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What is already known about this topic? At present, data on the course of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection in 22911.2DS patients are scarce and limited mainly to pediatric case reports. Data
on immunological response to immunization are lacking.

What does this article add to our knowledge? The SARS-CoV-2 infection in 22911.2 deletion syndrome (22q11.2DS)
had a mild course in most patients, even in those with major cardiovascular diseases. Lymphopenia represents a risk
factor for becoming infected. The mRNA BNT162b2 vaccine induced Spike-specific immunoglobulin G responses and
generated specific memory B and T cells.

How does this study impact current management guidelines? The weaker memory responses in patients with
lymphopenia suggested the need for periodic reassessment of serology to identify patients needing additional recall dose
administration. Fatal course in one unvaccinated person highlights the importance of immunization to protect this
population from severe coronavirus 2019 (COVID-19).
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Abbreviations used
22q11.2DS-22q11.2 deletion syndrome
CHD- Congenital heart disease
COVID-19- Coronavirus Disease 2019
ECG- Electrocardiography
HDs- Healthy donors
IFN-- Interferon-gamma
IgA, -G, -M- Immunoglobulin A, G, M
IQR- Interquartile range
MBCs- Memory B cells
OD- optical density
PBMC:s- Peripheral blood mononuclear cells
RBD- Receptor-binding domain
SARS-CoV-2- Severe acute respiratory syndrome coronavirus 2
ToF- Tetralogy of Fallot
TA- Truncus arteriosus
VOC- Variant of concern
VSDs- Isolated ventricular septal defects

BACKGROUND: The contemporaneous presence of immune
defects and heart diseases in patients with 22q11.2 deletion
syndrome (22q11.3DS) might represent risk factors for severe
coronavirus 2019 disease (COVID-19).

OBJECTIVE: To analyze severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) outcome in 22q11.2DS patients
and immunogenicity of different doses of mRNA SARS-CoV-2
vaccine.

METHODS: Longitudinal observational study on SARS-CoV-2
outcome in 60 adults with 22q11.2DS (March 2020—June
2022). Anti-Spike, and anti—receptor binding domain (RBD)
antibody responses, generation of Spike-specific memory B cells
(MBCs) and Spike-specific T cells at different time points before
and after the mRNA BNT162b2 vaccination were evaluated in
16 22q11.2DS patients.

RESULTS: We recorded a 95% rate of vaccination, with almost
all patients being immunized with the booster dose. Twenty-one
patients had SARS-CoV-2 infection. Three patients were infected
before vaccine availability, 6 after receiving 2 doses of vaccine,
and 12 after one booster dose. The SARS-CoV-2- infection had a
mild course, except in one unvaccinated patient with several
comorbidities who died from acute respiratory distress syndrome
(fatality rate 5%). Infected patients had more frequently mod-
erate/severe intellectual disability, lymphopenia, and lower
CD4+ count. Despite major congenital heart diseases, COVID-
19 did not impact cardiological conditions. The BNT162b2
vaccine induced S1—immunoglobulin G (IgG) responses, low
serum S1-IgA, and slightly impaired specific MBCs response.
Specific T-cell responses observed were related to lymphocytes
and CD4+ T cell counts.

CONCLUSIONS: The SARS-CoV-2 infection had a mild course
in most patients with 22q11.2DS, even in patients with major
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cardiovascular diseases. Immunization induced Spike-specific
IgG responses and generated specific MBCs and memory T cells.
The weaker memory responses in patients with lymphopenia
suggested the need for additional doses. © 2022 The Authors.
Published by Elsevier Inc. on behalf of the American Academy of
Allergy, Asthma & Immunology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/). (J Allergy Clin Immunol Pract
2023;11:292-305)

Key words: SARS-CoV-2 infection, COVID-19; 22q11.2 deletion
syndrome; Cardiovascular disease; mRNA BNT162b2 vaccine;
Spike antibody response; Specific memory B cells; Specific T
cells; Lymphopenia; CD4 T cells

INTRODUCTION

Despite being prioritized in vaccination campaigns, patients
with inborn errors of immunity became frequently infected with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
showing higher inpatient mortality at a younger age than the
general population.' Studies have been run to assess the efficacy
of immunization strategies in inborn errors of immunity.””
However, data on coronavirus 2019 disease (COVID-19) and
immunological correlates of SARS-CoV-2 immunization in
people with 22q11.2 deletion syndrome (22q11.2DS) are spo-
radic and refer primarily to pediatric patients”'* or self-
completing surveys.'” Individuals with 22q11.2DS can present
with a wide range of features, including immune deficiency,
congenital heart diseases (CHDs), palatal abnormalities, learning
difficulties, and neuropsychiatric disorders.'®"® Immunological
defects are variable, ranging from the absence of the thymus with
a severe combined immunodeficiency—like phenotype to less-
severe impairment with T-lymphocytopenia and autoimmu-
nity.w’21 In adults, homoeostatic expansion and reconstitution
of the T-cell compartment have been described, with the early
conversion of naive to memory T cells, shorter telomeres, and
lower T-cell recombination excision circles, possibly leading to
perturbation in T-cell function.””*” In addition, hypogamma-
globulinemia and abnormal B-cell function might contribute to
infection recurrence’””” and reduced immunogenicity of vac-
cines.”*”" The presence of immune defects and heart diseases,”
2 conditions implicated in severe COVID-19, puts this popu-
lation at high risk in the pandemic, since adults and children
with previous or preexisting cardiovascular conditions had an
increased risk for severe COVID-19.?"*! In addition, COVID-
19 has been associated with developing several new cardiovas-
cular pathologies.”” In the 22q11.2DS population, cardiac con-
sequences of COVID-19 remain largely unknown, in patients
both with and without CHD:s. In this study, we assessed the
clinical course of SARS-CoV-2 infection by a longitudinal study
of a monocentric cohort of 60 22q11.2DS adults, aiming to
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analyze whether 22q11.2DS-associated conditions might affect
the COVID-19 severity (and vice versa). As secondary objectives,
we analyzed the antibody- and B-cell/T-cell—specific responses
after 2 and 3 doses of the BNT162b2 mRNA-based SARS-CoV-

2 vaccine.

