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Abstract

Purpose Duplication of chromosome 22q11.2 due to meiotic non-allelic homologous recombination results in a distinct
syndrome, chromosome 22q11.2 duplication syndrome that has some overlapping phenotypic features with the correspond-
ing 22q11.2 deletion syndrome. Literature on immunologic aspects of the duplication syndrome is limited. We conducted a
retrospective study of 216 patients with this syndrome to better define the key features of the duplication syndrome.
Methods Single-center retrospective record review was performed. Data regarding demographics, clinical details, and
immunological tests were compiled, extracted into a predetermined data collection form, and analyzed.

Results This cohort comprised 113 (52.3%) males and 103 (47.7%) females. The majority (54.6%) of mapped duplications
were between low copy repeat regions A—D (LCR22A to -D). Though T cell subsets were relatively preserved, switched
memory B cells, immunoglobulins, and specific antibodies were each found to be decreased in a subset of the cohort. One-
fifth (17/79, 21.5%) of patients had at least 2 low immunoglobulin values, and panhypogammaglobulinemia was found in
11.7% (9/79) cases. Four children were on regular immunoglobulin replacement therapy. Asthma and eczema were the
predominant atopic symptoms in our cohort.

Conclusion Significant immunodeficiencies were observed in our cohort, particularly in B cells and antibodies. Our study
expands the current clinical understanding and emphasizes the need of immunological studies and multidisciplinary
approaches for these patients.

Keywords Chromosome 22q11.2 duplication - immunodeficiency - lymphocyte subsets - cardiac abnormalities

Introduction

Genomic band 11.2 of human chromosome 22 harbors
well-characterized region-specific low copy repeats (LCRs)
which are prone to DNA rearrangements during meiotic
crossover through non-allelic homologous recombination
[1]. Deletions or duplications occur secondary to misalign-
ment of the LCRs due to high degree of homology between
their sequences (> 95%), acting as substrates for non-allelic
homologous recombination. The type of misalignment
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drives the specific copy number variation (CNVs) which
can be either deletion, duplication, inversion, or translo-
cation (Fig. 1). While deletion in this region leads to the
well-characterized 22q11.2 deletion syndrome (22q11.2del)
[2], the less frequently detected duplication results in the
infrequently characterized 22q11.2 duplication syndrome
(22q11.2dup) [3]. 22q11.2del is estimated to occur in 1:3000
to 1:6000 live births and has variable phenotypes with car-
diovascular, immunologic, endocrine, and developmental
abnormalities [2]. However, the prevalence of 22q11.2dup
has been more difficult to establish, largely due to the techni-
cal aspects of diagnosis. A Danish population-based study
estimated the prevalence at 1:1606 [4].

22q11.2dup was first described in 1999 [5] and reported
subsequently from various centers [6—8]. Clinical presen-
tations of 22q11.2dup range from asymptomatic to frank
multisystem abnormalities with severe complications. There
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is phenotypic overlap with the deletion syndrome, particu-
larly cardiac anomalies and developmental delay. Diagnosis
of 22q11.2dup is often missed due to the mild phenotype
and technical limitations of fluorescent in situ hybridiza-
tion (FISH) which is relatively insensitive for duplications.
The use of microarray and prenatal diagnostic facilities has
increased detection recently.

Variable expressivity, incomplete penetrance, and wide
clinical phenotypes including neuro-developmental ill-
nesses, learning disorders, cardiac abnormalities, dysmor-
phic features, gastrointestinal, and endocrine abnormalities
have been described [3]. Immunodeficiencies, distinct from
those seen in 22q11.2 del, have also been reported in patients
with 22q11.2dup, with a recent case series suggesting that T

LCR22C-LCR22D 0.7Mb
5% of mapped duplications

duplications among all the mapped duplications (i.e., excluding FISH
or MLPA detection) are shown. (Produced in Biorender)

cell counts are unaffected in 22q11.2dup [9-11]. However,
these studies were limited by sample size. In this study, we
performed a retrospective record review of clinical, immu-
nological, and cytogenetic data of patients with 22q11.2dup
at our hospital to better characterize the immune phenotype.

Materials and Methods
Study Population
We performed this observational study through a retrospec-

tive record review of a digital clinical and laboratory reposi-
tory/database of patients and their parents with 22q11.2dup
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diagnosed at the Children’s Hospital of Philadelphia from
January1997 to March 2022. All the children and adults with
positive tests for chromosome 22q11.2 duplication detected
by any method were enrolled. Demographics, clinical details,
hematologic and immunologic data, cytogenetics, and thera-
peutics were extracted systematically onto a data collection
form and analyzed. Two hundred eighteen patients from 155
families were identified. Two patients were excluded for lack
of clinical data. A total of 216 patients were identified with
recorded genetic tests and clinical history. Thirty patients
did not have any non-genetic laboratory data. A total of 178
patients had undergone at least one type of immune testing.
Four (1.9%) children were recorded as deceased. Twenty-six
(12%) had no data on current status.

