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Abstract

Background Primary Immunodeficiency disorders (PID) can increase the risk of severe COVID-19 and prolonged
infection. This study investigates the duration of SARS-CoV-2 excretion and the genetic evolution of the virus in
pediatric PID patients as compared to immunocompetent (IC) patients.

Materials and methods A total of 40 nasopharyngeal and 24 stool samples were obtained from five PID and ten
IC children. RNA detection was performed using RT-gPCR, and whole-genome sequencing was conducted with the
NexSeq 1000 platform. Data analysis used the nextflow/viralrecon pipeline. Hotspot amino acid frequencies were
investigated using GraphPad Prism v10. Phylodynamic analysis was conducted with BEAST software.

Results In IC children, the viral excretion period lasted up to 14 days in nasopharyngeal swabs, with an average
duration of 7 days, and ranged from 7 to 14 days in stool samples. In PID patients, the viral RNA was detected in
nasopharyngeal for periods between 7 and 28 days, with an average duration of 15 days, and up to 28 days in stool
samples. Two SARS-CoV-2 variants were detected in PID patients: Delta (AY.122) and Omicron (BA.1.1). Patients with
antibody and combined deficiencies, exhibited the most prolonged shedding periods in both nasopharyngeal and
stool samples and one patient presented complications and fatal outcome. Specific Hotspot amino acid changes
were detected in PID: A2821V and R550H (ORF1ab).

Conclusion Our findings underscore the prolonged excretion of SARS-CoV-2 RNA in patients with antibody and
combined deficiencies. Thus, specialized care is essential for effectively managing PID patients.
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Introduction

Coronavirus Disease 2019 (COVID-19) is an acute infec-
tious respiratory illness caused by the Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2).
It raised global concern since its emergence in 2019 [1].
SARS-CoV-2 is an enveloped single-stranded positive
RNA virus. Its genome size, of approximately 30 kilobases
(kb), includes 11 genes, that encode for 16 non-structural
proteins, four structural proteins (spike protein (S), enve-
lope protein (E), membrane protein (M) and nucleocap-
sid protein) and nine accessory proteins [2].

Primary immune deficiencies (PID), also known as
inborn errors of immunity (IEI), are a group of genetic
disorders affecting the immune system and resulting
in increased susceptibility to various microorganism
including viruses such as Polioviruses and Enteroviruses
[3, 4]. Thus, the WHO Global Polio Eradication Initia-
tive (GPEI) is, in part, based on poliovirus surveillance in
PID patients [5, 6]. Similarly, PIDs are at heightened risk
of prolonged SARS-CoV-2 excretion and severe COVID-
19 manifestations [7]. The infection may last up to three
months and patients typically require extended peri-
ods to fully clear the SARS-COV-2 [8, 9]. Furthermore,
COVID-19 induces a significantly higher risk of mortal-
ity in immunodeficient (ID) patients, almost 150 times,
greater than IC individuals [10].

Although COVID-19 has affected children less than
adults, with generally more favorable outcomes, it is
essential to highlight the increased vulnerability of ID
children to COVID-19 [11, 12]. Within this population, a
significant subset comprises individuals with PID involv-
ing more than 400 different ID types [13, 14]. The Cen-
ters for Disease Control and Prevention (CDC) [15] has
identified PID as a condition that may increase the risk of
severe COVID-19 and prolonged infection, a finding sup-
ported by various studies [3, 10, 14]. In addition to mild
symptomology, they may exhibit severe symptoms such
as drop of oxygen saturation, respiratory distress, faint-
ing, tachypnea, pulmonary arrest [10, 16, 17]. Moreover,
cardiological signs were reported such as cardiomegaly,
severe cardiac enlargement, heart failure, requiring
hospitalization and admission to an intensive care unit
[10, 16, 17]. Given the prolonged excretion period, ID
patients are at increased risk of developing severe symp-
toms and accumulating significant mutations [18]. This
accumulation, particularly in the Spike gene, could accu-
mulate the evolution and emergence of new SARS-CoV-2
lineages [19, 20]. The accumulated mutations can also
enhance the virus’s ability to evade antibodies, facilitat-
ing escape from the host immune response and conse-
quently promoting its spread within the community [20].

