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Immunologic defects in 22q11.2 deletion syndrome
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Abbreviations used

NK: Natural killer

nTreg: Natural regulatory T

RTE: Recent thymic emigrant
Background: 22q11.2 Deletion syndrome, the most common
congenital chromosome deletion syndrome, is associated with
developmental defects including cardiac abnormalities and
hypoplasia or abnormal migration of the thymus. These patients
have variable defects in T-cell immunity with an increased
incidence of infection and autoimmune disease.
Objective: To investigate the immunologic constitution of
children with 22q11.2 deletion syndrome.
Methods: We characterized the immunologic constitution of 27
children with 22q11.2 deletion syndrome and 54 healthy
controls by flow-cytometric analysis of peripheral blood
lymphocyte populations.
Results: Patients exhibited decreased T-cell numbers, although
the normal age-related decrease in T-cell numbers was slower
than in healthy children. There was a significant decrease in
FoxP31 natural regulatory T (nTreg) cells with a strong
correlation between nTreg cells and recent T-cell emigrants
from the thymus, suggesting a link between the nTreg cell
population and thymic function. Although total B-cell numbers
were unaffected, patients showed a significantly decreased
proportion of memory B cells in the B-cell pool.
Conclusion: Lower nTreg cells in patients suggest that the
generation and maintenance of these cells in children is related
to thymic function. In addition to T-cell abnormalities classically
seen in this syndrome, subtle defects in the B-cell compartment
may also be seen. (J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)

Key words: 22q11.2 Deletion syndrome, DiGeorge syndrome, lym-
phocyte count, autoimmunity, regulatory T cells, memory B cells

Chromosome 22q11.2 deletion syndrome describes a hetero-
geneous group of disorders that share a common genetic basis.
22q11.2 Deletion syndrome is the most common chromosomal
deletion syndrome with an estimated incidence of 1:4000 live
births.1-3 Most patients with DiGeorge syndrome and velocardio-
facial syndrome have hemizygous deletions of chromosome
22q11.2.1 Other syndromes occasionally associated with this de-
letion include conotruncal anomaly face syndrome, Opitz/GBBB,
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and CHARGE syndrome (coloboma, heart disease, atresia choa-
nae, retarded growth and central nervous system development,
genital hypoplasia, and ear abnormalities and/or deafness).4

When all patients with 22q11.2 deletions are considered together,
cardiac malformations, speech delay, and immunodeficiency are
the most common characteristics.5

Immune deficiency in 22q11.2 deletion syndrome occurs
because of thymic aplasia or hypoplasia, may be variable, and
does not correlate with phenotypic features.4 Patients with
complete absence of thymus (<0.5% of patients) exhibit severe
T-cell deficiency with severe combined immunodeficiency
phenotype. The majority of patients with 22q11.2 deletion syn-
drome and immune defects exhibit mild to moderate deficits in
T-cell counts. Immunodeficiency in these patients is not a result
of absence of thymus but abnormal thymic migration.6 Patients
may have microscopic nests of thymic epithelial cells that account
for their ability to produce T cells. Studies of humoral deficiencies
in 22q11.2 deletion have yielded conflicting results.7-10 Com-
monly IgG levels are lower than normal range at birth, increasing
to normal values over time.10 B-cell counts are usually normal,
although abnormalities in CD271 memory B-cell subsets have
been seen.11 Antibody deficiencies may be seen, with 43% of
patients in one study exhibiting evidence of antibody deficiency
(IgA deficiency, IgM deficiency, IgG subclass deficiency, or spe-
cific antibody deficiency), with a significant correlation between
the presence of recurrent infections and humoral abnormalities.11

However, this is not a universal finding, with other studies show-
ing relatively normal immunoglobulin levels and specific anti-
body responses.7,12,13

Patients with 22q11.2 deletion syndrome exhibit an increased
incidence of autoimmune disease including autoimmune
cytopenias,14 autoimmune arthritis,15 and autoimmune endocri-
nopathy.16 The reason for this increase is unclear. Increased sus-
ceptibility to infections may predispose to autoimmunity through
a variety of mechanisms including bystander activation, molecu-
lar mimicry, and release of sequestered antigens. Lymphopenia
itself may play a role because of changes in peripheral T-cell ex-
pansion, resulting in alterations both qualitatively and quantita-
tively in peripheral T-cell responses. Thymic abnormality may
result in impaired generation of natural regulatory T (nTreg) cells.
nTreg cells are a thymic-derived population of CD41 T cells that
constitutively express CD25, the high-affinity a-chain of the IL-2
receptor. The transcription factor FoxP3 has been identified as
1
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TABLE I. Frequency of clinical features seen in 27 patients with