Testing

Diagnosis of 22q11.2dup was made via various genetic
testing modalities including microarrays [including array-
based genomic hybridization (ACGH)], single nucleotide
polymorphism (SNP) microarray, FISH, multiplex ligation-
dependent probe amplification (MLPA), genome sequenc-
ing, and prenatal genetic screening. Flow cytometry was car-
ried out on Beckman (Cytoflex platform) flow cytometers
(Life Sciences, IN, USA) in the hospital’s clinical laboratory.
Immunoglobulins were measured by nephelometry, and anti-
body titers were measured by enzyme-linked immunosorb-
ent assay (ELISA) in the clinical laboratory. Genetic testing
methods and flow protocol details are available on request.
Standard published normative data were used for the refer-
ence ranges of hematological and immunological studies and
comparisons [12—-14]. Absolute counts and percentages were
compared with references separately.

Statistical Analysis

Descriptive statistics (frequencies, mean, standard devia-
tion (SD), and proportions) were used for summarizing cat-
egorical and continuous variables. All point estimates were
supplemented with their corresponding 95% CI (confidence
interval). A p value < 0.05 was taken as significant. No cor-
rection for multiple comparisons was performed. Associa-
tion of categorical variables was analyzed using chi-squared
test (y%)/Fisher exact tests whereas comparisons of quantita-
tive variables between two study groups were carried out
using independent sample # test (parametric) or Mann-Whit-
ney U test (non-parametric). Comparisons of the subgroup
means of variables were performed. One-way analysis of
variance (ANOVA) was used to compare means of paramet-
ric tests whereas Kruskal-Wallis tests by ranks were applied
for comparisons in non-parametric one. Tukey’s HSD (hon-
est significant difference) test was used in conjunction with
an ANOVA to find means that are significantly different
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from each other. Pearson correlation coefficient (Pearson’s
r) and Spearman’s rank correlation coefficient (Spearman’s
rho ‘p’) were also estimated to find out linear association
between various continuous variables. Linear correlations
were further analyzed graphically using scatter plots. Analy-
sis was performed using ‘SPSS’ version 23.0 software (IBM,
USA).

Results
Demographics, Inheritance, and Diagnostics

Our study cohort of 216 patients was comprised of 163
(75.5%) children, 41 (19%) adults, and 12 (5.6%) fetuses
(with postnatal follow-up), and the self-reported gender was
113 (52.3%) males and 103 (47.7%) females (M/F ratio =
1.096:1) (Table 1). One of the antenatally diagnosed cases
died at the postnatal age of 3 months due to respiratory com-
plications. The majority (70.8%) were non-Hispanic, white.
Overall age at diagnosis ranged from prenatal to 59.75 years
with a mean of 9.8 years (SD 13.9). The mean age at diagno-
sis was 4.35 years (SD 5.06) for children (Table 1).

Perinatal details were available in 151 cases. Gestational
weeks at birth ranged from 26 to 42 weeks with a mean of
37.9 (SD 3.3) weeks. The majority (76.3%) were born full
term with a mean birth weight of 3005 (SD 841.8) grams.

The inheritance pattern was paternal in 39 (18.1%) and
maternal in 49 (22.7%) (Table 2). The remainder had either
a de novo or an uncertain parental inheritance. Microarray
(chromosomal, ACGH, and SNP-based) was the predomi-
nant modality used for diagnosis (114 patients (52.8%)).
MLPA, FISH, and genome sequencing were used for diag-
nosis of the remainder. Twelve (5.6%) cases were diag-
nosed antenatally. More than half (54.6%) of patients had a
duplication of LCR22A to -D (Fig. 1). Duplications involv-
ing DNA distal to LCR22D site were seen in 46 (21.3%)
patients. Among them, 36 (16.7%) had solely distal to
LCR22D duplication events whereas 10 (4.6%) patients had
a duplication involving regions bridging the A—D and distal
regions. One patient each was found to have a duplication
before region LCR22A and after LCR22H. A nested dupli-
cation (within -A to -D region) was identified in 35 (16.2%)
patients. Sixteen (7.4%) patients were diagnosed with FISH
only, and therefore, the breakpoints are unknown.

Eleven percent of patients had multiple genetic variants,
possibly modifying their phenotype. An additional 13q12.3
duplication, 15q11.2 duplication, and CYBB mutation were
detected in 2 patients each (one male with clinical chronic
granulomatous disease and his mother, a carrier). Moreo-
ver, isolated deletions noted in each different individual
were on chromosome 16p11.2, 16q24.3, 16p13.11, 5p14.1,
13q12.11, 10921.3, 20p11.21, Xp22.33p22.2, Yp11.2 and
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Table 1 Demographic and perinatal details of the patients

