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Abstract 

Background  SARS-CoV-2 is responsible for the ongoing global pandemic, and the continuous emergence of novel 
variants threatens fragile populations, such as immunocompromised patients. This subgroup of patients seems to be 
seriously affected by intrahost viral changes, as the pathogens, which are keen to cause replication inefficiency, affect 
the impaired immune system, preventing efficient clearance of the virus. Therefore, these patients may represent 
an optimal reservoir for the development of new circulating SARS-CoV-2 variants. The following study aimed to inves-
tigate genomic changes in SARS-CoV-2-positive immunocompromised patients over time.

Methods  SARS-CoV-2-positive nasopharyngeal swabs were collected at different time points for each patient 
(patient A and patient B), extracted and then analyzed through next-generation sequencing (NGS). The resulting 
sequences were examined to determine mutation frequencies, describing viral evolution over time.

Case presentation  Patient A was a 53-year-old patient with onco-hematological disease with prolonged infection 
lasting for 51 days from May 28th to July 18th, 2022. Three confirmed SARS-CoV-2-positive samples were collected 
on May 28th, June 15th and July 4th. Patient B was 75 years old and had onco-hematological disease with prolonged 
infection lasting for 146 days. Two confirmed positive SARS-CoV-2 samples were collected at the following time 
points: May 21st and August 18th.

Conclusion  Heat map construction provided evidence of gain and/or loss of mutations over time for both patients, 
suggesting within-host genomic evolution of the virus. In addition, mutation polymorphisms and changes 
in the SARS-CoV-2 lineage were observed in Patient B. Sequence analysis revealed high mutational pattern variability, 
reflecting the high complexity of viral replication dynamics in fragile patients.
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Introduction
Since its first appearance in 2019, SARS-CoV-2 has con-
tinued to spread and evolve worldwide, showing impor-
tant genetic changes which have allowed the emergence 
of new variants of concern (VOCs). These factors still 
have a significant impact on the management of the 
COVID-19 pandemic, as they often provide new viral 
adaptation skills, such as potential increases in transmis-
sibility, escape from both natural and vaccine-induced 
immunity and decreased sensitivity to monoclonal anti-
body therapies [1, 2]. Despite newly acquired features, the 
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origin of SARS-CoV-2 variants has not yet been defined 
due to numerous factors involved in infectious mecha-
nisms, including a high rate of RNA replication error, 
viral load, disease severity, disease progression, treat-
ment outcome, drug resistance and cell tropism [3, 4]. It 
has been reported that SARS-CoV-2 has a similar rate of 
mutation to other coronaviruses, such as SARS-CoV and 
MERS-CoV [5], for which within-host diversity was also 
reported in infected patients during these viral outbreaks 
[6]. Several hypotheses have been raised regarding the 
origin of highly divergent SARS-COV-2 variants, namely, 
undetected circulation in some geographical regions, a 
zoonotic origin, and emergence in immunocompromised 
patients with prolonged SARS-CoV-2 infections [7, 8]. 
Notably, it is very hard to definitively prove any of these 
hypotheses. Understanding of the dynamics of these 
infections and how they correlate with global evolution-
ary patterns would be of great interest but mostly relies 
on isolated case reports [7, 9]. One of the most efficient 
practices for carrying out such research is next-genera-
tion sequencing. In addition to its main role in outbreak 
investigations and studies on drug resistance, NGS pro-
vides deep analysis of viral genetic sequences for the 
determination of intrahost viral population complexity 
for a large plethora of pathogens [10] because of the pro-
duction of high-information data outputs.

The present study investigated within-host SARS-
CoV-2 variability in nasopharyngeal swabs from two 
different immunocompromised patients with persistent 
COVID-19 hospitalized at the IRCCS Azienda Ospe-
daliero-Universitaria di Bologna during 2022. Genomic 
analyses were conducted using NGS technology coupled 
with bioinformatic tools to establish the course of viral 
evolution in patients with prolonged disease and to study  
the occurrence of specific mutations.