Consistently, it was suggested that the Omicron variant
would have emerged in an immunocompromised patient
after a prolonged period of viral replication [21]. Thus, it
is crucial to track SARS-COV-2 evolution among immu-
nodeficient patients and to investigate the potential effect
of arising mutations for pathogenicity, viral escape and
transmissibility. Furthermore, few studies focused on
SARS-CoV-2 excretion by PID patients [22, 23]. To the
best of our knowledge, only shedding in nasopharyngeal
samples were described with loss of information about
possible fecal excretion.

Tunisia, a country in the Middle East and North Africa
(MENA) region, has a significant rate of consanguineous
marriages within its population. This practice has led to a
high prevalence of autosomal recessive forms of PID [24].
Nevertheless, in Tunisia, COVID-19 infection has been
primarily studied in the general and pediatric popula-
tions, with limited interest for PID patients [25-30].

In this study, we described the SARS-COV-2 shedding
in nasopharyngeal swabs and stool samples from PID
pediatric patients in comparison with immunocompe-
tent children. The genetic evolution and hotspot variable
regions of excreted strains, during the period of shed-
ding, were also investigated.

Materials and methods

Ethics statement

This study was approved by the Bio-Medical Ethics Com-
mittee of Pasteur Institute of Tunis, Tunisia (2020/14/1/
LR16IPT/V1). It was performed under ethical standards
according to the 1964 Declaration of Helsinki and its
later amendments. Informed and written consent was
obtained from the parents or legal tutors of children. All
samples were investigated after de-identification with
respect of patient anonymity.

Patients

This study included fifteen patients, aged 7 months to
14 years, comprising ten immunocompetent (IC) chil-
dren and five pediatric PID patients, all confirmed to
have SARS-COV-2 infection. The inclusion criteria of
IC children were the age of patients under 15 years old
and the period of collected samples was aligned to the
period of obtention of PID samples: 2021-2022. The
IC group included four males and six females, aged
between 7 months and 14 years (median=11.5 years,
average=10.65 years). The PID group comprised four
males and one female, aged between 10 months and 10
years (median=5 vyears, average=5.16 years). The PID
patients were previously investigated at the Laboratory of
Transmission, Control, and Immunobiology of Infections
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at Pasteur Institute of Tunis and followed at the Pediat-
ric Department of the National Center of Bone Marrow
Transplantation (Tunis, Tunisia). Immunological investi-
gation includes phenotypic analysis using a combination
of cell markers, serum immunoglobulin levels measure-
ment, nitroblue tetrazolium test as well as proliferation
assays.

All of patients have primary immunodeficiency (PID)
characterized by antibody and combined deficiencies.
Among them, one patient was diagnosed with X-linked
inhibitor of apoptosis protein (XIAP) deficiency, another
with ataxia-telangiectasia, two patients had agammaglob-
ulinemia and one had hyper-IgM syndrome (Table 1). As
described in Table 1, four patients received intravenous
immunoglobulin (IGIV) and antibioprophylaxy. One
patient underwent hematopoetic stem cell transplanta-
tion (HSCT) two months before contracting COVID-19
and received treatment with immunosuppressants, anti-
virals, antibiotics, and antifungal medications (Table 1).

Table 1 Characteristics of COVID-19 PID cases
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Samples

A total of 40 nasopharyngeal and 24 stool samples were
collected from all included patients. Fifteen nasopha-
ryngeal swabs and ten stool samples were obtained from
the five PID cases and 25 nasopharyngeal swabs and 14
stool samples were collected from the ten immunocom-
petent cases. Samples were gathered from February 2021
to February 2022. The PID patients were referred by
The National Center of Bone Marrow Transplantation
(CNGMO) to the Laboratory of Clinical Virology at the
Pasteur Institute of Tunis (IPT), for SARS-COV-2 inves-
tigation. Samples obtained from immunocompetent chil-
dren were collected by the Tunisian Ministry of Health
staff, from home-quarantined individuals and received
at Pasteur Institute. All participants underwent compre-
hensive monitoring, which included weekly collection of
nasopharyngeal and stool samples until achieving nega-
tive SARS-COV-2 results.