Parameters Categories (n) Number  Mean (SD)  Median (quartiles) 2.5th—97.5th centile
N (%)
Overall age at diagnosis 216 9.8 (13.9) 3.5(0.66-11) —-0.346.1
Category of age (year) at diagnosis ~ Prenatal 12 (5.6) —-0.29 (0.02) -0.3 -
Childhood 163 (75.5) 4.35(5.1) 2.95 -
Adult 41 (19) 33 (8.6) 36 -
Sex Male 113 (52.3) - - -
Female 103 (47.7) - - -
Current status Alive and FU+ 186 (86.1) 17.2(14.7) 13 (7-21) 0.3-54.3
No recent FU 26 (12) - - -
Dead 4(1.9) - - -
Age at immunological tests 92 (42.6) 6.5 (7.66) 4.83(16.6-54.7) 0.02-37.4
Age at present (alive and following up) 186 (86.1) 17.2 (14.7) 13 (7-21) 0.3-54.3
Race White 153 (70.8)
African American 20 (9.3%)
Asian 8 (3.7%)
Hispanic 5(2.3%)
Mixed parents 7 (3.2%)
Perinatal history Birth weight (gm) 151 (70) 3005 (841) 3120 (2550-3560) 1016-4490
Birth length (cm) 72 (33.3) 48.4(6.37) 49.5(47-52.7) 20.8-55.5
Birth head circumference (cm) 25 (11.5) 33.9(1.7) 34 (32.5-35) -
Gestational weeks 144 (66.6) 37.9 (3.3) 39 (37-40) 28-41.7
Maturity at birth Late term (41+ weeks), n (%) 18 (12.5)
Term (37-40%7 weeks), n (%) 92 (63.8)
Late preterm (34-36%7 weeks), n (%) 19 (13.2)
Early preterm (< 33%7 weeks), n (%) 15 (10.4)
Development Global delay 11 (5.1)
Speech delay 100 (46.3)
Cardiac VSD 14 (6.5
ASD 10 (4.6)
Endocrine Short stature 19 (8.8
Hypothyroidism 8(3.7)
Hypocalcemia 6 (2.8)
Broad forehead* 27 (12.7)
Macrocephaly* 25 (11.7)
Hypertelorism* 25 (11.7)

FU follow up, VSD ventricular septal defect, ASD atrial septal defect

*Only the facial features occurring in > 10% of the cohort are listed

an in-frame indel in exon32 of NFI. Duplications in region
5pl13.2, 16p13.11, 17q21.31, 20p11.21 and the SMARCB1
3'"UTR accompanied 22q11.2 duplication in individual
patients. Instances of uniparental disomy of chromosomes
16 (16q22.1q24.3) and 18 (18p11.22q21.1) were also
observed in our cohort. One patient had 2 duplications
[at 8p22 (paternally inherited) and at S5p13.2 (maternally
inherited)] in addition to variants in MYO7A and COL4A3
genes in the hearing loss panel. An inversion in chromo-
some 9 was also noted in 2 patients.

Clinical Profile

We collected clinical details to seek associations with
immunodeficiency. Among 216 subjects, developmental
delay in at least 2 sectors of milestones was observed in
48.6% of patients. At least one cardiac issue was present
in 33.8% of patients, and 30.5% of patients had endocrine
disorders (Table 1). We analyzed the CBC and electrolytes
and liver function. These are reported in Supplemental
Table S1 and were largely normal.
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Table 2 Genetic test descriptions of patients (n = 216)

Parameters Category n (%)
Inheritance Paternal 39 (18.1)

Maternal 49 (22.7)

De novo 16 (7.4)

Unknown 112 (51.9)
Tests used Microarray (chromosomal, ACGH and SNP-based) 114 (52.8)

Multiplex ligation-dependent probe amplification 37(17.1)

Fluorescent in situ hybridization 15(6.9)

Genomic sequencing 1(0.5)

Prenatal testing 12 (5.6)

Mixed (> 2) or others 37 (17.1)
Duplication region Duplication at standard LCR22A-LCR22D region 118 (54.6)

Nested duplication 35(16.2)

Duplication beyond LCR22D (distal only) 36 (16.7)

Duplication involving parts of distal and standard 10 (4.6)

Duplication at distal or involving distal with standard 46 (21.3)

Others/unknown 17 (7.9)
Duplication region on low copy repeats (LCR)22 in detail
Category n (%) Category n (%)
LCR22A-B 7(3.2) LCR22D-E 6(2.8)
LCR22A-C 1(0.5) LCR22D-H 2(0.9)
LCR22A-D 118 (54.6) LCR22E-F 73.2)
LCR22A-E 1(0.5) LCR22E-H 9(4.2)
LCR22A-F 1(0.5) LCR22F-H 8 (3.7
LCR22B-D 17 (7.9) LCR22F-beyond H 1(0.5)
LCR22B-F 1(0.5) LCR22G-H 1(0.5)
LCR22C-D 10 (4.6) LCR-(distal) TOP3BE 4 (1.9
LCR22C-E 4(1.9) Duplication before LCR22A 2(1.9)
Test performed by FISH only 16 (7.4) Before LCR22A to after LCR22H 1(0.5)