METHODS
Study on COVID-19 infection

The observational-longitudinal study was carried out on 60 adults
with 22q11.2DS followed up at Policlinico Umberto I, Sapienza
University of Rome, between 1 March 2020 and 30 June 2022. All
patients harbored a 22q11.2 microdeletion, verified through multi-
color fluorescent #7 situ hybridization or by Comparative Genomic
Hybridization-array at the time of diagnosis.

Soon after the pandemic began, we informed all patients about
the pandemic risk, prevention measures, and the need to contact the
hospital in case of SARS-CoV-2 infection. Patients were tested for
SARS-CoV-2 by reverse transcriptase—polymerase chain reaction on
the nasopharyngeal swab every time they attended a hospital site, in
case of positive household contacts irrespective of symptoms, and
upon onset of symptoms possibly related to COVID-19. In SARS-
CoV-2—positive patients, we evaluated the duration of the viral
shedding by recording the dates of the first positive and first negative
nasopharyngeal swab, COVID-19 severity (scored according to
World Health Organization [WHO] stage,33 hospitalization, vacci-
nation status, and SARS-CoV-2—specific treatments and cardio-
logical outcome. Cardiological outcome was evaluated by chart
reviews and self-reports during acute infection for out-patients, by
medical files for hospitalized patients, and after recovery, by trans-
thoracic Doppler echocardiography and electrocardiography (ECG)
at rest. For both infected and noninfected patients, we collected
clinical characteristics, including neuropsychiatric, cardiovascular,
and immunological diseases. Cardiovascular conditions included
major CHDs such as tetralogy of Fallot (ToF), pulmonary atresia
and ventricular septal defect, truncus arteriosus, interrupted aortic
arch, and isolated ventricular septal defects (VSDs). In addition, we
evaluated the presence of acquired conditions including arrhythmias,
cardiac function impairment, and previous heart surgery. We also
retrieved known risk factors for severe COVID-19 courses, such as
overweight, obesity, hypertension, diabetes mellitus, intellectual and
developmental disabilities, mental health disorders, smoking, and
use of corticosteroids or other immunosuppressive medications.”*
Overweight and obesity were defined as having a body mass index
of 24.9 t0 29.9 kg/m* and greater than 30kg/m?, respectively.
Immunological laboratory data included complete blood count and
immunoglobulin (Ig) serum levels.

Prospective study on immunological response to
immunization

In 6 22q11.2DS adults naive to SARS-CoV-2 infection, we
carried out a pilot study on immunological response to BNT162b2
immunization after 2 vaccine doses. Then, we extended the study to
16 22q11.2DS adults naive to SARS-CoV-2 infection who received
3 doses of the BNT162b2 vaccine. The vaccine was administered in
2 doses, 21 days apart; the third dose was administered 6 months
after completing the full immunization schedule. We obtained blood
samples for serological and cellular immunity assessment before the
first dose (T0), 1 week after the second dose, 6 months after the
second dose on the day of the third dose administration, and 1 week
after the third dose. Twenty-four age-matched healthy donors (HDs)
were included as controls. Eligible patients were informed about the
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study and subscribed to informed consent for vaccination and the
immunological study. The Ethical Committee of the Sapienza
University of Rome approved the study (Prot. 0521/2020, July 13,
2020). The study was performed following the Good Clinical
Practice guidelines, the International Conference on Harmonization
guidelines, and the most recent version of the Declaration of
Helsinki.

Enzyme-linked immunosorbent assay for specific
IgG and IgA detection

A semi-quantitative iz vitro determination of anti—SARS-CoV-2
IgG and IgA was performed on serum samples using the anti-
—SARS-CoV-2  Spike enzyme-linked immunosorbent assay
(EUROIMMUN), according to the manufacturer’s instructions and
previously reported.” Results are reported as the ratio between the
optical density (OD) sample and the OD calibrator. The ratio
interpretation was as follows: negative, less than .8; borderline, less
than or equal to .8 to less than 1; positive, greater than or equal to
1.1.

Cell isolation and cryopreservation

Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll Paque Plus 206 (Amersham PharmaciaBiotech) density-
gradient centrifugation and immediately frozen and stored in
liquid nitrogen until use. The freezing medium contained 90% Fetal
Bovine Serum (FBS) and 10% dimethyl sulfoxide (DMSO).

Detection of antigen-specific B cells

Recombinant biotinylated SARS-CoV-2 Spike (S1+S2; aal6-
1211, R&D systems) was individually multimerized with streptavi-
din BUV395 (BD Bioscience) and streptavidin PE (BD Bioscience)
at 25:1 ratio and 20:1 ratio, respectively at 4°C for 1 hour. Bio-
tinylated receptor binding domain (RBD) (kindly provided by
Takis) was mixed with streptavidin-FITC (BD Bioscience) at 2.5:1
ratio. Nonspecific streptavidin-binding B-cells were gated out with
streptavidin PE-Cy7 (BD Bioscience). Several 5 x 10° previously
frozen PBMC samples were stained with a 100-ng Spike per probe
(total 200 ng), 27.5 ng of RBD, and 20 ng of streptavidin-PE-Cy7
at 4°C for 30 minutes. After the cells were washed, surface staining
was performed in a brilliant buffer at 4°C for 30 minutes. Memory
B cells (MBCs) were defined as CDI19+CD24+CD27+
(Figure E1; available in this article’s Online Repository at www.jaci-
inpractice.org). The MBCs specific for SARS-CoV-2 were distin-
guished by their ability to bind biotin-labeled recombinant Spike
into S+ (PE single positive) or S+4 (PE-BUV395 double positive).
Among Spike-specific MBCs, we were able to identify RBD-specific
MBCs. Stained PBMC samples were acquired by FACS LSR For-
tessa (BD Bioscience). At least 4 x 10° cells were acquired and
analyzed using FlowJo10.7.1 (BD Bioscience). Phenotype analysis of
antigen-specific B cells was performed only when at least 10 cells
were detected in the respective antigen-specific gate.