Patients P1 P2 P3 P4 P5

Age (years) 0.83 8 7 5 5

Gender M F M M M

PID diagnosis X-linked inhibi-  Ataxia Agamma-globulinemia Agamma-globulinemia Syndrome hyper IgM (HIGM)

tor of apoptosis
protein (XIAP)

Télangiectasia

Therapy* HSCT (at 8 IGIV IGIV Cotrimoxazole IGIV IGIV
months)/ Cotrimoxazole Beclometasone Cotrimoxazole Cotrimoxazole
Valgancyclovir/
ciclosporine/
amoxicilline/
fluconazol/
cotrimoxazol
Number of nasopha- 1 2 2 4 6
ryngeal samples
Number of stool 2 1 1 2 4
samples
Shedding duration* <7 21 <7 14 28
(Days)
Comorbidities CMV colitis Bronchiectasis, Asthma, No Psoriasis,
myelodysplastic  malformative uropathy bronchiectasis
syndrome
COVID-19 bloody diarrhea  Fever, cough, Fever, cough Fever, cough, headache  Fever, cough, rhinorrhorea,
manifestations fatigue pneumonia
Outcome Favorable Favorable Favorable favorable Transient improvement Hypox-
emic pneumonia, hepatocel-
lular insufficiency and multiple
coinfections (Hemophilus influ-
enzae, Adenovirus, Enterovirus
and Rhinovirus)
Died (5 months after COVID-19)
Lineage assignment DELTA (AY.122.6) DELTA (AY.122) DELTA (AY.122) OMICRON (BA.1.1) OMICRON (BA.1.1)

Therapy*: usual cares

Shedding duration*: in nasopharyngeal swabs

P: patient, HSCT: Hematopoietic stem-cell transplantation, IGIV: Immune globulin intravenous, CMV: Cytomegalovirus
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Virological investigation

Nucleic acid extraction and detection by RT-qPCR

Viral RNA was extracted from 140 pl of nasopharyngeal
and stool samples supernatants after treatment according
to the WHO guideline [31], using the QIAamp Viral RNA
mini kit (Qiagen, Hilden, Germany), following the manu-
facturer instructions. The presence of SARS-CoV-2 RNA
was determined with RT-qPCR using either HKU proto-
col [32] or NeoPlex™ COVID-19 Detection Kit (GeneMa-
trix, Seongnam, Kyonggi-do, South Korea) (https://www.
fda.gov/media/138100/download), targeting RdRp and N
genes [33].

Whole genome sequencing (WGS)

Whole genome sequencing was conducted using of
the Illumina COVIDSeq protocol [34] (Fig. 1). Library
preparation was performed according to a validated
protocol at the “National Reference Centre for Whole-
Genome Sequencing of microbial pathogens at Istituto
Zooprofilattico Sperimentale dellAbruzzo e del Molise
(IZSAM)’, using the Hamilton Microlab STAR Liquid
Handling System (Hamilton Robotics, Reno, NV, USA)
[27, 35]. Next Generation Sequencing (NGS) was accom-
plished with the NextSeq 1000 (Illumina Inc., San Diego,
CA, USA), providing 150 bp paired-end reads.
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Generation of whole genome consensus sequence, variant
calling, and identification

The data analysis was conducted using the nextflow/viral-
recon pipeline version 1.0.0 [36] (Fig. 1). Quality control,
and adapter trimming were executed with FastQC (ver-
sion 0.11.9) and fastp (version 0.23.4), respectively. The
reads were then aligned to the Wuhan-Hu-1 reference
genome (MN908947.3) using bowtie2 (version 2.5.3) and
samtools (version 1.15.1). Variant calling and consen-
sus sequences were generated using Ivar tools (version
1.4.2). Subsquently, variant annotation was conducted
using snpsift (version 4.3) and snpeff (version 5.0e). Then,
quality control and visualization for raw reads, align-
ment, assembly, and variant calling results were carried
out with MultiQC (version 1.20), which provides a single
report for multiple samples. The identification of SARS-
CoV-2 lineage and sub-lineage was achieved using Pan-
golin tools (version 4.3) via the web (https://pangolin.co
g-uk.io/) [37]. The obtained sequences were submitted to
the GISAID database (https://www.gisaid.org) [38] (Table
S1).

Hotspot analysis

Frequencies of amino acid changes were calculated and
plotted based on their position on the Wuhan-Hu-1 ref-
erence genome, utilizing GraphPad Prism v10 (Graph-
Pad Software, Inc., San Diego, California, United States)
(Fig. 1). Common amino acid changes specific to the
respective variants and sub-variants were excluded from

Collection of Nasopharyngeal and stool samples ]
1
Weekly collection (7 days) Amplification
RT-qPCR*
[
v v
Positive ] [ Negative ]
.
[ Whole genome sequencing ]
Illumina COVIDSeq (NextSeq 1000)
h 4
‘ Data analysis ’
nextflow/viralrecon pipeline
|
v v
[ Call Variant ] Generation of consensus
Ivar Ivar
Vef/tsv file i FASTA file |
Calculation of Amino
Acid (aa) changes i l
[ Phylodynamic analysis ’ [ Lineage assignment ’
Representation hotspot regions of aa changes BEAST and Mrbayess Fangolin
GraphPad Prism v10

*: real time Transcription Polymerase Chain Reaction
+: Hotspot regions > 40%

Fig. 1 Workflow presenting the main methods used in this study. The output files colored in brown. The tools, software and techniques are presented

in bold
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the graph in the aim to highlight only the differences.
Amino acid changes with a frequency greater than 40%
were designated as hotspots.