ACGH array-based genomic hybridization, SNP single nucleotide polymorphism, LCR low copy repeat

Immunological Profile

Among 212 patients with immune system-related clinical
data, at least one type of immune evaluation was performed
in 178 patients. A summary of findings of lymphocyte sub-
sets is depicted in Table 3 and Supplemental Table S2.
Detailed analyses of lymphocyte subsets were performed
on 76 patients. Nine had a low percentage of lymphocytes
with eight also having low absolute counts per age-related
references. T cell counts were largely preserved with only 2
patients (2.6%) having low CD3 counts for age (clinical fea-
tures are given in Supplemental Table S3). Different sets of
2 patients each were found to have low CD4 and CDS8 T cell
counts. T cell counts rose with age largely due to increasing
CD8 T cells with age, a pattern not typical in the general
population. Two patients had low CD19 B cell counts.
CD4/CD45RA+ naive T cells as a percentage were higher
than the normal range for age in 19.6% of patients. Both
absolute and percentage counts of CD45RO+ memory T
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cells were low in 6.2% of patients whereas 56% had low
percentages of this subset and no patient had only decreased
counts with preserved percentages. T cells in different age
groups are illustrated in Fig. 2. Descriptive details are tabu-
lated in Supplemental Table S2, and additional lymphocyte
subsets are portrayed in Supplemental Figure 1.
Hypogammaglobulinemia occurred in patients both
22ql11.2 deletion and duplication [2, 9]. We therefore
examined the B cell subsets in our cohort in the subset of
16 patients who had expanded B cell profiling. Twenty-
five percent of patients had low switched memory B
cells. None of the patients had low naive B cells. Higher
CD19+CD27+IgM+ B cell counts were seen in 40%. Tran-
sitional B cells were found to be low in 13.3% of cases.
Conversely, it was found to be raised in 26.6% of patients.
Changes in the counts among age groups were not uniform
and did not reach statistical significance. Trends of B cells
in various age groups are shown in Fig. 3. Decline in naive
B cells and rise in memory B cells, typical for age-related
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Table 3 Extended lymphocyte subset analyses of patients (n = 76)

Subset

Attributes considered to
compare with references

Normal; n (%) Low; n (%)

High; n (%) Overall mean (SD) 2.5th-97.5th centile

Basic (n =116)

T cells (CD3+)

CD4+ helper T cells

CD8+ cytotoxic T Cells

CD4/CDS ratio
CD19+ B cells

CD20+ B cells (n = 67)

Natural Killer (NK) cells

CD4+CD45RA+ Naive T
cells (n = 66)

CD4+CD45RO+ memory T
cells (n = 64)

CD3 HLADR+ activated T
cells (n = 43)

HLADR+ B cells (n = 44)

CD132+ T cells (n = 43)

CD5+ B cells (n = 46)

CD8+CD28— Regulatory T

cells (n = 40)

CD2+ cells (n = 22)

Leukocytes

Neutrophils % (n = 113)
Lymphocyte % (n = 112)
Absolute lymphocyte counts
Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Absolute value

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

Both absolute and % counts
Absolute values only
Count in % only

114 (98.2)
109 (96.4)
103 (89.6)
107 (95.5)
70 (92.1)

61 (80.3)
64 (84.2)

68 (89.5)
66 (86.8)

-34 (50.7)
-64 (84.2)
-28 (42.4)
-23 (35.9)
-27 (62.7)
_12 (27.9)
-14 (32.5)
-1 8 (41.8)
-33 (82.5)
-7 (33.3)

1(0.9)
2(1.7)
9(7.8)
8(7.1)
1(1.3)
2(2.6)
1(1.3)
1(1.3)
1(1.3)
3(3.9)
2(2.6)
6(7.9)
2(2.6)
2(2.6)
2(2.6)
2(2.6)
1(1.4)
1(1.4)
1(1.3)
2(2.6)
5(6.6)
1(1.5)
4(6.2)
36 (56.2)
8 (18.6)
1(2.32)
6 (13.9)
1(2.32)
1(1.3)
12.3)

13 (30.2)

1(1.3)
12.5)
1(4.5)

5(22.7)

1(0.9)
2(1.7)

1(1.3)

2(2.6)
1(1.3)
5(6.6)
6(7.9)
1(1.3)
6(7.9)
2(2.6)
2(2.6)
2(2.6)
4(6.9)
1(1.4)
2(2.6)
1(1.3)
1(1.3)
13 (19.6)
22 (33.3)

1(2.3)
22 (51.1)
6 (13.9)
2(4.6)
1(2.3)
14 (32.5)
22 (51.1)
3(6.9)
2(4.6)
2(5)
4(10)
1(4.5)

8 (36.3)

9133 (3307)
43.7 (16.9)
44.3 (16.3)
3872 (1675)
2799 (1044.6)
69.4 (6.95)
1803 (746.2)
44.8 (1.6)
836 (388.9)
20.8 (5)
2.28 (0.78)
965 (561)
22.5 (6.8)
965 (586.2)
22.2(7.64)
306 (155.1)
8.1(4.7)
1473 (758.9)
34.7 (9.1)
364 (293.2)
9.5 (5.6)

