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a b s t r a c t 

Objectives: Intra-host SARS-CoV-2 evolution during chronic infection in immunocompromised hosts has 

been suggested as being the possible trigger of the emergence of new variants. Methods: Using a deep 

sequencing approach, we investigated the SARS-CoV-2 intra-host genetic evolution in a patient with HIV 

over a period of 109 days. Results: Sequencing of nasopharyngeal swabs at three time points demon- 

strated dynamic changes in the viral population, with the emergence of 26 amino acid mutations and 

two deletions, 57% of them in the Spike protein. Such a combination of mutations has never been ob- 

served in other SARS-CoV-2 lineages detected so far. Conclusion: Our data confirm that persistent infec- 

tion in certain immunocompromised individuals for a long time may favor the dangerous emergence of 

new SARS-CoV-2 variants with immune evasion properties. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 
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During the SARS-CoV-2 pandemic, several cases of pro- 

onged infections were reported in immunosuppressed patients 

 Dolan et al., 2021 ). Most of these cases revealed an intra-host 

iral evolution, which allows the virus to accumulate mutations 

aster than during normal inter-host transmission ( Avanzato et al., 

020 ; Leung et al., 2022 ). During these prolonged infections, SARS- 

oV-2 can acquire mutations at key epitopes in the Spike (S) pro- 

ein, potentially affecting virus replication, infectivity, and anti- 

enicity, which are common to the variants of concern (VOCs) 

 European Centre for Disease Prevention and Control, 2022 ). Al- 

hough the mechanisms underlying the emergence of new vari- 

nts are still widely discussed, accelerated viral evolution in im- 

unocompromised patients seems to be involved in the genesis of 

OCs, as suggested for the Alpha variant ( Hill et al., 2022. ). This
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ay also have been the case for the more recent Omicron variant, 

hose excess number of mutations in the S gene suggests it may 

ave originated in a patient with immunocompromised conditions 

hronically infected with SARS-CoV-2 ( Ma et al., 2022 ). 

In this study, we performed an in-depth analysis of the com- 

lete genome of SARS-CoV-2 collected at three different time 

oints from a patient with HIV over a period of 109 days. 

ethods 

ase description 

A patient was diagnosed HIV-1 positive with AIDS and wasting 

yndrome in October 2006. Antiretroviral therapy (ART) was im- 

ediately started with azidothymidine (AZT) + 3TC + nevirapine 

hen the clinical picture was characterized by a CD4 count of 52 

ells/ml and an HIV-1 load (VL) of 83,157 cv/ml. In March 2007, 

he CD4 count was 184 cells/ml, and VL was 141 cv/ml, but after 

 few months, the patient interrupted the therapy, and the CD4 

ount dropped to 5 cells/ml, with a VL greater than 50 0,0 0 0 on

eptember 12, 2007. The patient restarted and interrupted 
ty for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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ZT + Abacavir + Lopinavir treatment several times from 2007 to 

020. On November 5, 2020, the patient tested positive for SARS- 

oV-2 by real-time reverse transcription–PCR (rRT-PCR) (Allplex TM 

ARS-CoV-2 Assay, Seegene Inc., Seoul, Korea) and the nasopharyn- 

eal swabs collected on 15, 22, and 30 November 2020 still con- 

rmed the presence of SARS-CoV-2 infection. During this time, the 

atient was not under any ART therapy, and clinical data regard- 

ng this period are lacking. On June 5, 2021 (time point one), the 

atient went to the hospital with a mild fever and watery diar- 

hea that had persisted for a few weeks, with a weightloss of 20 

g. Once again, the patient tested positive by rRT-PCR for SARS- 

oV-2, and blood tests demonstrated a very low CD4 count (3 

ells/ml) and a very high HIV-1 load of 558,0 0 0 cv/ml. ART was

mmediately restarted with Dolutegravir + Abacavir + Lamivudine, 

nd soon after, the patient was discharged on a domestic isola- 

ion regimen. The patient received two doses of SARS-CoV-2 mRNA 

Pfizer) Comirnaty ∗ 195 FL multidose vaccine, the first on June 3, 

021, and the second on July 9, 2021. Testing for SARS-CoV-2 was 

erformed on June 28, 2021 (time point two), and on Septem- 

er 22, 2021 (time point three), with the patient still resulting 

ositive. 

The patient was treated with monoclonal antibodies (Bam- 

anizumab 700 mg + Etesivimab 1400 mg ev) on September 30, 

021. 