Detection of SARS-CoV-2—specific T-cell response

The frequency of Spike-specific T cells before and after vaccina-
tion was assessed by standard interferon-gamma (IFN-y) ELISpot
assay, as previously described.”*® The PBMCs were thawed and
rested overnight at 37°C in R10 medium (RPMI 1640 [Sigma
Aldrich] supplemented with 10% heat-inactivated highly defined
FBS-HyClone, 2 mmol/L L-glutamine, 10 mmol/L HEPES buffer
[N-2-hydroxyethylpiperazine-N-2-ethane ~ sulfonic acid, Sigma
Aldrich], 100 U/mL penicillin, and 100 pg/mL streptomycin
[Gibco]). The PBMCs were plated at 3 x 10 cells/well in ELISpot
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TABLE |. Demographics, clinical characteristics of 60 patients
with 22911.2DS

Demographics Value
Female, n (%) 25 (42)
Age (y), median (IQR) 27 (24-35)

Clinical data
BMI (kg/m?)

>25 (overweight) 33 (56)
>30 (obesity) 15 (25)

Cardiovascular conditions, n (%)

Previous heart surgery 18 (30)

Major CHD 23 (38)

Hypertension 9 (15)
DMT 49
Dyslipidemia 13 (22)
Smoking habit 11 (19)

Psychiatric conditions, n (%) 39 (65)

Neurological conditions, n (%) 12 (20)

Learning issues, n (%) 45 (76)

Autoimmune disorders, n (%) 25 (42)
Thyroiditis 14 (24)
Psoriasis 5(8)
Autoimmune cytopenias 3()
Alopecia 2 (3)
Arthritis 1(2)

Immunosuppressive treatment, n (%) 2 (3)
Steroids 1(1,5)
Tocilizumab 1(1,5)

BMI, Body mass index; DMT, diabetes mellitus.

plates (Human IFN-y ELISpot plus kit; Mabtech) and stimulated
for 18-20 hours at 37°C (5% CO2) with a pool of peptides (Mil-
tenyi Biotec) spanning the whole spike protein of the wild-type
SARS-CoV-2, or with a pool of peptides spanning the mutated
portion of the Omicron Spike protein and, as a control, with a pool
of peptides spanning the same region of the wild-type Spike protein.
A superantigen was used as a positive control. At the end of incu-
bation, the ELISpot assay was developed according to the manu-
facturer’s instructions. Results are expressed as spot-forming cells/
10° PBMCs in stimulating cultures after subtracting the back-
ground. The cut-off value was set by calculating the mean of the

background plus 2 SD (25 SFC).

Statistical analysis

The primary analysis of the observational study was to investigate
clinical and laboratory characteristics in 2 groups defined as SARS-
CoV-2—infected wersus —uninfected. Continuous variables were
described using median and interquartile ranges (IQR), categorical
variables using frequencies and percentages. Secondary analysis was
performed to ascertain risk factors associated with SARS-CoV-2
infection in 22q11.2DS. To evaluate infection prediction perfor-
mance of lymphopenia (lymphocytes < 1,500/mm?), a simple logistic
regression model was developed, and odds ratio and 95% confidence
intervals (CI) were measured. For the study on immunization, patients
have been compared with controls. Immunological and clinical vari-
ables were compared between the different study times. Values were
compared by the nonparametric Kruskal-Wallis test, and if not
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TABLE Il. Immunological data on 60 patients with 22q11.2DS

Laboratory data n (%)
Neutropenia (<1,000 cell/mm?>) 0
Lymphopenia (<1,500 cell/mm®), n (%) 20 (38)
IgG < 700 mg/dL, n (%) 4 (8)
IgA < 68 mg/dL, n (%) 2 (4)
IgM < 40 mg/dL, n (%) 8 (16)
CD4+ count (cell/mm?), median (IQR) 585 (478—797)
>600 cells/mm°, n (%) 20 (49)
400—600 cells/mm®, n (%) 14 (34)
<400 cells/mm?, n (%) 7 (17)
CD8+ count (cells/mm?>), median (IQR) 358 (258—494)
<420 cells/mm?, n (%) 24 (61.5)

CD19+ count (cells/mm?®), median (IQR) 216 (159—308)
<90 cells/mm?®, n (%) 1 (3)

significant, the Wilcoxon matched-pair signed-rank test or the two-
tailed Mann-Whitney U test were used. Differences were deemed
significant when Pwas less than .05. Statistical analysis was performed

with SPSS 18.0 soft-ware for Windows (SPSS, Chicago, IL).

RESULTS
Patients

Sixty adults (median age 28 years [IQR 24—35]; females
42%) with 22q11.2DS were included in the study. A CHD was
recorded in 38% of patients, with VSDs and ToF being the most
common condition (25% and 14%, respectively). Previous heart
surgery was recorded for 30% of patients. Psychiatric conditions
were recorded in 65% of participants, neurological conditions in
20%, learning issues in 76%, and autoimmune disorders in 42%
(with 3% of patients being under immunosuppressive treat-
ment). The analysis of known risk factors for severe COVID-19
identified 56% of patients being overweight, with 25% being
obese; moreover, 9% of patients had diabetes mellitus type 2 and
15% hypertension (Table I). Baseline immunological evaluation
(Table II) showed lymphopenia in 38% of patients, with 17%
having less than 400 CD4+ cells/mm>. Moreover, 8% of pa-
tients had low IgG serum levels, 16% an IgM deficiency (<35
mg/dL) and 4% an IgA deficiency (<68 mg/dL).