119 (102.3)
2.8(1.7)
995 (644)
22.8 (8.8)
2702 (1082.5)
66.6 (8.1)
391 (404)
9.1(7.5)
335 (397)
7.1(5.2)
2790 (947.5)
74.1 (6.1)

4800-19570
13.1-76.6
12.6-76.1
1463-7735
1198-5788
52.1-83.4
712-3575
30.4-61.8
364-1959
12.4-32.1
1.14.1
305-2403
11.2-40.3
172-2460
7.8-41.8
91-655
2-22.1
338-3307
15.4-53.6
97-1376
1.6-28
20-533
0.6-8.8
8.5-2648
0.6-45.9
1437-5880
49.5-83
3.3-1822
0.1-37.1
48-1818
1.4-25.1
1513-3805
63-78
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Table 3 (continued)

Attributes considered to
compare with references

Subset

Normal; n (%) Low;n (%) High; n (%) Overall mean (SD) 2.5th-97.5th centile

HLA—-ABC+ cells (n =38) Both absolute and % counts 27 (71)
Absolute values only -
Count in % only -
Gamma-delta (y5) T cells Both absolute and % counts 29 (67.4)

(n=43) Absolute values only -

Count in % only -

- 2(5.2) - -

- 9(23.6) 4311 (1708) 2300-7502
- - 99.9 (0.03) 99.8-100
2 (4.6) 2 (4.6) - -

- 9 (20.9) 163 (97.4) 47-332
12.3) . 4.1 2.9) 0.7-17.4

“Both absolute and % counts” refers to patients where both fulfil the definition (low, high or normal). “Absolute values only” refers to patients
that have isolated cell counts fulfilling the definition (low, high or normal). “Count in % only” refers to patients where only the percentage fulfils

the definition (low, high or normal)

SD standard deviation

changes, were observed. Details of descriptive analysis of
the B cell subset overall and as per age group are illustrated
in Table 4.

In evaluating antibody production (N = 80), 19.4% of
patients had low IgG, whereas IgA was low in 30% of
cases and low IgM was found in 26.3% of cases. At least
one immunoglobulin isotype was low in 44% of patients
who were tested. Seventeen patients had low levels of any 2
immunoglobulin isotypes (among IgG, IgA, IgM) whereas
11.3% had panhypogammaglobulinemia. However, only 4
(1.8%) patients were on regular subcutaneous (2 patients)
or intravenous (2 patients) immunoglobulin replacement
therapy. Figure 4 shows the expected rise in IgG and IgA
with age with some patients over 5 years of age with an
IgG < 500 mg/dl, demonstrating hypogammaglobulinemia
(Table 5 provides additional details).

Antibody titers against diphtheria, tetanus and pneu-
mococcus were evaluated in 72 patients. Five [5/65; 7.7%]
patients had low anti-tetanus titers whereas anti-diphtheria
titers were low in 12% (7/58). Seventeen different anti-pneu-
mococcal antibodies were tested. Low titers in more than
2 subgroups of antibodies panel were found in 8 patients
(Table 5 and Supplemental Table S4).

Periodic fevers and recurrent infections were recorded
in 5 (2.3%) patients. Infections included sepsis, respiratory
(including sinus) infections, gastrointestinal infections, neu-
rological infections, dental, genitourinary tract infection, ear
and eye infections. Infections noted among hypogammaglob-
ulinemia patients were recurrent otitis, sinusitis, pneumo-
nia, upper and lower respiratory infections, bronchiolitis,
boils, abscesses, thrush, gastrointestinal infections, teeth and
nail infections, urinary tract infections and meningitis. Two
patients with low antibody titers had bronchiolitis, pneumo-
nia and frequent febrile episodes. Interestingly, 2 patients
with 22q11.2dup also had chronic granulomatous disease
with documented pathogenic CYBB mutations and were
treated as appropriate for chronic granulomatous disease.

@ Springer

Asthma and eczema were the prominent atopic symptoms in
our cohort. One-fourth of the patients had asthma requiring
medication whereas eczema was noted in 20 (9.4%) patients.
Allergic rhinitis, reactive airway disease and food allergy
were other allergic diatheses noted in our cohort. Autoim-
munity was seen in 5 patients (2.3%).One patient each had
isolated ITP, autoimmune encephalitis or thyroiditis. Two
patients had both ITP and autoimmune encephalitis. The
duplication breakpoints and immunologic evaluations were
no different in this subgroup with autoimmunity.