Methods
This study was conducted at the Center of Regional Ref-
erence for Microbiological Emergences (CRREM) labo-
ratory, IRCCS Azienda Ospedaliero-Universitaria di 
Bologna, Italy. Patients were selected based on clinician 
requests for SARS-CoV-2 variants to establish appropri-
ate medical treatment. Samples were collected anony-
mously and traced with unique internal codes from the 
post diagnostic phase. Sequencing was performed both 
for informational purposes for clinicians with patients 
in care and in the broader context of territorial monitor-
ing of SARS-CoV-2 circulation. Requirements for sample 
analysis were based on Cycle threshold (Ct) values < 30, 
when possible, for at least one or more target genes, 
depending on the diagnostic assay (Allplex SARS-CoV-2 
Assay, Seegene, Simplexa COVID-19 Direct, Diasorin, 
Xpert Xpress COV-2, Cepheid).

Patient A was a 53-year-old patient with onco-hema-
tological disease with prolonged infection lasting for 
51  days from May 28th to July 18th, 2022. Confirmed 
SARS-CoV-2-positive samples were collected at three 
time points: on May 28th (day 1, Ct: 21), June 15th (day 
19, Ct: 22) and July 4th (day 38, Ct: 22) (Additional file 1).

Patient B was 75  years old and had onco-hematologi-
cal disease with prolonged infection lasting for 146 days. 
The first positivity was reported on April 23rd, 2022, 
with an antigen test (not available), while the last positive 
molecular swab was reported on September 16th, 2022. 
The last nasopharyngeal swab tested negative on October 
11th. Two confirmed positive SARS-CoV-2 samples were 
collected at the following time points: May 21st (day 1, 
Ct: 29) and August 18th (day 86, Ct: 22) (see Additional 
file 2).

SARS-CoV-2 viral RNA was extracted from naso-
pharyngeal swabs using a manual QIAamp RNA viral kit 
(QIAGEN, Hilden, Germany). For both Patient A and B, 
all selected SARS-CoV-2positive samples were extracted 
and subjected to whole-genome sequencing analysis via 
next-generation sequencing (NGS) technology (Illumina). 
Libraries were prepared according to the Illumina COV-
IDSeq assay (96 samples) library preparation kit (Illu-
mina, USA) following an amplicon-based approach. The 
libraries were quantified using a Qubit dsDNA High Sen-
sitivity (Thermo Fisher Scientific, USA) assay kit accord-
ing to the manufacturer’s protocol. Then, the libraries 
were loaded and sequenced using an Illumina MiSeq 
system. The sequencing results of the FASTQ files were 
analyzed by BaseSpace Onsite Hub software through the 
DRAGEN COVID Lineages Application tool (Illumina). 
This approach allowed sequence trimming and alignment 
of consensus sequences to the SARS-CoV-2 reference 
genome (NC_045512) to determine variant lineages and 
clades using the Pangolin and NextClade algorithms.

To monitor the accumulation of mutations throughout 
the whole genome over time, FAST-Q files were submit-
ted to the Stanford SARS-CoV-2 analysis software to 
produce CodFreq files [11] using the provided pipeline 
with default settings [12]. CodFreq files were uploaded 
to the Input Sequence Reads section [13] and run with 
default output settings (minimum read depth ≥ 10; 
nucleotide mixture threshold ≤ 0.05%; mutation detec-
tion threshold ≥ 10%; see Additional files 3 and 4). Out-
put tables were processed by a custom R-Script (RStudio, 
version 4.2.2; see Additional files 5 and 6) to compare 
the frequency percentages of a given mutation between 
the various time points, providing a representation of 
the results through heat maps. The relevant mutations 
resulting from the analysis were selected if the minimum 
allele frequency (MAF) was greater than 5% between at 
least two different time points [4, 14, 15]. A phylogenetic 
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analysis of 201 SARS-CoV-2 sequences collected in 2022 
was performed. Consensus sequences were first aligned 
to SARS-CoV-2 reference (NC_045512) with Unipro 
UGENE MUSCLE Alignment tool (v44.0) and a Maxi-
mum Likelihood tree was constructed with IQ-Tree web 
server [16]. The best-fitting substitution model was auto-
matically determined (TIM + F + I chosen according to 
Bayesian Information Criterion, BIC) and the tree was 
calculated with 1000 bootstrap replicates. Branch sup-
port was approximated using the Shimodaira–Hasegawa 
[SH]-aLRT method (1000 replicates). The tree was rooted 
to the reference sequence NC_045512 and its visualiza-
tion was realized with iTOL Interactive Tree of Life [17].

Case presentation
Patient A
Patient A was a 53-year-old patient with onco-hema-
tological disease with prolonged infection lasting for 
51 days (Fig. 1).