Phylodynamic analysis

A phylodynamic tree was built for patients who revealed
prolonged virus excretion and provided more than
three samples. Multiple alignment was performed using
Clustal W available on MEGA Software (version 7.0.21).
Two programs were used for phylodynamic tree con-
struction: BEAST software (version 2.6.3) and MrBayes
web server (version 3.2.6). The tree visualization was per-
formed using Figtree software (version 1.4.3).

Results

Clinical presentation

The investigated children from both groups, exhibited
predominantly mild COVID-19 form (80% PID, 70%
IC). One PID patient presented severe form and one IC

Table 2 Clinical manifestations in primary immunodeficient
(PID) and immunocompetent (IC) children in Tunisia
PID Children (n=5) IC children (n=10)

Clinical manifestations
Clinical Form

Mild 4 (80%) 7 (70%)
Moderate 1 (10%)
Severe 1 (20%) 2 (20%)
Clinical features

Fever 4 (80%) 8 (80%)
Cough 4 (80%) 8 (80%)
Headache 1 (20%) 8 (80%)
Runny nose 0 1 (10%)
Loss of smell and taste 0 6 (60%)
Loss of appetite 0 1 (10%)
Urticaria 0 1 (10%)
Fatigue 0 7 (70%)
Body aches 0 7 (70%)
Bloody Diarrhea 1 (20%) 0
Diarrhea 0 8 (80%)
Vomiting 0 2 (20%)
Breathing difficulties 0 1 (10%)
Pneumonia 1 (20%) 0
Lineage assignment

B.1.160 0 1(10%)
Alpha (B.1.1.7) 0 2 (20%)
Delta 3 (60%) 2 (20%)
AY.122 2 (40%) 2 (20%)
AY122.6 1 (20%) 0
Omicron 2 (40%) 5 (50%)
BA.1.1 2 (40%) 4 (40%)
BA.1.1.1 0 1 (10%)
Outcome

Recovery 4 (80%) 10 (100%)
Death 17 0

*: five months later
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had moderate form (Table 2). In both groups, fever and
cough were observed in 80% of the patients. In IC group,
60-80% of patients presented a runny nose, diarrhea,
fatigue, and loss of smell and taste. Notably, in the PID
group, bloody diarrhea and pneumonia were detected in
20% of the children (Table 2).

During their COVID-19 infection, four of PID patients
received treatment, including azithromycin, salbutamol,
paracetamol, and clarithromycin. No COVID compli-
cations were observed except in patient 5. Transient
improvement of pneumonia was firstly observed and
developed hypoxemic pneumonia, with hepatocellular
insufficiency and lymphoproliferative syndrome. Mul-
tiple co-infections were diagnosed including Enterovi-
rus Echovirus 25, Rhinovirus, Haemophilus influenzae,
and Adenovirus and leading to death five months after
COVID infection (Table 1).

Viral investigation

SARS-CoV-2 variant identification

Complete sequences of the SARS-CoV-2 genome were
obtained from all cases in both studied populations.
Four variants were detected: Alpha (B.1.1.7), B.1.160,
Delta, and Omicron. All Delta and Omicron sequences
belonged to sub-lineages AY.122 and BA.1.1, respec-
tively (Table 2). In the PID patients were infected by
AY.122 (3/5) and BA.1.1 (n=2/5) variants and IC patients
presented Alpha (n=2), B.1.160 (n=1), Delta (AY.122)
(n=2), and Omicron (BA.1.1) (n=5) infections (Table 2).