Correlations

Logistic regression was performed in two different ways.
IgG levels were available in 72 patients of whom 19.4% had
low levels for age. IgG values did not correlate significantly
with T cells or B cell percentages. Significant positive corre-
lation was observed between IgG level and CD8+ cytotoxic
T cells (%) (p = 0.3, p = 0.006), but this was eliminated
upon the addition of age as a variable. No other lymphocyte
subset showed significant correlation with low IgG.
Lymphocyte population percentages as continuous vari-
ables were also compared among different sites of dupli-
cations. Duplication sites were grouped according to LCR
endpoints as well as the regions: standard, nested, distal or
standard plus distal. No statistical difference was noted for
T cells or B cells among various duplication site categories
(p > 0.05, Kruskal-Wallis test). Similarly IgG, IgA or IgM
values were not significantly different between various cat-
egories of duplication sites (p = 0.32, Kruskal-Wallis test).
Using cross-tabulation of categorical findings, the num-
ber of cases with panhypogammaglobulinemia, low IgG, low
IgM or two Ig serotypes below the lower limit of normal was
not significantly different among various duplication sites.
Clinical details of patients with panhypogammaglobuline-
mia are given in Supplemental Table S3. However, low IgA
values were significantly more common in patients with the
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standard zone of duplication (LCR22A to -D) in comparison

Discussion

to others (p = 0.02, Fisher’s exact test). Differences in num-

bers of patients with low T cells, B cells and their subsets
(counts in %) were not statistically different among various

duplication categories.

Due to variable expressivity, incomplete penetrance and a
wide range of phenotypes, 22q11.2dup may be underdiag-
nosed and we undertook this study to expressly characterize
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the immune system in more detail [3]. 22q11.2del, the syn-
drome due to deletion in the same region, leads to significant
immunodeficiency, and several reports have highlighted the
surprising concordance of phenotypic features in the patients
with the deletion and the patients with the duplication [2—4,
8, 10, 15-19]. As in 22q11.2del, duplication in same region
was found to result in developmental disorders, immune defi-
ciencies, endocrine disorders and cardiac defects [3, 8, 9, 18].

Our analysis illustrates a wide range of clinical phe-
notypes and multisystem defects in 22q11.2dup. This
finding is congruent with prior studies [3, 8, 16, 18,

@ Springer

Age group (years)

5-9.9 210 1-1.9 2-4.9 59.9 210
Age group (years)

(CD27+), marginal zone (CD19+IgD+IgM+), CD5+, transitional
(CD19+CD10+IgD+) and CD40+ B cells in different age groups

20-23]. The frequency of congenital heart disease (CHD)
observed in our cohort is consistent with that described
in other studies and is clearly lower than that of patients
with 22q11.2del. Hypocalcemia was also rare in our
cohort with 22q11.2dup compared to published studies
with 22q11.2del [2, 24]. The predominant type of dupli-
cation in our cohort was an inherited standard LCR22A-
D. A study of nested duplications may allow refinement
of critical regions dictating specific phenotypic features
[17,25]. One murine study highlighted TXNRD2, COMT
and ARVCF as critical for learning differences [26].
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Table 4 B cell subset analyses and attributes in comparison to normal references

Subset Attributes considered in Normal; n (%) Low;n (%) High; n (%) Overall mean (SD) 2.5th-97.5th centile
comparison to references
Memory Both absolute and % counts 5 (31.3) 2(12.5) 2(12.5) - -
(CD19+CD27+IgD+) Absolute values only - - 6 (37.5) 47 (39.2) 3.2-150
Cells Count % only . . 1(6.3) 6.7 (4.1) 1.3-14.3
Switched memory B Both absolute and % counts 8 (53.3) 2(13.3) - - -
(CD19+CD27+IgDh-) Absolute values only - - 3 (20) 42 (31.8) 3-126
Cells (n = 15) Count % only - 2(13.3) - 59(3.7) 0.4-11.8
IgM memory B Both absolute and % counts 7 (46.6) 1 (6.6) 1(6.6) - -
(CD19+CD27+IgM+) Absolute values only - - 5(33.3) 57 (41.1) 5-168
Cells (n = 15) Count % only - 1 (6.6) . 8.1(5.1) 1.3-16.8
Switched memory B Both absolute and % counts 7 (43.8) 1(6.3) - - -
(CD19+CD27+IgM-) Absolute values only - 3(18.8) 35 (27.5) 2-111
Cells (2 =15) Count % only ) 4025 - 5.13.2) 0.5-10.5
Marginal zone B Both absolute and % counts 9 (56.3) - 2 (12.5) - -
(CDI19+IgD+IgM+) cells  Apsolute values only - - 5(31.3) 700 (485.6) 161-1591
Count % only - - - 84.1 (9.1) 58.5-93.9
Naive B (CD19+CD27— Both absolute and % counts 5 (55.5) - - - -
IgM+) cells (n =9) Absolute values only - - 4 (44.4) 566 (386.6) 160-1305
Count % only - - - 78 (9) 65.3-89.1
Transitional B Both absolute and % counts 8 (53.3) 2(13.3) 4 (26.6) - -
(CD19+CD10+IgD+) Absolute values only - - 1 (6.6) 89 (129) 1-482
Cells (n = 15) Count % only . 163 - 8.5 (8.1) 0.2-31.7
CD19+CD40+ cells (n = 14) Both absolute and % counts 5 (35.7) - 1(7.1) - -
Absolute values only - - 5(@5.7) 845 (522) 175-1771
Count % only - 3(18.8) - 99.4 (0.78) 97.6-100