SARS-CoV-2 infection

Over the study period, 21 patients (35%) (median 28 years;
range: 18—51 years; females 48%) were diagnosed with SARS-
CoV-2 infection (Figure 1). The median duration of quantita-
tive reverse transcriptase—polymerase chain reaction positivity
was 10 days (IQR 10—16.5). Twenty patients (95%) did not
require hospital admission. The severity of infection was staged as
asymptomatic in 2 patients (9.5%), mild in 18 patients (85.7%),
and severe in one patient (4.8%). The most common symptom
was fever (57%), followed by cough (33%), asthenia (29%), and
nasal discharge (19%).

Infected patients were analyzed during different periods of the
pandemic (Figure 1 and Table III). Three patients were diag-
nosed in the pre-vaccination period, from February 2020 to
March 2021 (main circulating variant of concern [VOC]
Wuhan). A 50-year-old man affected by diabetes mellitus type 2,
hypertension, and obesity was diagnosed with SARS-CoV-2
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FIGURE 1. The SARS-Cov-2 infection and immunization coverage in a cohort of 60 patients with 22g11.2DS over the period March 2020
to the end of June 2022. Data on SARS-CoV-2 infection are reported according to the availability of immunization.

infection 7 days after being hospitalized for acute kidney failure
with nephrosis and secondary hypogammaglobulinemia. He
developed COVID-19 acute respiratory distress syndrome and
he was admitted to the intensive care unit to receive invasive
mechanical ventilation, steroids, heparin, and continuous renal
replacement therapy. Ten days after the COVID-19 diagnosis,
the patient died. The other 2 unvaccinated patients had a mild
course of infection and did not require specific treatment. In
March 2021, vaccination against SARS-CoV-2 became available
in Italy. In the following months (post-full immunization
period), we recorded 6 cases of SARS-CoV-2 infection. In detail,
from March to mid-July 2021 (main circulating VOC Alpha) 2
immunized patients (2 doses) became infected, having an
asymptomatic/mild course despite their risk factors. From mid-
July to October 2021 (main circulating VOC Delta), 4 immu-
nized patients (2 doses) were infected, all with a mild course
despite having risk factors for severe COVID-19.

In October 2021, immunization with the booster dose began.
In the following months, with the spread of the Omicron variant
(post-booster dose period), 12 patients were infected, 10 with
mild symptoms and 2 asymptomatic. Four months after recov-
ery, one patient was reinfected by SARS-CoV-2 with a mild
course. At the time of the SARS-CoV-2 infection, 11 patients
were immunized with 3 doses of vaccine, and 1 patient with 4
doses (available from January 2022). Seven patients received
anti—COVID-19 therapies (Table III), showing a shorter dura-
tion of infection in comparison with untreated patients (10 days
[IQR 10—10] vs 14.5 days [IQR 10—28.5]; P = .0109).

Compared with uninfected patients, those infected with
SARS-CoV-2 had a more severe degree of intellectual disability

(moderate/severe intellectual disability 62% vs 21%; P = .0020).
However, the groups did not differ in age, gender, major CHD,
or psychiatric issues.

Moreover, infected patients had a lower pre-infection lym-
phocytes count (1,260 cells/mm?, IQR 1,003—1,796 vs 1,867
cell/mm?, IQR 1,392—2,308; P = .0055) and lower CD4+ cells
count (488 cell/mm?, IQR 389—656.5 vs 720 cell/mm?, IQR
539—1,000; P = .0051) (Table IV).

A simple logistic regression confirmed lymphopenia (<1,500
cell/mm’) as a predictor of SARS-CoV-2 infection (OD 15.7
(95% CI 3.6—68.9). At the end of the study, 68.3% of patients
had been vaccinated with 3 doses, 13.3% with 4 doses, 11.7%
with 2 doses, and one patient (1,7%) with only one dose. Three
patients (5%) were not vaccinated, including the patient who
died before vaccine availability (Figure 2).

Impact of SARS-CoV-2 infection on cardiovascular

diseases

Forty percent of patients who recovered from SARS-CoV-2
infection had a major CHD. During SARS-CoV-2 infection,
neither patients with CHDs nor those without CHDs displayed
COVID-19—related cardiovascular manifestations, including
myocarditis. Only one patient with corrected ToF had transient
hypertension. After SARS-CoV-2 recovery, 75% of infected
patients underwent transthoracic Doppler echocardiography and
ECG at rest (Table III). None showed echocardiographic or
heart rhythm changes compared with pre—=SARS-CoV-2 infec-
tion. We recorded arterial hypertension in one overweight pa-
tient with isolated VSD. Thus, except for the latter patient, no



TABLE Ill. Individual data of 21 patients infected by SARS-CoV-2 during the study time