Kinetics of SARS-COV-2 viral genome excretion

Kinetics in PID patients Viral RNA was detected in
12 nasopharyngeal swabs obtained from the five PID
patients. P1 and P3 excreted the virus for a period less
than 7 days. P2, P4 and P5 continued to excrete SARS-
CoV-2 genome for a period ranging between 14 and 28
days (Fig. 2). The mean duration of viral genome excre-
tion in nasopharyngeal samples was 15 days. In contrast,
only P5 showed viral RNA excretion in fecal sample which
lasted for more than 28 days (Table 1). In day 35, nasopha-
ryngeal and stool samples of P5 were negative for SARS-
COV-2 Viral RNA (Fig. 2). Patient 5 showed the most pro-
longed excretion period in both nasopharyngeal and stool
samples (Table 1, Fig. 2).

PID patients were infected by the Delta and Omi-
cron variants. For the Delta variant, the viral RNA was
detected for periods 7-21 days in nasopharyngeal sam-
ples. No excretion was reported in stool samples. For the
Omicron variant, the viral RNA was detected for periods
ranged between 14 and 28 days in nasopharyngeal sam-
ples and 28 days in stools.
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Patients Date of SARS-COV-2 excretion in nasopharyngeal SARS-COV-2
infection samples excretion in stool
Ne Type of immunodeficiency SARS-COV- Duration Mean samples
2 variants (month/years) G B IBE B3 09 Y0aE excretion Yes/NO
period | (Day of detection)
1 X-linked inhibitor of apoptosis | Delta 07/2021 ®..----0 No
protein (XIAP)
PIDs |2 Ataxia Telangiectasia Delta 07/2021 ®e—9—e O 15 (days) | No
3 Agammaglobulinemia Delta 07/2021 ®------O No
4 Agammaglobulinemia Omicron 01/2022 e —eo 9O No
5 Syndrome hyper IeM (HIGM) | Omicron 01/2022 e— o o o e ---O Yes (D1 => D28)
1 NA Alpha 03/2021 o—eo—e---O No
2 NA B.1.160 02/2021 e—o-----O No
3 NA Omicron 01/2022 ®-----O No
4 NA Omicron 01/2022 ®.----O No
ICs 5 NA Omicron 01/2022 ®.-----O 7 (days) | No
6 NA Omicron 01/2022 ®e— 9.0 Yes (<7 days)
7 NA Alpha 03/2021 e—+e9- -0 No
8 NA Delta 06/2021 e—eo—eo----O No
9 NA Omicron 01/2022 *—o - o No
10 | NA Delta 06/2021 e—eo-----O Yes (14 days)
@® Positive O Negative —— Confirmed viral RNA excretion ~ -------- Possible viral RNA excretion D:Day NA:Notapplicable

PIDs: Primary Immunodeficients ICs: Inmunocompetents

Fig. 2 Kinetics of SARS-COV-2 viral genome excretion in nasopharyngeal and stool samples in Primary immunodeficiency (PID) and immunocompetent

(IC) patients

Kinetics in IC patients Viral RNA was detected in 21
nasopharyngeal swabs and 3 stool samples obtained from
the ten and two IC patients, respectively. In nasopharyn-
geal samples, the shedding duration lasted up to 14 days
in nasopharyngeal swabs, with an average duration of 7
days (Fig. 2). In stool samples, shedding duration ranged
between 7 and 14 days.

According to SARS-COV-2 variants, for the Alpha,
B.1.160 and Delta variants, the excretion period ranged
between 7 and 14 days in nasopharyngeal swabs and
stools. For the Omicron variant, the excretion period
lasted up to seven days in nasopharyngeal swabs and less
than seven days in stool sample (Fig. 2).

Evolution of SNPs numbers

SNPs number in nasopharyngeal samples

Compared to the Wuhan reference sequence, the num-
ber of single nucleotide polymorphisms (SNPs) detected
in sequences obtained from PID and IC children ranged
from 25 to 54 and from 17 to 56, respectively. For the
Delta variant, the number of SNPs varied from 25 to 41
and from 32 to 42 in PID and IC patients, respectively
(Figure S1b-1d). Regarding the Omicron variant, the
SNP count ranged from 42 to 54 and from 36 to 56 in
the PID and IC groups, respectively (Figure Sla-1c). The
number of SNPs varied from 17 to 33 in the Alpha vari-
ant sequences and from 26 to 27 in the B.1.160 variant
sequences.

SNPs number in stool samples

The excretion in stool samples was detected in one PID
patient (P5) and two IC patients (P6, P10). A total of five
positive samples were obtained: two from the PID patient
and three from the IC patients (Fig. 2). For the Omicron
sequences, the number of SNPs varied from 14 to 52 in
the two samples collected from PID patient (P5) and 47
in one sample obtained from the IC child. For the Delta
sequences, the number of SNPs remains constant, equal
to 42 in two successive samples obtained from IC patient.