“Both absolute and % counts” refers to patients where both fulfil the definition (low, high or normal). “Absolute values only” refers to patients
that have isolated cell counts fulfilling the definition (low, high or normal). “Count in % only” refers to patients where only the percentage fulfils

the definition (low, high or normal)

SD standard deviation

Previous studies of patients with 22q11.2dup found con-
ceptually similar immunologic features. Sun et al. found
immunodeficiency in 7 patients with 22q11.2dup [9]. In
this study, low switched memory B cells and low immuno-
globulin levels warranting Ig replacement were reported,
consistent with other studies emphasizing the presence of
antibody dysfunction [8, 11]. There was relative preserva-
tion of T cell numbers in patients with 22q11.2dup [10]. Our
study confirms low but detectable population frequencies of
abnormal immunologic laboratory studies. These may be
interpreted within the context of a population cohort with
co-morbidities and reasons for secondary immunodeficiency.

T cell populations in our cohort were relatively pre-
served with only two patients (2.6%) having low CD3
counts, similar to a previous study [10]. Only 16 patients
had extensive B cell evaluations, and one patient had low
switched memory B cells. This study was not designed as
a comparative study with 22q11.2del, but the T cell popu-
lations are clearly more frequently normal in 22q11.2dup
compared to published studies of 22q11.2del [2, 10, 27].

A higher number of transitional B cell counts were also
observed. These features have also been seen in 22q11.2del
where the mechanism is not fully understood [28-30].

One notable finding in our study is the trend of increas-
ing CD8 T cell counts with advancing age (Fig. 2). In con-
trast, our cohort did demonstrate a fall in other lymphocyte
subsets with increasing age as observed in children with
22q11.2del and the general population [3, 12].

As was previously reported, hypogammaglobulinemia
requiring immunoglobulin replacement occurred in patients
with 22q11.2dup [9]. Among 10 such patients, 4 needed reg-
ular replacement therapy. Twenty percent of our cases had at
least 2 low immunoglobulin isotype levels, and 7-12% had
low titers. Antibody dysfunction was seen in all age groups.
These data confirm the need for immunologic assessments
in patients with 22q11.2dup, targeted toward their specific
immunologic features.

The mechanism of immunodeficiency observed in
patients with 22q11.2dup is unknown. A possible role of the
T-box transcription factor gene (7BX1/) is postulated based
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Fig.4 Scatter plots with linear regression line for observed values of immunoglobulin and antibody titers. Age groups are indicated along the

x-axis, and values in mg/dl are depicted on the y-axis

on patients with the 22q11.2del syndrome [10]. This gene
is critical for the organs developing from the pharyngeal
arches namely the thymus, parathyroid and cardiac tissues
[7, 16, 31]. Defects in the thymus, which in turn leads to
defects in T cell development, may contribute to a compro-
mised activation or development of B cells through altered
follicular helper T cell function. However, comparatively
normal T cell counts in 22q11.2dup suggest that alternative
explanations should be entertained. Moreover, duplications
in nested, distal or TOP3B(E) regions also led to immune
dysfunction suggesting that there must be some other mech-
anism for the clinical and immunological manifestations.
Additionally, further studies are needed to define ethnic and
racial differences [2, 21, 32]. Cross-sectional and prospec-
tive studies across the globe will help to define modifier
effects, and additional studies of epigenetics may be reveal-
ing [33].

This is the first study to elaborate on immunological pro-
files in a large cohort of patients with 22q11.2dup. Though
there were two patients with significant T cell lymphopenia,
our data confirm that humoral dysfunction is more common.
A diagnosis of 22q11.2dup should be considered in patients

@ Springer

with humoral dysfunction even if they have limited physical
or developmental features suggestive of the syndrome [34]
since our data demonstrated a high variability in phenotype.

Strengths and Limitations

To fill the knowledge gap on the immunological features
in 22q11.2dup, our study provides critical data on the
immune profile of patients. It represents the largest sin-
gle-center clinical cohort of 22q11.2dup encompassing all
clinical, immunological and cytogenetic data. Charts were
consistently reviewed by a single reviewer to ensure con-
sistency in recording. However, as with any study design,
there were limitations. The sample sizes for the B cell
evaluations were smaller than for T cell evaluations. Find-
ings from this hospital may not be true for all regions
and types of ethnicity and races. Retrospective data may
not represent the true prevalence in society due to pos-
sible incomplete documentation, asymptomatic cases or
variable rates of hospital visits at different places. Some
patients had undergone diagnosis with FISH or MLPA
diagnostic evaluations which limited identification of



805

794-807

Journal of Clinical Immunology (2023) 43

UOTBIAQD pIepue]s (7§ ‘Urnqoj3ounwwit 57

$'861

(09€) SL'€6C
¥

SL

(£8¢) €6T

S

IS

(¥'6¥) €09
9

S9T

(9°019) 8Tt
S

(434

(8ST) 9091
9

S'6C

(9PN ¥4
14

vT

(¢°ov) Lg

14

S9¢

(I°¢p) §'9¢
4

H31

Y7900
0v—€0'0

9[UId NS L6—WST

SOTI=¢
9'10¢—S¢
1022l
L6VI=9¥81

SRR NE'L6-WST

6¢

(8'16) 05’18
¥

19

(61¢) €°SL
8

88

(L0v) 88
71

$'L9

(FvE) 769
01

€01

(S09) 166
4!