Analyses of consensus sequences at three longitudinally 
collected time points (day 1, day 19 and day 38) indicated 
that the virus strains belonged to BA.2 Omicron lineage. 
Day 1 was collected on May 28th, day 19 on June 15th 
and day 38 on July 4th, 2022.

The consensus sequences from the day 1 sample pre-
sented 55 mutations (29 of which were located within 
the S gene) compared to the Wuhan-1 reference strain, 
while in the day 19 and day 38 samples, 54 mutations 

(27 located in the S gene) were detected in compari-
son to the reference strain. Overall, the vast majority of 
mutations that occurred throughout day 1 (mean = 99.5; 

σ= 0.69), day 19 (mean= 99.2;σ  = 0.64) and day 38 
(mean= 99.4;  σ= 0.80) did not present high variabil-
ity over time, with some notable exceptions (Fig.  2). 
The comparison of consensus sequences over the three 
time points revealed that two de novo mutations in the 
RdRP gene, A685S and M794I, emerged at the last time 
point (day 38) with a frequency of 62.4% and 95.4%, 
respectively, suggesting a within-host viral evolution 
attempt. Both the mutations are not common in SARS-
CoV-2 Omicron variants [18]. A slight increasing trend 
in the frequency of R408S in the S gene (25.2% on day 
1, 30.6% on day 19 and 31.1% on day 38) and of Q19E in 
the M gene (80.6% on day 1, 92.0% on day 19 and 91.3% 
on day 38) was recorded. Both these mutations then 
emerged as high prevalent in successive Omicron line-
ages in the global population [18]. Conversely, S99del 
and F100del mutations in the M gene showed variabil-
ity in their frequency, with a total absence on day 1 and 
day 38 and a low frequency on day 19 (11.2% and 10.9%, 
respectively). K417N and N440K mutations in the S 
gene, common in several Omicron variants [18], were 
detected only on day 1 (frequency > 99%) and then dis-
appeared on following days 19 and 38 (Table 1).

Fig. 1  Evolution of prolonged SARS-CoV-2 infection in Patient A. The blue line represents the trend of viral load based on Ct values, while black 
points indicate sampling days. The dotted and dashed black lines mark the thresholds for which the swab was considered negative (Ct > 42); 
samples with 40 < Ct < 42 were considered to have low positivity. The dashed red lines indicate the time points selected for sequencing analysis
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Patient B
Patient B was 75 years old with onco-hematological dis-
ease experiencing prolonged SARS-CoV-2 infection 
lasting for 146 days. The viral load, very high in the first 
20 days and then gradually decreasing, showed a swing-
ing trend (Fig. 3). Two nasopharyngeal samples collected 
on May 22nd, 2022 (day 1) and on August 18th, 2022 (day 
86) were sequenced and analyzed.

The consensus sequences produced by NGS allowed 
the identification of two different Omicron subline-
ages at two different time points: the BA.2 lineage was 
assigned to sample from day 1, while the day 86 sam-
ple was recognized as the BA.2.1 lineage. These results 
may indicate the occurrence of an intrahost evolu-
tion of SARS-CoV-2. Compared to reference strain 
sequence, a total of 55 mutations were detected in 
samples collected on day 1, 31 of which were in the S 
gene. On the other hand, 61 mutations were detected 

Fig. 2  Heat map showing mutation frequencies in longitudinally collected Patient A samples. Genes and mutations are reported on the x-axis 
with “gene: mutation” wording, while time points are on the y-axis. The frequency is displayed through a color gradient ranging from light blue 
(for low mutations) to dark blue (for high mutations). A Heat map showing that the general representation of the detected mutations allows 
the discrimination of sites with low variability from those with high variability in mutation frequency. B Mutations presenting greater intrahost 
variability (MAF > 5% between at least two different time points) throughout three longitudinally collected samples from the same individual

Table 1  Mutation frequency (%) in SARS-CoV-2 genome 
sequences collected at three time points from Patient A

Mutations were selected considering a minimum variation of 5% (minimum 
allele frequency cutoff value) between at least two samples

Gene Mutation Day 1 (%) Day 19 (%) Day 38 (%)

M Q19E 80.6 92.0 91.3

M S99del 0 11.2 0

M F100del 0 10.9 0

RdRP A685S 0 0 62.4

RdRP M794I 0 0 95.4

S R408S 25.2 30.6 31.1

S K417N 99.0 0 0

S N440K 100 0 0
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in day 86 samples, 34 of which were inside the S gene. 
Overall, the vast majority of mutations that occurred 
throughout day 1 (mean = 99.6;  σ= 0.42) and day 86 
(mean = 99.7;  σ= 0.33) did not present high variability 
over time, with some notable exceptions. To investigate 
the temporal evolution of viral populations between the 
two time points, the frequency of genomic variations 
during 146 days of infection was analyzed (Fig. 4).