Dose(s) of
vaccine at Days of
Age Lymphocytes CD4* count Immunoglobulin Risk factors for severe SARS-CoV-2 COVID-19 gRT-PCR Cardiological
Period range (y) (cell/mm (cell/mm defect COVID-19 infection course Treatment positivity Outcome outcome
Preimmunization 50—29 1,000 380 1eG DMT?2, obesity, kidney None Severe (ARDS) Oxygen NAp  Death NAp
failure, mood disorders therapy,
dialysis
Preimmunization 20—-29 1,290 438 No Developmental disabilities, None Mild None 21 Recovery No echocardiographic
schizophrenia spectrum or ECG changes
disorders
Preimmunization 40—49 1,500 580 No None Mild Antibiotic 10 Recovery No echocardiographic
or ECG changes
Post-full 20—29 820 190 No Corrected subaortic VSD, 2 doses Asymptomatic  None 10 Recovery No echocardiographic
immunization multiple VSDs in or ECG changes
natural hystory,
schizophrenia spectrum
disorders,
developmental
disabilities
Post-full 30—-39 1,230 488 IgG, IgM, and  Corrected ToF, 2 doses Mild None 10 Recovery NA
immunization IgA defect overweight,
dyslipidemic,
developmental
disabilities,
schizophrenia spectrum
disorders
Post-full 20—-20 1,810 NA No Small subaortic VSD in 2 doses Mild NSAID 17 Recovery No echocardiographic
immunization natural history or ECG changes
Post-full 30—-39 1,180 400 No Small subaortic VSD in 2 doses Mild None 39 Recovery No echocardiographic
immunization natural history, or ECG changes,
overweight, arterial
schizophrenia spectrum hypertension
disorders diagnosis
Post-full 40—49 760 270 IeG Obesity, developmental 2 doses Mild None 16 Recovery No echocardiographic
immunization disabilities, or ECG changes
schizophrenia spectrum
disorders
Post-full 20—29 1,690 662 No Developmental disabilities, 2 doses Mild None 31 Recovery No echocardiographic
immunization or ECG changes
Post-booster dose 30—-39 900 390 No Developmental disabilities 3 doses Mild Paxlovid 10 Recovery No echocardiographic
or ECG changes
Post-booster dose 18—19 1,755 720 No Overweight, 3 doses Mild None 10 Recovery No echocardiographic
developmental or ECG changes
disabilities, mood
disorders

(continued)
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TABLE Ill. (Continued)

Dose(s) of
vaccine at Days of
Age Lymphocytes CD4" count Immunoglobulin Risk factors for severe SARS-CoV-2 COVID-19 gRT-PCR Cardiological
Period Sex range (y) (cell/mm?) (cell/mm?) defect COVID-19 infection course Treatment positivity Outcome outcome
Post-booster dose M 20—29 1,180 554 No Corrected ToF, 3 doses Asymptomatic  None 10 Recovery No echocardiographic
overweight, or ECG changes
developmental
disabilities,
schizophrenia spectrum
disorders
Post-booster dose F  20—29 1,000 400 No Obesity, developmental 3 doses Asymptomatic ~ Sotrovimab 7 Recovery No echocardiographic
disabilities, or ECG changes
schizophrenia spectrum
disorders
Post-booster dose M 30—29 2,030 875 No Overweight, 3 doses Mild None 13 Recovery No echocardiographic
developmental or ECG changes
disabilities,
schizophrenia spectrum
disorders
Post-booster dose M 20—29 2,600 1,089 IgM defect Corrected TAA, 3 doses Mild Sotrovimab 7 Recovery NA
overweight,
developmental
disabilities
Post-booster dose F  20—29 1,131 585 IgG/IgA defect Corrected ToF, 3 doses Mild Molnupiravir 10 Recovery Hypertension during
corticosteroid infection. No
medications echocardiographic
or ECG changes
Post-booster dose M 50—59 1,650 650 IgM defect Corrected hemitruncus, 4 doses Mild None (refused) 63 Recovery No echocardiographic
DMT?2, obesity or ECG changes
Post-booster dose M 20—29 1,530 NA No Obesity, developmental 3 doses Mild Sotrovimab 15 Recovery NA
disabilities,
schizophrenia spectrum
disorders
Post-booster dose M 30—39 3,700 NA No Obesity 3 doses Mild Paxlovid 7 Recovery NA
Post-booster dose M 20—29 2,340 550 No Developmental disabilities, 3 doses Mild None NA Recovery No echocardiographic
schizophrenia spectrum or ECG changes
disorders
Post-booster dose M 20—29 1,500 NA No Developmental disabilities, 3 doses Mild Molnupiravir 10 Recovery NA
schizophrenia spectrum
disorders
Post-booster dose F  20—29 1,000 400 No Obesity, developmental 3 doses Mild Antibiotic 10 Recovery No echocardiographic

disabilities,
schizophrenia spectrum
disorders

or ECG changes

ARDS, Adult respiratory distress syndrome; DMT2, diabetes mellitus type 2; ECG electrocardiogram; /AA, interrupted aortic arch; NA, not available; NAp, not applicable; NSAIDs, nonsteroidal anti-inflammatory drugs; gRT-PCR,

quantitative reverse transcriptase—polymerase chain reaction.
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TABLE IV. Clinical and demographic characteristics and preinfection lymphocytes in 22g11.2DS patients SARS-CoV-2—positive and

SARS-CoV-2—negative

Patients’ characteristics SARS-CoV-2—positive (n = 21) SARS-CoV-2—negative (n = 39) P value

Age, median (IQR) 28 (25.5-35.5) 27 27-34) .8025

Female, n (%) 10 (48) 15 (38) .5865

Major CHD, n (%) 8 (38) 16 (41) 1.0000

Intellectual disability (moderate/severe), n (%) 13 (620) 8 (21) .0020

Psychiatric disease, n (%) 14 (67) 25 (64) 1.0000
Immunological data

Lymphocytes, median (IQR) 1,260 (1,003—1,796) 1,867 (1,392—2,308) .0055

CD4+, median (IQR) 488 (1,003—1,796) 720 (539—1,000) .0063

Immunoglobulin defect, n (%) 7 (39) 5 (16) .0942

A s No vaccination patients the frequency of S+ MBCs was lower than in HDs both

e 50% after the second (P = .0034) and the third dose (P < .0001)

4doses (Figure 3, C). We have previously shown that S+ MBCs are

2 doses 13.3% mostly of IgM-isotype.”” In accordance with our findings, in

1179 22q11.2DS patients, the amount of S+ MBCs was directly

3doses related with the concentration of serum IgM (R = 0.53; P =

68.3% .0113).