88

(T°60) 88
L

$29

(TTe) €9
01

99

(86D I'SL
L

ST

(65 1-+€0) 9L0

(2T0'1-2°0) S¥'0
(so[nuenb) ueIpaj

(TST-L'ED SIS
(S°S01-5"€S) S'SL
(L6—¥€) S9
(S88-1LS) L9L

(so[nuenb) ueIpaj

86
(I't¥) 96
9

68

(9TL) 1601
8

L

(6°st) T8
Sl

€9

(€°0S) L'6L
1

0L

(8°S0) 8'LL
€l

65

(1'92) T's$
6

91

(SL) L6l
6

8¢

S+ o
8

V31

@roert

(10'1) $8°0
(dS) ueaw [[BIAQ

(€'6827) S°081
(T'8¢) L'08
(S'Ly) ¥'0L

(8°S60) 1'SSL

(dS) ueaw [[BIAQ

911
(8°T19) L'SIII
4

906

(T€20) 1816

8

L€8

(8°L81) 9°T¢€8
!

S06L

(861) 8'669
o1

L8L

(¥'861) LO8
4

€L9

(SLD 1°0¥8
L

LLY

(L'€97) S'S8%
01

LES

(1'02) T96%
L

OF[

©1n8

wos

(90zD L
(%) U ‘sonjeA MO[ Y)IM SIse)

(Lo o1

8D

(%) u ‘sonfea Y1y yim sase)

UBIPAN
(as) ueay
N

UBTPIN
(as) uesy
N

UBIPAN
(as) uesy
N

UBIPI]N
(@s) uesy
N

UBIPOA
(@s) uesy
N

URIPIN
(as) uesy
N

UBTPIN
(as) uesay
N

UBTPIN
(ds) uedy
N
saNqrmy

(€92 61

(€0¢) 8¢

6D ¥1
(%) u

‘SanfeA MOJ [IIm sase))

(€8¥1) 9

(150D 8

[(SYARN |

(68°9) 11

(60°1) €1

acoe6

(8¢'1) 01

(zeo) 8

(s1eaf ur 93e oSeIoAe) U

QAOQE pue SIedk ¢

s1eak 6216

s1edk 6'8—/

s1edk 6'9—G

s1ek 6'y—¢

SIBIK 67T

s1eak 61—

syuowr 71-0
dnoi3 o3y

(08 = ) sdnoi3 a3e Juarayip ur 9[yoid urngojSounwuwuy

(¥'88) 19

(€26) 09

(6°L8) 1S
(%) U ‘sonjeA [RULIOU (IIM SISBD)

(69 =)

101 Apoqnue [edd0sownaud-nuy

(59 =
) 1911} Apoqriue SNUeIv)-Nuy

(85 =
u) 101 Apoquue eLayydip-nuy

josqng

(gL = u) S191) APOqQUIUE JO SONSLINIBILYD)

(6TL) LT
(9°€L) €S
(9'69) SS
(LLL) 9

(%) U ‘sonjeA [RULIOU (JIM SISBD)

(Lg = u) A31
(zL = u) WSI
(6L =u) V31
(zL=u) DI

josqng

(08 = u) suoneadrdnp 7 1 1bzz swosowoxyo yim syuened ur opgoid (S) urngorSounuutr Jo sONSLIVNOLIRYD)

syuaned jo s1oim Apoqnue pue ajyoid (3]) uringojSounwiw] ¢ 3|qel

pringer

as



806

Journal of Clinical Immunology (2023) 43:794-807

other confounding CNVs contributing to their pheno-
type. Ascertainment bias with anchoring on patients with
features compatible with 22q11.2del may have occurred.
Nevertheless, this study has great strength in size and
further characterization of clinical features.

Conclusions

Our study showed relative preservation of T cells with a
reduction in immunoglobulins and specific antibodies in
a subset of patients. Our study provides new details about
clinical and laboratory descriptions in a large diverse
cohort. It contributes to a better understanding of patients
with 22q11.2dup. Though most children with 22q11.2dup
had no laboratory evidence of immune deficiency, fre-
quencies observed in this study were significantly higher
than in the general population. Additionally, this study
leads to important distinctions between the immune phe-
notype in 22q11.2dup and 22q11.2del.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-023-01443-5.
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