Compared to the first collected sample (day 1), in the 
sample collected on day 86, 10 de novo mutations have 
arisen: T35I in nsp9; Y324C in nsp13; P217H, N440K, 
K444N, L455F, V642G, and D1153Y in the S gene; T30I 
in the E gene and A182V in the N gene. For each muta-
tion, the frequency on day 1 was 0%, while the fre-
quency on day 86 was > 80% (Table  2). The mutations 
Q19E in E protein and R408S in S protein have been 
shown to increase their frequency over time, from 43.9 
to 90.6% and from 24.7 to 32.9, respectively (Table 2).

Four de novo deletions in S protein (F374del, S375del, 
T376del and Y144del) emerged in the sample collected at 
day 86 (Table 2).

Most of these mutations and deletions are considered 
very rare and have not been subsequently seen at high 
prevalence in the global population [18]. The only muta-
tions that were found at high prevalence in global popu-
lation were N440K and R408S in S protein together with 
Q19E in M protein (Table 2) [18].

Furthermore, by comparing the two time points, we 
also observed the disappearance of four mutations pre-
sent on day 1 but not on day 86: F694Y in the RdRP gene 
(from 18.4% to 0%) and S256L, P463R, and S1147L in the 
S gene. (Table 2).

Both Patient A and Patient B underwent phylogenetic 
analysis to explore the magnitude of intrahost viral diver-
sity at the reported time points (Fig. 5, Additional files 7, 
8).

Every analyzed sample was located in the correspond-
ing Omicron BA.2 clade, as reported in previous results. 
Phylogenetic analysis revealed within-host viral vari-
ability in both Patient A and Patient B. Specifically, there 
was strong homology between the day 1 and day 19 time 
points for Patient A, while major diversity emerged only 
later on day 38. Similarly, day 1 of Patient B was similar 
to that of Patient A at the first time points (day 1 and day 
19), as they were classified as BA.2 Omicron lineage but 
an important viral evolution was discovered on day 86, 
which is also considered a SARS-CoV-2 lineage switch 
from BA.2 to BA.2.1.

Conclusion
Since its first appearance, the viral genome of SARS-
CoV-2 has undergone consistent changes because of 
both natural selection occurring during infection and the 
effect of the immune system. Consequentially, the emer-
gence of new variants has been globally documented 

Fig. 3  Evolution of prolonged SARS-CoV-2 infection in Patient B. The blue line represents the trend of infection based on the E gene Ct values 
reported in the diagnostic center, while the black points indicate sampling days. The dotted and dashed black lines mark the thresholds for which 
the swab was considered negative (Ct > 42); samples with 40 < Ct < 42 were considered to have low positivity. The dashed red lines indicate the time 
points selected for genomic analyses
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throughout the pandemic. A leading and widely dis-
cussed hypothesis suggested the prolonged infection in 
immunocompromised patients as the potential source of 
new variants contributing to global spread [19, 20]. The 
current study provided insight into the potential within-
host evolution of SARS-CoV-2 in two immunocompro-
mised patients, Patient A and Patient B, with prolonged 
infection lasting for 51 and 146 days, respectively, and as 
in other numerous case reports, we also can provide doc-
umentation of mutations accumulation over time, mostly 
in spike.