FIGURE 2. Vaccination coverage rate in the enrolled cohort of 60
adults with 22g11.2DS at the end of the study period.

changes in consolidated treatment for cardiovascular conditions
were prescribed after recovery.

Immune response to SARS-CoV-2 vaccination

Sixteen patients (age 27 years [IQR 24—36]; females 6 [60%)])
were analyzed for humoral and cellular response to immunization
with the mRNA BNT162b2 (Table E1; available in this article’s
Online Repository at www.jaci-inpractice.org). To note, 2 pa-
tients with autoimmunity on immunosuppressive treatment were
also enrolled: one with rheumatoid arthritis treated by Tocili-
zumab and one with autoimmune cytopenia receiving steroids.
The second patient was also receiving IgG replacement treatment
owing to hypogammaglobulinemia.

Following the second vaccine dose, anti-Spike (S1) IgG and
IgA increased, even if 22q11.2DS patients showed lower anti-
body levels than HD (S1-IgG P < .0001; S1-IgA P = .0224). In
both groups, anti-S1 antibodies decreased over time and were
boosted by the third immunization (S1-IgG HD P < .0001 and
22q11.2DS P = .0020; S1-IgA HD P < .0001 and 22q11.2DS
P = .0020). Differently from S1-IgG, 22q11.2DS patients
reached lower S1-IgA serum levels than those in HDs (P =
.0058) (Figure 3, A, B).

As previously reported,” we identified low-affinity and high-
affinity MBCs that were detectable respectively positive for PE
(§+) or double positive (S++) for PE and BUV395.

At TO low-affinity MBCs (S+) were already detectable in
HDs and, with lower frequency (P < .0001), in 22q11.2DS
patients (Figure 3, C). In HDs, the frequency of S+ MBCs
increased after the second dose (P = .0072), returned to the
preimmunization levels before the third dose (P < .0001) and
then augmented after the third dose (P < .0001). In 22q11.2DS,

The S++ MBCs were absent before immunization both in
HDs and 22q11.2DS (Figure 3, D). After the second dose, the
frequency of S++ MBC:s increased both in HDs (2 < .0001) and
in patients (P = .0312). The S++ MBCs increased after the third
dose in HDs (P < .0001) and in 22q11.2DS (P = .0391),
although their frequency was lower in patients (P = .0161)
(Figure 3, D). Among total Spike-specific MBCs (S+ plus S++),
we also identified RBD-specific MBCs (Figure 3, E), a minority of
the MBCs generated by vaccination that produce most of the
neutralizing antibodies.” In HDs, RBD+ cells increased after the
second dose (P < .0001) and even more in the following months
(pre-third P = .0090). In 22q11.2DS, RBD+- cells expanded after
the second (P = .0489) and the third doses (P = .0472), with the
frequency of RBD+ and MBC S++ cells being directly related
(R = 0.34; P = .0371). To note, one patient with hypogamma-
globulinemia under IgRT and steroids responded to the booster
dose with S4- MBC only and did not generate anti—S1 IgG, S++
MBCs, and RBD+ cells. Moreover, the patient treated with
tocilizumab developed S+ MBCs but not S++ MBCs and
RBD+ cells, possibly owing to impaired germinal center reaction
caused by defective interleukin-6 (IL-6) release.’® We further
analyzed the specific T-cell-mediated immune responses in 16
patients before and one week after the third vaccine dose by
ELIspot assay to quantify IFN-y—producing antigen-specific T
cells. When stimulated by the full-length Spike WT protein, all
patients developed a T-cell response, except for the one treated
with steroids (Figure 4, A). Degrees of response were variable,
being directly related to the number of total peripheral lympho-
cytes (R = 0.43; P = .0310) and CD4+ T cells (R = 0.44; P =
.0185). When stimulated by the mutated Spike epitope leading to
the Omicron VOC, only 50% of patients responded (Figure 4, B).
When compared with micron Spike responders, nonresponders
showed a lower count of lymphocytes (2,330 cells/mm’ [IQR
1,790—3,570) vs 1,131 cells/mm’ [IQR 890—2,010]; P =
.0300). Differently, when stimulated with the same epitope in the
WT configuration, all but one patient showed detectable T
response (Figure 4, C). This patient was the same who did not
respond to the Spike WT protein.
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FIGURE 3. Specific antibody and B-cell responses after immunization with 2 and 3 doses of MRNA BNT162b2 vaccine. (A) Spike-specific
IgG, (B) Spike-specific IgA antibodies, (C) S+ MBCs, (D) S++ MBCs, and (E) RBD-positive MBCs in HD (blue circles) and 22911.2DS
patients (gray circles) before TO, 1 week after the second dose (post-second dose), 6 months after the second dose (pre-third dose), and
1 week after the third dose (post-third dose) of BNT162b2 vaccine. The MBCs subset was defined as CD19 + CD24 + CD27 + CD38—.
For Spike-specific IgG and IgA the positive cut-off value was settled at 1.0 OD ratio. For each group, the median is shown as a bar.
Continuous lines represented paired Wilcoxon test, and dashed lines represented unpaired Mann U Whitney test. *P <.05; **P <.01;
¥**p <.001; ****P <.0001.
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FIGURE 4. The SARS-CoV-2—specific T-cell responses in 22g11.2DS patients before (6 months after the second dose) and after the third
dose of mMRNA (BNT162b2) vaccine. The cumulative IFN-y—positive T-cell responses (total SFC against (A) complete WT Spike, (B)
Omicron Spike, and (C) Omicron WT antigens) were evaluated by the T-SPOT Discovery SARS-CoV-2 ELISpot assay in 16 virus-naive
participants. Statistical analyses were performed using the Wilcoxon matched-pairs signed-rank test. **P < .01; ***P < .001. SFC,
spot forming cells.