22q11.2 deletion syndrome

Clinical feature Frequency

Congenital heart disease 56% (15)

History of recurrent or persistent infection 89% (24)

Hospitalizing infection 37% (10)

Clinical autoimmune disease 15% (4)

Positive autoantibodies 34% (9)*

Hypocalcaemia 26% (7)

Cleft palate 37% (10)

Learning difficulties 86% (19)�
Dysmorphic features 100% (27)

Other malformations 34% (9)

Number of cases is given in parentheses.

*Nine of 25 patients analyzed.

�Nineteen of 24 patients because 2 patients were too young to assess, and for

1 patient, data were not available.
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critical in the development of generation of these cells.17 nTreg
cells play an important role in tolerance and development of
autoimmune disease.18 Neonatal thymectomy in mice results in
the development of autoimmune disease that can be prevented
by inoculation of nTreg cells from nonthymectomized normal
mice, suggesting that the thymus plays an essential role in main-
taining this immunoregulatory T-cell population.19 One study of
patients with DiGeorge syndrome demonstrated a significant
decrease in the percentage CD41CD251 of total T cells com-
pared with normal controls, most marked in infancy. However,
no difference was observed in absolute counts or proportion of
CD41CD251 T cells in patients with and without evidence
of autoimmunity.20 CD25 is expressed on recently activated T
cells, and contamination of analysis with these cells could not
be excluded.

In this study, we examine lymphocyte subsets in a cohort of
pediatric patients with 22q11.2 deletion syndrome. We particu-
larly focused in the T-cell pool on the CD41-naive nTreg and
recent thymic emigrant (RTE) compartments, and the memory
B-cell compartments in the B-cell pool. Quantitative and qualita-
tive maturation of the lymphocyte compartments in these patients
is discussed.
METHODS

Blood samples
Peripheral blood samples were obtained from 27 patients (19 male, 8

female) diagnosed with 22q11.2 deletion by fluorescence in situ hybridization

attending a pediatric immunology clinic. Clinical characteristics of the pa-

tients are shown in Table I. Control samples were collected from 54 (35

male, 19 female) apparently healthy, unrelated children undergoing general

anesthetic for elective day surgery. Children with infection, inflammation, al-

lergic disease, or other major comorbidity were excluded. Ethical approval for

the study was obtained from the Local Research Ethics Committee and written

consent obtained from all patients and/or parents.
Immunofluorescent staining
Four-color flow cytometry was performed by using a FACSCalibur (Becton

Dickinson, Cowley, United Kingdom [UK]) on peripheral blood according

to standard protocols. Reagents used were allophycocyanin-labeled mAbs)

to CD4 and IgM; fluorescein isothiocyanate–labeled mAbs to CD3, CD27,

CD45RA, and TCR-ab; phycoerythrin-labeled mAbs to CD27, CD31,

HLA-DR, IgD, and T-cell receptor (TCR)-gd; and peridinin chlorophyll pro-

tein–labeled mAbs to CD3, CD19, and CD45RA (BD Biosciences, Oxford,
UK). RTEs were identified in the CD31CD41 population by expression of

CD45RA and CD31 and naive CD41 T cells identified by expression of

CD45RA and CD27 (see this article’s Fig E1, A and B, in the Online Repos-

itory at www.jacionline.org). Intracellular FoxP3 expression (Fig E1, C) was

analyzed by using a commercially available kit (eBiosciences, San Diego,

Calif) as previously described.21 Data acquisition was performed by using

Cellquest software (BD Biosciences). MultiSet (BD Biosciences) and FlowJo

7.2 (Tree Star, Ashland, Ore) software was used for data analysis.
Statistical analysis
To correct for age-related changes, comparison between groups was

performed by using an analysis of covariance model with lymphocyte

populations and controls or patients as main effects and age as the covariate.