The analysis of viral genomic sequences in different 
samples collected longitudinally, suggested the pos-
sibility of the emergence of new mutations inside the 

immunocompromised host that only rarely are then 
found at high prevalence in the general population. 
We observed the emergence of several de novo muta-
tions that are non-shared between the two patients: 
T35I in nsp9; Y324C in nsp13; P217H, S256L, K444N, 
L455F, V642G, and D1153Y in S; T30I in E; A182V in 
N; A685S and M794I in RdRP. Most of these muta-
tions are considered very rare, arising most probably 
under therapeutical pressure and that have not been 
subsequently seen at high prevalence in the global 
population. For instance, K444N and L455F in S have 
been associated with reduced susceptibility to sev-
eral monoclonal antibodies [20–24], and T30I in E 
has been indicated as a potential marker of long-term 
SARS-CoV-2 infections, being one of the most frequent 

Fig. 4  Heatmap showing mutation frequencies in longitudinally collected Patient B samples. Genes and mutations are reported on the x-axis 
with “gene: mutation” wording, while time points are on the y-axis. The frequency is displayed through a color gradient from light blue 
for low-frequency mutations to dark blue for high-frequency mutations. A Heat map showing that the general representation of the detected 
mutations allows the discrimination of sites with low variability from those with high variability in mutation frequency. B Mutations presenting 
greater intrahost variability (MAF > 5% between at least two different time points) throughout two longitudinally collected samples from the same 
individual
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occurring arising mutation in persistent infection in 
immunocompromised patients but is absent from the 
global phylogeny [25]. On the other hand, N440K is a 
well-known region binding domain (RBD) mutation 
frequently observed in several Omicron lineages [26] 
and is associated to a better viral fitness by improving 
the binding to the human ACE2 receptor [27]. N440K 
was observed to disappear over time in Patient A and, 
at contrary, to increase its frequency in Patient B. The 
sudden loss or gain of globally recognized mutations 
in the SARS-CoV-2 Omicron lineages, such as N440K 
(loss in Patient A, gain in Patient B) and K417N (loss 
in Patient A) has yet to be investigated, as it is unclear 

whether these unusual events are random or related to 
unknown mechanisms of adaptation to clinically fragile 
hosts.

In samples from both patients, Q19E in M and R408S 
in S exhibited an increase in frequency over time; both 
these mutations have been detected in subsequent Omi-
cron lineage sequences at high prevalence. Furthermore, 
de novo deletions were identified in spike: F374del, 
S375del, T376del and Y144del. Interestingly, Y144del is 
part of a group of N-terminal domain (NTD) deletions 
between positions 141–146 occurring in the alpha and 
omicron BA.1 and BA.2 variants. These deletions are 
associated with resistance to several NTD-binding neu-
tralizing monoclonal antibodies, although they do not 
appear to reduce the neutralizing activity of plasma from 
convalescent or vaccinated individuals [28, 29]. However, 
the presence of Y144del in BA.2 has not been broadly 
reported, although is common subsequently in XBB 
lineages.

Despite the promising and informative results, our 
study has some limitations. First, we included only 
two immunocompromised patients and only few sam-
ples for each patient could be longitudinally evaluated. 
Second, many clinical and therapeutic data for the two 
patients were not available. These limitations do not 
allow drawing absolute conclusions about findings and, 
therefore, results cannot be generalized.

Nevertheless, description of the mutational trend in 
these two immunocompromised patients, together to 
other case reports and broader cohort of patients, may 
provide some valid suggestions to elucidate the very 
complex process of virus evolution in immunocompro-
mised patients.

Our data, even if collected from only two patients, are 
in line with results from Raglow Z. et al. obtained from 
a much larger cohort of patients, showing how some 
mutations, mostly in spike but also in other genomic 
regions, are rarely observed in global sequencing data 
but are strongly associated with escape from therapeu-
tics. These observations highlight the complexity and 

Table 2  Mutation frequency (percentage) within two 
time points available for Patient B. Mutations were selected 
considering a minor allele frequency > 5% between at least two 
samples

The data analysis led to the observation of different behaviors in terms of the 
presence or absence of mutations

Gene Mutation Day 1 (%) day8 6 (%)

E T30I 0 82.1

M Q19E 43.9 90.6

N A182V 0 99.3

nsp13 Y324C 0 99.7

nsp9 T35I 0 99.4

RdRP F694Y 18.4 0.0

S Y144del 0 99.6

S P217H 0 99.7

S S256L 99.5 0

S F374del 0 91.2

S S375del 0 99.9

S T376del 0 99.8

S N440K 0 100

S R408S 24.7 32.9

S K444N 0 100

S L455F 0 100

S P463R 10 0

S V642G 0 99.6

S S1147L 99.6 0

S D1153Y 0 99.8
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the importance of an extensive sequencing data moni-
toring with different approaches to provide insights 
into future evolutionary patterns of SARS-CoV-2 [20].
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