Amino acid frequency and hotspots

Hotspot amino acid changes were investigated in
sequences obtained from nasopharyngeal samples, given
the limited number of stool samples. The comparative
analysis of amino acid changes concerned sequences
obtained from same variants detected in PID and IC
patients: Delta and Omicron. The common amino acid
modifications of the Delta (sub-variant AY.122) and
Omicron (sub-variant BA.1.1) variants comparing to the
Wuhan sequence, were not considered in the graph in
order to highlight only the differences between sequences
obtained from immunodeficient and immunocompetent
populations.

For the Delta variant, ten and 17 amino acid changes
were detected in sequences obtained from PID and IC
patients, respectively (Fig. 3a and b). In both groups, two
amino acid changes were present in all sequences (100%
frequencies): H5401Y (ORFlab) and F120L (ORF8) and
two others (A498V (ORF1lab) and R118G (ORF7a)) were
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a- Immunodeficient b- Immunocompetent

ORF6a
ORF6a
ORESE — E oRFza — E ORETS
‘ [ ore7a S = : ] = ORF8
5'UTR = ORF1b Spike lM J - oRFe ORFib Spike

n_ FUTR n— FUTR

100+ *H5401Y *F120L 100- *H5401Y *F120L
90 90
80 80-
80
80-
;\?70- SRSAEN S *A498V
> ~ 70
& 601 $ 60-
= = T63271 S640F
@ 50 *A2821V *R118G & 50 *R2860I o e . *R118G
w I K6771N
40 40-
407 407
304 30
20 201
101 101
0- o r T T 1
0 10000 20000 30000 0 10000 20000 30000

Nucleotide Position (bp) Nucleotide Position (bp)

Amino Acid Frequency: e >80% e >40% e >10% ....<40%

Fig. 3 Frequency of amino acid changes presented in the Delta sequences obtained from Immunodeficient (a) and immunocompetent (b) patients. It
was identified by referring to the reference sequence (Wuhan, NC_045512)

a- Immunodeficient b- Immunocompetent

ORF6
ORF3a — E ORF3a — E OnFea
| ORF7a ORF7a
S'UTR =| ) ORF8 JUTR = ’
ORF1b Spike SUIR ORF1b Spike OREE,

n 3’ut n 3'UTR

1004 *R550H *T49921 *K417N 1007 *T49921|
90 901 *K417N
80- 80-
~ 80 s 80,
< 70 3 7
2 60 *N440K g 60 *N440K
;'.» 50 g 501
" 40 40- *E6578D
401 40,
301 301
20 20{ - e o .
101 : °c ° 104 . . .
o’ o’
0 10000 20000 30000 0 10000 20000 30000

Nucleotide Position (bp) Nucleotide Position (bp)

Amino Acid Frequency: e >80% o >240% e >10%... <40%

Fig. 4 Frequency of amino acid changes presented in Omicron (BA.1.1 sub-variant) sequences obtained from immunodeficient (@) and immunocompe-
tent (b) patients. It was identified by referring to the reference sequence (Wuhan, NC_045512)

present with frequencies of 75% and 50%, respectively. In  K6771N (ORF1lab), S640F (S), each with a frequency of
PID patients, A2821V (ORFlab) was detected in 50% of  50%.

sequences. In IC children, four other amino acid changes For the Omicron variant (BA.1.1 sub-variant), ten and
were detected: R2860I (ORFlab), T63271 (ORFlab), eleven amino acid changes were detected in sequences
obtained from PID and IC children, respectively (Fig. 4a
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Omicron_reference_sequence_12-11-2021

Fig. 5 Phylogenetic tree obtained with BEAST and visualized with Figtree

and b). In both groups, three amino acid changes
were detected: T49921 (ORFlab) and K417N (S) in all
sequences (100% frequencies) and N440K (S) with 63%
and 60% frequencies in PID and IC sequences, respec-
tively. For the PID sequences, R550H (ORFlab) was
detected in all sequences (100 frequencies). For IC chil-
dren, E6578D (S) was detected in 40% of sequences.

Phylodynamic analysis

The phylodynamic tree was constructed for sequences
obtained from the patient 5 who exhibited prolonged
virus excretion and provided more than three samples.
It was generated using both BEAST and MrBayes soft-
wares. As showin in Fig. 5, Beast generated tree revealed
close genetic relationship between sequences obtained
on days 1, 7, 14, and 21, while the sample collected on day
28 exhibits considerable genetic distance from the pre-
ceding sequences (Fig. 5). Similar clustering was obtained
by MrBayes analysis (Figure S2).