Correlation analysis was performed by calculating the 2-tailed Pearson

correlation coefficient. A P value less than .05 was considered significant. Lin-

ear regression analysis was used to assess the relationship between T-cell pop-

ulations and age. Statistical analysis was performed by using XLStat-Pro

(Addinsoft, Paris, France).
RESULTS
Surface markers of peripheral lymphocytes were analyzed for

54 controls and 27 patients. Demographic data and mean values
for lymphocyte populations for each age group for controls (see
this article’s Table E1) and patients (see this article’s Table E2) are
available in the Online Repository at www.jacionline.org.
T cells
The CD31, CD31CD41, and CD31CD81 T-cell counts de-

creased significantly with age in controls and patients (see this
article’s Fig E2 in the Online Repository at www.jacionline.org).
Adjusting for age, the CD31, CD31CD41, and CD31CD81 T-
cell counts were significantly lower in patients (P < .001, P 5

.023, and P < .001, respectively). Although patients started with
lower counts, the decline in T-cell counts with age occurred at a
slower rate such that the age-related decrease was blunted. Using
linear regression, T cells declined at a rate of 153 cells/mL/y in
controls, compared with 79 cells/mL/y in patients. CD41 T cells
in patients declined at a rate of 55 cells/mL/y, compared with
117 cells/mL/y for controls. CD81 T cells in patients declined at
a rate of 21 cells/mL/y compared with 35 cells/mL/y for controls.
There was no statistical difference in the CD4/CD8 ratios between
patients and controls. HLA-DR expression did not show any sig-
nificant change with age for both patients and controls. However,
adjusting for age, there was an increase in HLA-DR expression in
patients (P 5 .019). There was no age-related change in the pro-
portions of TCR-ab or TCR-gd expression of T cells in controls
or patients. Consistent with the decreased CD31 T cells in the pa-
tient group, there was a significant decrease (P < .001) in TCR-gd

CD31 T-cell counts in patients compared with controls. Patients
also had significantly lower proportions of TCR-gd T cells com-
pared with controls (P 5 .009).
Naive T cells and RTEs
To examine the kinetics of change with age in T-cell popula-

tions, the naive and RTE populations within the T-cell pool were
analyzed. The naive CD41 T-cell population was identified by ex-
pression of CD45RA and CD27, which has been shown to corre-
late with naive T cells.22 Absolute counts and proportion of naive
cells in the CD41 T-cell compartment significantly decreased
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FIG 1. Naive CD41 T cells vs CD41 RTE counts in patients and controls. The

proportions in the CD41 T-cell population (A) and absolute counts of naive

(CD45RA1CD271) vs RTE (CD45RA1CD311; B) from controls ()) and pa-

tients (d) are shown. Correlation coefficients for patients: r 5 0.929; con-

trols: r 5 0.636 (A); patients: r 5 0.979; controls: r 5 0.948 (B).

FIG 2. Absolute count and proportion of CD41FoxP31 nTreg cells with age

in patients and controls. The proportion of nTreg cells in the CD41 popula-

tion (A) and absolute counts (cells/mL; B) of nTreg cells from controls ())

and patients (d) are displayed according to age in months.
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with age in each group (P < .001). Although patients showed a
trend toward lower counts and proportion of CD41 naive cells
compared with controls, this did not reach statistical significance
(P 5 .062 and P 5 .108, respectively). CD41 RTEs were identi-
fied by expression of CD31 and CD45RA, which has previously
been shown to correlate with T-cell receptor excision circle anal-
ysis.23,24 In both patients and controls, the numbers and propor-
tion of RTEs declined with age (P < .001). However, patients
had significantly lower numbers and proportions of RTEs com-
pared with controls (P 5 .001 and P 5 .041, respectively).
CD31 T-cell counts correlated strongly (P < .001) with RTE
counts (patients, r 5 0.927; controls, r 5 0.926, respectively).
This strong correlation with RTEs was also seen with CD41

T-cell counts (patients, r 5 0.976; controls, r 5 0.962, respec-
tively). Importantly, there was a significant linear correlation for
both absolute counts and proportion of CD41 T cells between
the CD41 naive T-cell and CD41 RTEs for both groups (all
P values <.001; Fig 1).
Regulatory T cells
To assess the effect of thymic hypoplasia on nTreg cells, we

analyzed the CD41FoxP31 nTreg populations for patients and
controls. The proportion of CD41 T cells expressing FoxP3
increased with age in controls (r 5 0.557; P < .001) but not pa-
tients (r 5 0.147; P 5 .473), such that in patients older than 2
years, there was a significant decrease in the proportion of
FoxP31 cells within the CD41 T-cell population compared with
controls (P 5 .030; Fig 2, A). CD41FoxP31 nTreg cell counts de-
creased with age in both patients and controls (r 5 –0.642, P 5

.011; and r 5 –0.609, P 5 .010, respectively). However, the
CD41FoxP31 T-cell counts were significantly lower in patients
(P 5 .008; Fig 2, B). In patients and controls, the nTreg cell counts
significantly correlated with thymic output as measured by RTEs
(both P < .001; Fig 3).