NA extraction, next-generation sequencing, and bioinformatics 

nalysis 

RNA purification was performed on the three nasopharyngeal 

wabs using the QIAamp Viral RNA kit (Qiagen) according to the 

anufacturer’s protocol. The RNA from each sample was reverse 

ranscribed using the LunaScript RT SuperMix (New England Bi- 

labs), and 5 μL of cDNA was amplified with the ARTIC primer 

et (ARTIC nCoV-2019 V3 Panel, Integrated DNA Technologies) and 

he Q5 Hot Start High Fidelity DNA Polymerase (New England Bi- 

labs). The following conditions were used: 98 °C for 30 seconds, 

5 °C for 15 seconds, and 63 °C for 5 minutes (35-40 cycles), with

 4 °C holding step. Amplicons were purified using 0.8x AMPure 

P beads (Beckman Coulter) and quantified using the Qubit ds- 

NA HS Assay kit (ThermoFisher Scientific). Libraries were pre- 

ared with the Illumina DNA Prep kit (Illumina) according to the 

anufacturer’s instructions, and quality was checked using the 

ioanalyzer High Sensitivity DNA kit (Agilent Technologies). Li- 

raries were sequenced on Illumina platforms in 150 paired-end 

ode. Read quality was assessed using FastQC ( Andrews, 2010 ). 

utadapt ( Martin, 2011 ) was employed to perform quality filtering 

nd adapter trimming. Reads were aligned against the Wuhan-Hu- 

 SARS-CoV-2 genome (GenBank accession number NC_045512.2 ) 

sing BWA-MEM ( Li, 2013 ). iVar ( Grubaugh et al., 2019 ) was used

o remove PCR primers. GATK4 ( Van der Auwera et al., 2020 ) was

sed to correct potential errors, improve alignment and recalibrate 

ase quality. Variants call was performed with LoFreq ∗ ( Wilm et al., 

012 ). Consensus sequences were produced with a script devel- 

ped in-house. Single nucleotide polymorphisms and indels with 

 frequency > 50% were reported in the consensus, whereas posi- 

ions with a coverage < 10 were masked with the letter N, which 

ndicates any base according to the International Union of Pure and 

pplied Chemistry annotation. 

esults 

SARS-CoV-2 sequencing was performed on nasopharyngeal 

wabs collected from the patient on time points one (June 5, 2021), 

wo (June 28, 2021), and three (September 22, 2021). Unfortu- 

ately, they were the only samples available for sequencing at the 
445 
ime of writing. The raw data are available on NCBI Sequence Read 

rchive with accession number PRJNA837407 and consensus se- 

uences were deposited in the Global Initiative on Sharing All In- 

uenza Data under the following ID: EPI_ISL_2927997 (time point 

ne), EPI_ISL_3006795 (time point two) and EPI_ISL_4 96 8925 

time point three). All the samples produced high-quality data, 

ielding the near-complete genome. Specifically, we obtained 

,784,831 SARS-CoV-2 reads for time point one, 1,608,528 for time 

oint two, and 3,223,925 for time point three, which allowed us 

o produce respectively 99.73%, 99.46%, and 99.67% of the genome, 

ith an average coverage of 7,806X for time point one, 6,599X for 

ime point two and 14,140X for time point three ( Figure 1 A). These

equences formed a monophyletic group within the AH.3 lineage 

Pangolin v4.0.6, pangolin-data version v1.8, O’Toole et al., 2021 ), 

 lineage that has been circulating in a few European countries 

ince the second half of October 2020 ( Figure 1 C). They showed 

4-26 amino acid substitutions compared with the Wuhan-Hu- 

 reference sequence (GenBank accession number NC_045512.2 ), 

0 of which are distinctive of the AH.3 lineage ( Figure 1 B). Over

09 days, 35 nucleotide positions underwent mutations, 26 result- 

ng in amino acid changes, and two different deletions appeared 

 Figure 2 ). Among protein-coding changes, eight were observed in 

pen Reading Frame 1ab (ORF1ab), 16 in S protein (14 mutations 

nd two deletions), one in ORF3a, one in Membrane (M) protein, 

nd two in Nucleocapsid (N) protein. Similarly to what is reported 

n other studies ( Leung et al., 2022 ; Weigang et al., 2021 ), sev-

ral amino acid changes arising from such intra-host viral evolu- 

ion have also been observed in VOCs and/or have been associ- 

ted with effects on viral fitness. The S13I mutation in the S pro- 

ein, for example, is typical of the Epsilon variant and is responsi- 

le for a marked reduction in the binding of N-terminal domain- 

irected neutralizing antibodies in vitro ( McCallum et al., 2021 ). 