Discussion

Patients with primary immunodeficiency diseases (PID)
are specifically recognized as being at higher risk of
severe COVID-19 outcomes [1, 15]. Few studies have
specifically addressed COVID-19 infection in pediat-
ric PID cases. The majority of studies have described
COVID-19 in other types of immunodeficiency, such as
cancer [39], liver transplantation [40], B-cell acute lym-
phoblastic leukemia [17], non-Hodgkin Lymphoma [41],
chronic lymphocytic leukemia [42] and HIV [43]. In

Page 8 of 12

Tunisia, a country in the MENA region with a high fre-
quency of consanguinity, there is a considerable rate of
PID [22]. However, COVID-19 infection was only inves-
tigated in the general and pediatric Tunisian populations
with a limited interest on PID patients [23-30].

In this study, five PID children were followed during
their SARS-COV-2 infection in comparison with ten IC
children. The patient with XIAP deficiency underwent
hematopoietic stem cell transplantation (HSCT) two
months before contracting COVID-19. As documented,
recipients of stem cell transplants can remain severely
immunocompromised up to twelve months post-trans-
plantation, particularly if they are still under immuno-
suppressive medications and restoration of T-cell and
B-cell immunity [44], which was the case of this patient.
Among PID patients, three presented antibody deficien-
cies: agammaglobulinemia in Patient3 and Patient4, and
hyper IgM syndrome in Patient5. Patients with agamma-
globulinemia experienced mild COVID-19 symptoms,
whereas the patient with hyper IgM syndrome exhib-
ited a severe form of the disease, including pneumonia
and Enterovirus co-infection. He died five months after
multiple post-COVID-19 complications such as hepato-
cellular failure, and multiple co-infections: Haemophi-
lus influenzae, adenovirus, enterovirus, and rhinovirus.
According to Delavari et al. (2021), disease severity may
be higher in children with combined immunodeficien-
cies, antibody deficiencies, and immune dysregulation,
compared to those with other types of immunodeficiency
[10]. These children are generally hospitalized and may
develop severe respiratory symptoms including distress,
tachypnea as well as cardiac and pulmonary arrest [10].
It was also reported that patients with antibody deficien-
cies are the predominant group among “inborn errors of
immunity” affected by COVID-19 [16]. The same PID
case, with hyper IgM syndrome, exhibited prolonged
shedding in both nasopharyngeal and stool samples for
28 days. Other PID cases (P2, P4), presenting antibodies
and combined deficiencies, presented excretion periods
up to 21 and 14 days in nasopharyngeal samples only.
For the IC group, two patients presented excretion, up
to 14 days and all patients recovered without any com-
plications. According to the Centers for Disease Con-
trol and Prevention, immunocompromised patients
may have persistent viral shedding beyond 20 days [45].
Moreover, other studies have revealed that the dura-
tion of viral shedding in both nasopharyngeal (NP) and
fecal samples can extend from 42 days to 3 months in
PIDs [1, 8, 9]. Our study provides another testimony on
the prolonged shedding and severe outcome of antibod-
ies and combined deficiencies patients when infected by
SARS-CoV-2. The prolonged SARS-CoV-2 excretion may
be linked to significant impairment of adaptive immu-
nity. For instance, Calvet ] and colleagues found that
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critically ill SARS-CoV-2 patients exhibited a decrease
in CD3+CD4+ T cells compared to non-critical patients
[46].

Regarding the number of SNPs detected in investigated
sequences, limited information within the PID popula-
tion were provided in the literature. Most studies have
documented SARS-CoV-2 mutations in other types of
immunodeficiency [19, 41, 47].

Our study showed similar results for both PID and IC
patients varying from 25 to 42 in the Delta variant and
from 36 to 56 in the Omicron variant. This finding high-
lights the higher number of SNPs observed in Omicron
variants across both groups. Similarly, other studies have
reported that the Omicron variant exhibits a greater
number of mutations compared to other SARS-CoV-2
variants [48-50]. These mutations are distributed across
different regions of the viral genome, with a high number
of mutations in the Spike protein. The high mutational
load of the Omicron variant contributes to its increased
transmissibility, reduced susceptibility to neutralizing
antibodies, and ability to partially evade vaccine-induced
immunity.

