresponding changes in 
immunity in an immunocompromised patient indicate viral evolution 
within the host. Nat Commun. 2022;13:2560. https:// doi. org/ 10. 1038/ 
s41467- 022- 30163-4.

 31. Meng B, Kemp SA, Papa G, Datir R, Ferreira IATM, Marelli S, Harvey WT, 
Lytras S, Mohamed A, Gallo G, et al. Recurrent emergence of SARS-CoV-2 
spike deletion H69/V70 and its role in the alpha variant B.1.1.7. Cell Rep. 
2021;35:109292. https:// doi. org/ 10. 1016/j. celrep. 2021. 109292.

 32. Ordaya EE, Vergidis P, Razonable RR, Yao JD, Beam E. Genotypic and 
predicted phenotypic analysis of SARS-COV-2 Omicron subvariants in 
immunocompromised patients with COVID-19 following tixagevimab-
cilgavimab prophylaxis. J Clin Virol. 2023;160:105382. https:// doi. org/ 10. 
1016/j. jcv. 2023. 105382.

 33. The U.S. Food and Drug Administration. Fact Sheet for Healthcare Provid-
ers: Emergency Use Authorization for Bebtelovimab. 2022.

https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://doi.org/10.1038/s41564-023-01504-w
https://doi.org/10.1038/s41564-023-01504-w
https://doi.org/10.1038/s41579-023-00878-2
https://doi.org/10.1056/NEJMc2031364
https://doi.org/10.1038/s41467-021-26602-3
https://doi.org/10.1038/s41467-021-26602-3
https://doi.org/10.1056/NEJMsb2104756
https://doi.org/10.1038/s41586-021-03291-y
https://doi.org/10.1038/s41586-021-03291-y
https://doi.org/10.1056/NEJMc2202861
https://doi.org/10.1038/s41467-023-38435-3
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.3390/genes12030384
https://doi.org/10.1126/sciene.abg0821
https://doi.org/10.1126/sciene.abg0821
https://virological.org/t/issues-with-sars-cov-2-sequencing-data/473
https://virological.org/t/issues-with-sars-cov-2-sequencing-data/473
https://doi.org/10.1016/j.celrep.2021.110205
https://doi.org/10.1070/qe1980v010n03abeh009978
https://doi.org/10.1070/qe1980v010n03abeh009978
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.21105/joss.03773
https://doi.org/10.1002/pro.4792
https://doi.org/10.1126/science.abf6950
https://doi.org/10.1126/science.abf6950
https://doi.org/10.1093/ve/veac104
https://doi.org/10.1038/s41586-023-06649-6
https://doi.org/10.1038/s41586-023-06649-6
https://doi.org/10.1038/s41467-022-30163-4
https://doi.org/10.1038/s41467-022-30163-4
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.jcv.2023.105382
https://doi.org/10.1016/j.jcv.2023.105382


Page 13 of 13Feng et al. Virology Journal          (2024) 21:105  

 34. Liu Z, VanBlargan LA, Bloyet L-M, Rothlauf PW, Chen RE, Stumpf S, Zhao 
H, Errico JM, Theel ES, Liebeskind MJ, et al. Identification of SARS-CoV-2 
spike mutations that attenuate monoclonal and serum antibody neutrali-
zation. Cell Host Microbe. 2021;29:477-488.e4. https:// doi. org/ 10. 1016/j. 
chom. 2021. 01. 014.

 35. Morita R, Kubota-Koketsu R, Lu X, Sasaki T, Nakayama EE, Liu Y, Okuzaki D, 
Motooka D, Wing JB, Fujikawa Y, et al. COVID-19 relapse associated with 
SARS-CoV-2 evasion from  CD4+ T-cell recognition in an agammaglobu-
linemia patient. iScience. 2023;26:106685. https:// doi. org/ 10. 1016/j. isci. 
2023. 106685.

 36. Hensley MK, Bain WG, Jacobs J, Nambulli S, Parikh U, Cillo A, Staines B, 
Heaps A, Sobolewski MD, Rennick LJ, et al. Intractable coronavirus disease 
2019 (COVID-19) and prolonged severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) replication in a chimeric antigen receptor-modi-
fied t-cell therapy recipient: a case study. Clin Infect Dis. 2021;73:e815–21. 
https:// doi. org/ 10. 1093/ cid/ ciab0 72.

 37. Suryadevara N, Shrihari S, Gilchuk P, VanBlargan LA, Binshtein E, Zost SJ, 
Nargi RS, Sutton RE, Winkler ES, Chen EC, et al. Neutralizing and protective 
human monoclonal antibodies recognizing the N-terminal domain of the 
SARS-CoV-2 spike protein. Cell. 2021;184:2316-2331.e15. https:// doi. org/ 
10. 1016/j. cell. 2021. 03. 029.