imilarly, del144 , peculiar to the Alpha variant, is believed to ease 

ntibody resistance ( Wang et al., 2021 ). Although del242/246 has 

either been associated with any VOC nor with other particular 

iological effects, it should be highlighted that deletions in this 

egion of the S protein have been associated with the alteration 

f the epitope structure and consequently a reduced immunore- 

ctivity ( Klinakis et al., 2021 ). Remarkably, at residue E484, we 

bserved the appearance of E484A mutation at time point two 

nd E484K at time point three, although E484A continued to be 

resent at a lower frequency (20%) ( Figure 1 D). E484 is a cru- 

ial residue, as substitutions at this position have been noticed in 

any rapidly spreading VOCs ( Laurini et al., 2021 ) and are asso- 

iated with reduced sensitivity to neutralization by convalescent 

uman sera ( Liu et al., 2021 ). In addition, it is worth mention-

ng that the E484A mutation, typical of the Omicron variant, de- 

ected in the sample collected on June 28, 2021 (time point two), 

ad never been observed in Italy. Two other mutations in the 

eceptor-binding domain, F490L, and S494P , are respectively linked 

o a reduced neutralization sensitivity and an increased binding 

o angiotensin-converting enzyme 2, thereby increasing overall vi- 

al virulence ( Chakraborty, 2021 ; Li et al., 2020 ). Focusing on the 

7 nucleotide positions where the three consensus sequences dif- 

ered (35 mutations and two deletions), we found that 95% of the 

bserved mutations/deletions were present as minority variants 

ven in samples where they were not detected at the consensus 

evel ( Figure 2 ). For example, mutations F4 90L, S4 94P, and Q677K 

n the S protein were present with a frequency of 89.70-89.79% 

t time point one, then dropped to a frequency of 16.43-18.51% 

t time point two and returned to be the prevalent mutation 

with a frequency of 63.57-89.02%) at time point three ( Figure 1 D). 

his observation suggests that a mixed population was present in 

he patient as early as time point one. Unfortunately, the lack of 

equences from previous samples makes it impossible to deter- 

ine whether these multiple variants may have resulted from pre- 
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Figure 1. SARS-CoV-2 mutation accumulation during chronic infection in a patient with HIV over 109 days. (A) Genome coverage profiles for the three nasopharyngeal swabs 

analyzed in this study. Y-axis is in logarithmic scale. (B) Schematic representation of amino acid mutations found in patient swabs compared with the Wuhan-Hu-1 reference 

sequence (GenBank accession number NC_045512.2 ). The heatmap summarizes the variant frequencies; bordered squares represent consensus mutations (frequency > 50%), 

and the mutations written in blue are those typical of the AH.3 lineage. (C) Phylogenetic analysis of the sequences obtained from patient swabs at the three time points. The 

sequences were aligned to a set of representative SARS-CoV-2 genome sequences belonging to AH.3 lineage and the main lineages and VOCs identified so far. The maximum- 

likelihood phylogenetic tree was constructed with IQ-TREE (GTR + F + R2) and rooted on the Wuhan-Hu-1 reference genome. Ultra-fast bootstrap supports are indicated above 

the nodes. (D) Histograms representing the amino acid frequency at the positions that differ between the three time points. Amino acids are indicated above the columns 

for each position. VOCs = variants of concern. 
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Figure 2. Genome variants identified in nasopharyngeal swabs collected from the patient at three time points in comparison to the Wuhan-Hu-1 reference sequence (Gen- 

Bank accession number NC_045512.2 ) in the nucleotide positions that differed between the three consensus sequences. When present, amino acid mutations are indicated. 

The rectangle marks two different mutations present at the same nucleotide position (26,767; Membrane protein). 
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xisting co-infection or intra-host virus evolution of a single virus 

train. 

onclusion 

Through the ultra-deep sequencing of the SARS-CoV-2 popula- 

ion at multiple time points, we demonstrated that a highly di- 

ergent variant could rapidly emerge in an HIV-positive patient 

ith SARS-CoV-2 persistent infection. In less than four months, 

he virus accumulated 26 amino acid mutations and two dele- 

ions, 57% of which were located in the S protein. Many of these 

utations are involved in SARS-CoV-2 ability to evade recognition 

y the immune system and are indeed found in the major VOCs. 

he depletion of CD4 unfitted the patient for clearing SARS-CoV-2. 

his case, added to the ones previously reported ( Avanzato et al., 

020 ; Leung et al., 2022 ), highlights the crucial role of SARS-CoV- 

-positive patients with HIV and low CD4 count as possible sources 

f new variants. 
447 
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