Furthermore, the phylodynamic analysis of sequences
obtained from PID patient P5 demonstrated a close
genetic relationship among viral sequences collected
from day 1 to day 21 followed by an increased diversity
from day 21 to day 28 of infection. This divergence is
likely attributed to the host’s inability to mount an effec-
tive immune response due to the immunodeficiency
conditions that lead to the accumulation of multiple
mutations over time. Prolonged infections, especially in
patients with primary immunodeficiencies (PIDs), pro-
vide an extended opportunity for the virus to adapt and
evolve under compromised host-specific conditions [51].
These conditions may favor the emergence of mutations
and enhance viral fitness, allowing immune evasion and
even improve the virus’s transmissibility or pathogenicity
[19].

For advanced investigation of genomic sequences,
the frequencies of mutations and amino acid changes
in the Delta and Omicron variants were calculated in
both patient groups. Interestingly, amino acid changes
A2821V (ORFlab) and R550H (ORFlab) were detected
only in PID patient. Both changes were not well docu-
mented and deserve further investigation.

Other amino acid changes were detected in both popu-
lations with significant frequencies (50-100%): H5401Y
(ORFlab), F120L (ORE8), T4992I (ORFlab), K417N (S),
A498V (ORFlab), R118G (ORF7a) and N440K (S). The
majority of these substitutions have been previously
documented in the literature. The amino acid changes
K417N and N440K have been shown to enhance viral
transmissibility and infectivity, potentially contributing
to immune evasion [52, 53]. They play a crucial role in

Page 9 of 12

impacting the virus’s ability to bind to the ACE2 receptor
by stabilizing the RBD—ACE2 complex [54]. The amino
acid changes, H5401Y and A498YV, were detected in Delta
variant sequences [54, 55], with A498V being particularly
prevalent in Tunisian Delta sequences [27]. These muta-
tions are located in the ORFlab region and may influ-
ence the function of the non-structural protein 3, which
plays a critical role in viral processes such as replication,
pathogenicity, and interaction with the host immune sys-
tem [55].

In the other hand, the amino acid changes, F120L
in ORF8 and R118G in ORF7a seem adversely affect-
ing the viral replication and the virus’s interaction with
the host immune system [56, 57]. In contrast, specific
details about the T4992I (ORF1ab) change were not well
documented.

Several other amino acid changes (R2860I, T63271,
K6771N, S640F, E6578D) have been identified exclusively
in sequences from IC patients; the exact roles of these
mutations were not identified [58].

Overall, the obtained results, PID’s type such as com-
bined and antibody immunodeficiencies, prolonged
excretion as well as significant genetic diversity may
guide treatment decisions for immunocompromised chil-
dren with COVID-19 [3, 16, 59].

Immunomodulatory therapies, including dexametha-
sone and inhibitors targeting interleukin-6 or Janus
kinase, are particularly effective in treating severe or
critical cases of COVID-19. In less severe cases, antiviral
treatments, such as remdesivir and nirmatrelvir-ritonavir,
have shown efficacy. However, anti-SARS-CoV-2 mono-
clonal antibodies are no longer recommended due to the
emergence of variants resistant to these therapies [60].
Despite these advancements, there is a lack of robust data
to determine whether these treatments are effective in
reducing viral persistence in children with PIDs.

It is worthy to note that this study included a limited
number of samples from children with PID. Indeed, it
was challenging to follow PID children and collecting
successive nasopharyngeal and stool samples. Such type
of finding is very rare. For this reason, our study pro-
vides valuable insights into the prolonged viral shedding
and clinical outcomes of this type of vulnerable patients.
Future investigations, involving a larger PID patients at
an international scale should be considered to support
these findings and further elucidate the mechanisms
underlying viral shedding in this at-risk group as well as
defining treatment strategies for PID management [61].

Conclusion

In summary, patients with antibody and combined
immunodeficiencies excreted viral RNA for longer peri-
ods compared to immunocompetent individuals in both
nasopharyngeal and stool samples. Post-COVID-19
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complications was also notified in one patient lead-
ing to fatal outcome. Extended genomic monitoring
allowed detection of significant genetic divergence in the
final sequence, likely due to the accumulation of mul-
tiple mutations over time. These findings emphasize the
importance of long-term surveillance of viral evolution in
PID patients. Such monitoring not only helps in under-
standing the dynamics of within-host viral evolution but
also contribute to a better management of health condi-
tions and may guide treatment decision for immunocom-
promised patients with COVID-19 infection.
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