DISCUSSION abnormalities, learning difficulties, and neuropsychiatric disor-
The 22q11.2DS is the most common chromosomal micro- ders,""* 22q11.2DS is characterized by the absence or under-
deletion reported in humans.’””* Besides CHDs, palatal development of the thymus with impaired immune



TABLE V. Published reports of SARS-CoV-2 infection in 22q11.2DS

Reference

Study design

Infection period
considered

Sex/age

Comorbidities

COVID-19
symptoms

Hospital
admission

Treatment

Outcome

11

13

18

11

14

Cross-sectional study
(prevalence study)
in June 2020 (end
of first wave)
including 65
moderate/severe
IEIs patients

Retrospective survey
on 20 IEIs patients

A retrospective study
was undertaken by
a Web-based
survey, including
94 patients with an
underlying IEIs and
infected by SARS-
CoV-2

Case series of 60
individuals with
IEIs National
Registry, data
collection
proformas were
sent to all U.K.
pediatric and adult
immunologists by
email; 100 IEIs
patients included

Cross-sectional,
multicenter study,
involving 121
patients with IEIs

Retrospective
multicenter survey,
114 IEIs patients
included

February 2020—Jun
2020

February 2020
—September 2020

March 2020—June
2020

March 2020—July
2020

March 2020
—December 2020

March 2020—April
2021

M/17 y

M/5y
M/15y

M/age
group 0—2
y

M/>18y

M/0.7 y

F/138y

Fi7y
F23 y

Moderate/severe lymphopenia

Moderate/severe lymphopenia

Bronchiectasis, low TRECs level,
hypogammaglobulinemia

Lung disease, tracheostomy with chronic ventilation

NA

Arterial hypertension, corrected congenital cardiopathy,
hypogamma

Autoimmune hypothyroidism

None
CHD, allergy, bronchiectasis

Asymptomatic

Mild (cough)
Asymptomatic

Severe (fever,
dyspnea)

NA

Severe (fever, cough,
dyspnea, severe
diarrhea)

Mild (Fever)

Mild (Fever)

Mild (running nose/
sore throat)

No

Yes (ICU)

No

No

No
No

Convalescent
plasma,
oxygen
support,
NIV

NA

NA

NA

NA
NA

Recovered

Recovered
Recovered

Recovered

Recovered

Recovered

Recovered

Recovered
Recovered
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TABLE V. (Continued)

Infection period COVID-19 Hospital
Reference Study design considered Sex/age Comorbidities symptoms admission Treatment Outcome
F/15y History of interventricular defect and supraventricular  Mild (fever) No NA Recovered
paroxysmal tachycardia
F/17y Autoimmune thyroiditis, interventricular defect Asymptomatic No NA Recovered
F9.25y Congenital heart disease (IAA, interatrial defect, Mild (fever, asthenia) No NA Recovered
interventricular defect)
M/18.4 y Autoimmune thyroiditis, mild thrombocytopenia, Mild (runny nose) No NA Recovered
hyperbilirubinemia, vitamin D deficiency
F/115y Obesity, cognitive disability Moderate (cough, No NA Recovered
headache, dyspnea,
asthenia, nausea,
arthralgia)
M/10.6 y Left aortic arch, developmental delay NA No NA Recovered
M/1.6 y Hypoparathyroidism, hypocalcemia, congenital Asymptomatic No NA Recovered
hypothyroidism, bicuspid aorta
F/152y Hyperthyroidism, intellectual disability, congenital heart NA No NA Recovered
disease
M/1y Minimal left to right interatrial shunt, nephrocalcinosis, Severe (fever) Yes NA Recovered
hypoparathyroidism, areas of parenchymal lung
consolidation, hypogammaglobulinemia
3 National Registry, March 2020—July Two males NA Severe course Yes (1) NA Recovered
data collection 2021 (18 and (1 patient)
proformas were 21y)
sent and 310
patients included
10 Cross-sectional, June 2020—June 2021 M/1.5 y NA Mild (anxiety, NA NA Recovered
multicenter study bradycardia)
involving 99 IEIs
patients
12 Case report NA (published on F/12y Hypogammaglobulinemia, T-cell lymphocytopenia, Mild (headache, NA No Recovered
February 2021) congenital heart disease, and VP shunt emesis)
NA (published on M/13y Obesity, congenital heart disease, low IgM Asymptomatic NA NA Recovered
February 2021)
15 Multinational survey July 2021—December 25 patients, Overweight 21%, immunoglobulin infusions 4%, Fatigue (63%), 1 of 25 None 25 of 25
on 152 patients 2021 (range 2 previous heart surgery 43%, hypertension 4%, headache (54%), hospitalized recovered
with 22q11.2DS —36y) psychiatric problems 11%, arthritis 11%, asthma 29%  cough (51%), for1d

rhinorrhea (45%)

IAA, Interrupted aortic arch; ICU, intensive care unit; /EIs, inborn errors of immunity; NA, not available; NIV, noninvasive ventilation; TRECs, T-cell receptor excision circles; VP, ventriculoperitoneal shunt.
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functions.””** The immunological impairment is highly het-
erogeneous, ranging from a severe combined immunodeficiency
phenotype, characterized by profound impairment of T- and B-
cell responses and life-threatening infections, or more commonly,
less-severe immune defect with a mild to moderate reduction of
T cells and autoimmunity.”'*>** Antibody deficiencies are also
increasingly recognized.”