Natural killer cells
Similar to CD31 T cells, natural killer (NK) cell counts signif-

icantly decrease with age in patients and controls (P 5 .009 and
P <.001, respectively). Although therewas an age-related increase
in the relative percentage of NK cells of lymphocytes in the control
group, there was no difference in the patient group (P 5 .005 and
P 5 .150, respectively). There were no significant differences in
NK cell counts between patients and controls (Fig E2).

B cells
CD191 B cells were stained for surface expression of CD27,

IgD, and IgM. CD27 expression has been shown to correlate with
memory B cells, and CD271 B cells can further be divided on
the basis of surface IgD and IgM expression into nonclass-switched
(CD271IgM1IgD1) and class-switched (CD271IgM–IgD–)



FIG 3. Correlation between nTreg cells and RTEs in patients and controls.

The absolute counts of nTreg cells and CD41 RTEs (CD45RA1CD311) from

controls ()) and patients (d) are shown. Correlation coefficient for

patients: r 5 0.829; controls: r 5 0.779.
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memory B cells.25,26 There was no difference in B-cell numbers
between patients and controls (P 5 .310; Fig E2). In both patients
and controls, there was a significant increase in CD271 memory B
cells with age (P 5 .003 and P < .001, respectively; Fig 4). In
controls, the proportion of both class-switched and nonclass-
switched memory B cells significantly increased with age (P <
.001 and P 5 .006, respectively). In patients, the proportion of
class-switched and nonclass-switched memory B cells increased
with age (P 5 .004 and P 5 .061, respectively). Comparison of pa-
tients and controls showed a significantly decreased proportion of
CD271 memory B cells in patients (P < .001), seen in both the non-
class-switched and class-switched (both P values <.001) memory
B-cell populations.
FIG 4. Memory B cells in the B-cell population in patients and controls.

Proportion of nonclass-switched memory B cells (CD271IgM1IgD1; A)

and class-switched ‘‘memory’’ B cells (CD271IgM–IgD–; B) in the total B-cell

population of controls ()) and patients (d) is displayed according to age

group.
Immunoglobulins
Serum immunoglobulin levels were measured for 26 patients

(data not shown). One patient on intravenous immunoglobulin
(IVIG) replacement for specific antibody deficiency was excluded.
No patient had complete IgA deficiency. There were minor immu-
noglobulin deficiencies in 15 of 26 patients; 1 had low IgA and low
IgM, 2 had low IgA only, and 12 had low IgM only. There was no
correlation between IgM and B-cell counts or proportion of mem-
ory B cells. The level of IgA correlated with B-cell counts (P 5

.047). IgA levels significantly correlated with the proportion of
class-switched but not nonclass-switched memory B cells (P <
.001 and P 5 .742, respectively). In contrast, total IgG levels cor-
related with the proportion of nonclass-switched but not class-
switched memory B cells (P 5 .007 and P 5 .119, respectively).
There was no correlation between total IgG levels and B-cell
counts. IgG subclasses levels were available for 23 patients; no
patients had evidence of IgG subclass deficiency.
DISCUSSION
22q11.2 Deletion syndrome is associated with a highly variable

immunodeficiency ranging from profound life-threatening im-
mune deficiency to normal immunity. Early studies revealed
decreased T-cell counts but an unpredictable clinical course, and
the T-cell numbers may not be predictive of infection in patients
with mild to moderate T-cell lymphopenia.5 Previous studies have
shown the cellular immunocompromise is age-dependent, with
the greatest deficit seen in the neonatal period, and in patients
there is a slower decrease in the normal age-related decrease in
T cells such that relatively there is an improvement in T-cell
counts with age. This study confirms the slower rate of decline
in CD31 T cells in patients that is dominant in CD41 T cells,
as suggested in recent studies.12,27 Although specific subsets of
TCR-gd T cells have been shown in mice to develop extrathymi-
cally,28 the decreased numbers seen in this cohort suggest the
thymus plays a predominant role in the generation of this popula-
tion in human beings. Analysis of RTEs showed significantly
lower counts in patients compared with controls for all ages, con-
sistent with decreased thymic output in these patients.24 The num-
bers of RTEs correlated strongly with CD31 and CD31CD41