 38. Nussenblatt V, Roder AE, Das S, de Wit E, Youn J-H, Banakis S, Mushegian 
A, Mederos C, Wang W, Chung M, et al. Yearlong COVID-19 infection 
reveals within-host evolution of SARS-CoV-2 in a patient with B-cell 
depletion. J Infect Dis. 2022;225:1118–23. https:// doi. org/ 10. 1093/ infdis/ 
jiab6 22.

 39. Díaz Y, Ortiz A, Weeden A, Castillo D, González C, Moreno B, Martínez-
Montero M, Castillo M, Vasquez G, Sáenz L, et al. SARS-CoV-2 reinfection 
with a virus harboring mutation in the spike and the nucleocapsid 
proteins in Panama. Int J Infect Dis. 2021;108:588–91. https:// doi. org/ 10. 
1016/j. ijid. 2021. 06. 004.

 40. Shoji K, Suzuki A, Okamoto M, Tsinda EK, Sugawara N, Sasaki M, Nogami 
Y, Kobayashi M, Oshitani H, Yanai M. Prolonged shedding of infectious 
viruses with haplotype switches of SARS-CoV-2 in an immunocompro-
mised patient. J Infect Chemother. 2022;28:1001–4. https:// doi. org/ 10. 
1016/j. jiac. 2022. 04. 004.

 41. Cox M, Peacock TP, Harvey WT, Hughes J, Wright DW, Willett BJ, Thomson 
E, Gupta RK, Peacock SJ, Robertson DL, et al. SARS-CoV-2 variant evasion 
of monoclonal antibodies based on in vitro studies. Nat Rev Microbiol. 
2023;21:112–24. https:// doi. org/ 10. 1038/ s41579- 022- 00809-7.

 42. McCallum M, De Marco A, Lempp FA, Tortorici MA, Pinto D, Walls AC, Belt-
ramello M, Chen A, Liu Z, Zatta F, et al. N-terminal domain antigenic map-
ping reveals a site of vulnerability for SARS-CoV-2. Cell. 2021;184:2332-
2347.e16. https:// doi. org/ 10. 1016/j. cell. 2021. 03. 028.

 43. Ito J, Suzuki R, Uriu K, Itakura Y, Zahradnik J, Kimura KT, Deguchi S, Wang 
L, Lytras S, Tamura T, et al. Convergent evolution of SARS-CoV-2 Omicron 
subvariants leading to the emergence of BQ.1.1 variant. Nat Commun. 
2023;14:2671. https:// doi. org/ 10. 1038/ s41467- 023- 38188-z.

 44. Cao Y, Jian F, Wang J, Yu Y, Song W, Yisimayi A, Wang J, An R, Chen X, 
Zhang N, et al. Imprinted SARS-CoV-2 humoral immunity induces conver-
gent Omicron RBD evolution. Nature. 2023;614:521–9. https:// doi. org/ 10. 
1038/ s41586- 022- 05644-7.

 45. Kabinger F, Stiller C, Schmitzová J, Dienemann C, Kokic G, Hillen HS, 
Höbartner C, Cramer P. Mechanism of molnupiravir-induced SARS-CoV-2 
mutagenesis. Nat Struct Mol Biol. 2021;28:740–6. https:// doi. org/ 10. 1038/ 
s41594- 021- 00651-0.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.isci.2023.106685
https://doi.org/10.1016/j.isci.2023.106685
https://doi.org/10.1093/cid/ciab072
https://doi.org/10.1016/j.cell.2021.03.029
https://doi.org/10.1016/j.cell.2021.03.029
https://doi.org/10.1093/infdis/jiab622
https://doi.org/10.1093/infdis/jiab622
https://doi.org/10.1016/j.ijid.2021.06.004
https://doi.org/10.1016/j.ijid.2021.06.004
https://doi.org/10.1016/j.jiac.2022.04.004
https://doi.org/10.1016/j.jiac.2022.04.004
https://doi.org/10.1038/s41579-022-00809-7
https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1038/s41467-023-38188-z
https://doi.org/10.1038/s41586-022-05644-7
https://doi.org/10.1038/s41586-022-05644-7
https://doi.org/10.1038/s41594-021-00651-0
https://doi.org/10.1038/s41594-021-00651-0

	Evidence of SARS-CoV-2 convergent evolution in immunosuppressed patients treated with antiviral therapies
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Sample collection
	Sample processing, extraction, and sequencing methods
	Sequencing data analysis
	Patient and community viral lineages comparison
	Spike protein structure visualization

	Results
	Evaluating SARS-CoV-2 viral lineages in 192 patient samples
	Criteria for sample filtering for accurate iSNV identification
	Levels of SARS-CoV-2 genetic diversity and variability are higher in hospitalized and immunosuppressed patients
	A subset of immunosuppressed patients accumulated multiple major mutations over time with a focus on ORF1a and spike convergent mutation sites
	Specific therapies were associated with the accumulation of convergent spike mutations in immunosuppressed patients

	Discussion
	Conclusions
	Acknowledgements
	References