Currently, data on the course of SARS-CoV-2 infection in
22q11.2DS patients are scarce and limited to pediatric case re-
ports‘)’ls or self-assessment for adults,'® with about 50 cases
being reported. Moreover, descriptions of SARS-CoV-2 in-
fections in adults did not include data on infection with the
Omicron strain.'® Of note, data on immunological response to
immunization are lacking,

Published reports of SARS-CoV-2 infection among people
with 22q11.2DS revealed that both children and adults did
surprisingly well, despite their underlying comorbidities
(Table V). In our cohort, the course of SARS-CoV-2 infection
was free from complications in all but one unvaccinated patient
with severe concomitant comorbidities. The symptoms
commonly reported were comparable with those experienced by
the general population.”” No new cardiovascular impairment
during acute SARS-CoV-2 infection or in the post—COVID-19
period nor worsening prior cardiological status was observed
except for 2 patients who developed arterial hypertension. In
addition, transthoracic color Doppler echocardiography and
ECG at rest performed postrecovery did not detect any new
echocardiographic  and  heart  rhythm alterations in
22ql1.2—infected individuals. These data were entirely unex-
pected because the European Society of Cardiology has identified
adults with CHD as an increased risk population for complica-
tions with COVID-19. In particular, cyanotic CHDs, which are
frequent cardiological features of people with 22q11.2DS,* were
associated with the high-risk group.”® Moreover, comorbidities
commonly found in 22q11.2DS, such as diabetes, hypertension,
or being overvveight,/‘7 further increase the risk of developing
more severe symptoms.”’ Cardiological involvement during
COVID-19 has also been shown in subjects without heart
conditions, with new acute coronary syndromes, arterial and
venous thrombosis, acute heart failure, arrhythmias, and
myocarditis frequently observed.”***” Moreover, the risk for
cardiovascular impairment was also increased early after recovery
in those with either symptomatic or asymptomatic SARS-CoV-2
infection.”” Compared with uninfected patients, SARS-CoV-2
22q11.21—positive patients had a higher degree of intellectual
disability, possibly causing difficulties in keeping social distance
and isolation from infected caregivers. Low preinfection lym-
phocytes count and reduced CD4+ cells were also found to be
associated with a higher risk for infection. It was remarkable that,
despite having persistent T lymphopenia, these patients experi-
enced full clinical resolution of SARS-CoV-2 infection.

The main contributor to the good outcome might be the high
immunization coverage recorded in our cohort, with greater than
95% of patients being immunized with at least 3 doses. This
hypothesis is supported by the prospective study on immuno-
logical response to SARS-CoV-2 immunization. In 22q11.2DS
patients, the IgG responses were comparable with those found in
HDs, whereas Spike-specific IgA levels were lower. Moreover,
the generation of Spike-specific MBCs and RBD B-cells was
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slightly impaired as expected, owing to the known defect of
switched memory in 22q11.2DS subjects.””””* Specific T-cell
responses were related to total lymphocytes and CD4+ T cell
counts. Recently, low pre=SARS-CoV-2 infection lymphocyte
count was confirmed to be an independent risk factor for mor-
tality in a heterogeneous U.K. cohort of patients with primary
and secondary immunodeficiencies.” In 22q11.2DS patients,
mild to moderate lymphopenia represents the primary manifes-
tation of thymic hypoplasia”® and is more common in infancy
than in adulthood.”” However, although patients have reduced
T-cell numbers, their repertoire is normal.”* This was confirmed
by the observation that lymphopenia does not seem to correlate
with the severity and recurrence of infections.”’

In conclusion, our data suggest that vaccination should be
encouraged in individuals with 22q11.2DS because the mRNA
vaccine was able to induce the B-/T-cell responses and a robust
IgG-specific response. A limitation of the study is the short
follow-up time postimmunization. For now, we know that,
shortly after completing the third dose of vaccine, Spike-specific
MBC:s response reached lower frequencies than reported in HDs,
with a subgroup of patients not being able to generate high-
affinity specificMBC, then suggesting possible incapability of
B cells to undergo affinity maturation in the germinal center.
Previous studies exploring the immunogenicity of vaccinations
with live viruses and influenza virus showed that, despite the
robust seroconversion recorded soon after immunization,® %
patients with 22q11.2DS have difficulty in sustaining long-
term protective antibodies.”® These data together suggest that
patients with 22q11.2DS should be periodically reassessed to

identify those needing additional recall vaccine dose
administration.
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FIGURE E1. Gating strategy. FACS plots depict the gating strategy for the identification of (A) total memory B cells
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S++) and (C) receptor binding domain—specific memory B cells. RBD, receptor-binding domain.
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TABLE E1. Characteristics of 16 22g11.2DS patients enrolled in

the immunization study

Characteristic Value

Age (y), median (IQR) 27 (24-36)

Sex, n (%) 6 (60)

IgG (mg/dL), median (IQR) 1,331 (1,110—1,427)
Under IgG replacement treatment, n (%) 1 (6)

IgA (mg/dL), median (IQR) 269 (196—314)
Selective IgA deficiency, n (%) 1 (6)

IgM (mg/dL), median (IQR) 69 (47—137)
Selective IgM deficiency, n (%) 3 (20)

Lymphocytes, cells/mm?®, median (IQR)
CD4+ T cells/mm?®, median (IQR)
CD8+ T cell/mm?®, median (IQR)
CD19+ B cells/mm®, median (IQR)
Switched MBC % of IgM-MBCs,

median (IQR)

Clinical-associated conditions, n (%)
Previous heart surgery
CHD
Hypertension
DMT
Dyslipidemia
Psychiatric problems
Neurological problems
Learning issues
Autoimmunity
ITP/ATHA
Arthritis
Thyroid disease
Immunosuppressive treatment

1,835 (1,212—3,280)
716 (576—979)
395 (304—449)
276 (149—337)

32 (21.6—39.3)

8 (53)
7 (@47
4 (27)
2 (13)
3 (20)
3(33)
2 (13)
9 (60)
7 (47)
1(7)

1 (7)

4 (29)
2 (12)

CHD, Congenital heart disease; DMT, diabetes mellitus; IgG, -A, -M, immuno-
globulin G, A, M; IQR, interquartile range; ITP/AIHA, idiopathic thrombocytopenic
purpura/autoimmune haemolytic anemia; MBC, memory B cell.
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