T-cell counts, consistent with impaired thymic output playing
the major role in the T-cell lymphopenia in these patients. Impor-
tantly, there was a significant linear correlation between the naive
CD41 T cells and CD41 RTE populations. This is in contrast with
the findings of Piliero et al,29 who found a nonlinear correlation
with age in patients, with evidence of increased replication in
the naive T-cell pool by telomere length spectratyping. They
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suggested the correction in the degree of T-cell lymphopenia may
be a result of ‘‘homeostatic proliferation’’ within the naive T-cell
pool. In contrast with their data in older children and adults, our
data in children show a linear correlation between the naive T-
cell pool and RTEs, suggesting that thymic output, not prolifera-
tion, is predominantly responsible for maintaining the naive T-cell
pool in both patients and controls. This is consistent with previous
studies which, using T-cell receptor excision circle analysis, have
suggested that the bulk of the naive T-cell pool is sustained pri-
marily from thymic output for individuals younger than 20 years
of age, whereas proliferation within the naive phenotype is dom-
inant for older individuals.30,31 Although it is clear that lympho-
penia-induced proliferation occurs in the naive T-cell pool in
lymphopenic states, this proliferation is typically associated
with the conversion of naive T cells to a memory/effector pheno-
type.32 Memory T cells show enhanced homeostatic proliferation
compared with naive T cells and impair their expansion and phe-
notypic conversion in an IL-7 receptor–dependent manner.33 Con-
sistent with this, there was a significant increase in HLA-DR
expression in our patients that significantly correlated with lower
proportions of naive T cells (P < .001; r 5 –0.585). HLA-DR
expression has been shown to be increased in effector and memory
T cells compared with naive T cells.34 Taken together, these data
suggest that the improvement with age in the degree of T-cell
lymphopenia in children with 22q11.2 deletion is not a result of
‘‘homeostatic proliferation’’ of the naive T-cell pool but rather
an increase in the effector/memory T-cell populations.

For the first time, this study analyzed the FoxP31 nTreg com-
partment in patients with 22q11.2 deletion syndrome. The abso-
lute counts of nTreg cells in both patients and controls
correlated strongly with thymic output as determined by RTEs.
For all ages, patients showed significantly lower nTreg cell counts
compared with healthy controls. Although there is strong
evidence in mice for the thymic origin of nTreg cells, there is rel-
atively little evidence in human beings.35,36 Some have suggested
the thymus in human beings plays a less significant role in the
generation of nTreg cells. A model has been suggested of predom-
inant peripheral nTreg cell generation occurring after activation,
during which all activated T cells attain a FoxP31 regulatory state
with some cells persisting as nTreg cells.36 Despite increased
T-cell activation markers in patients compared with controls,
there is no increase in the proportion of FoxP31 nTreg cells
seen in patients. Furthermore, the decreased counts and propor-
tions of nTreg cells in patients with developmental thymic hypo-
plasia and the strong correlation of nTreg cells with RTEs suggest
that the generation and maintenance of the FoxP31 nTreg cell
pool, at least in children, is directly related to thymic function
rather than peripheral production. Relatively little is known about
homeostatic control of the nTreg cell population in human beings,
and it is possible that persistence of this population throughout
adulthood involves peripheral induction or expansion.18,37 De-
creased nTreg cells in these patients may contribute to the in-
creased prevalence of autoimmune disease seen in patients with
22q11.2 deletions. Although the absolute count or proportion of
nTreg cells in the patients with autoimmunity was decreased com-
pared with controls, there was no difference compared with pa-
tients without autoimmune disease. This is consistent with a
previous study showing decreased CD41CD251 T counts in
patients, but no difference between patients with or without auto-
immunity.20 Other factors must also be involved in determining
susceptibility to autoimmune disease in these patients.
Early studies of 22q11.2 deletion syndrome suggested the
immune defect was a result of a T-cell defect. However, altera-
tions in humoral immune responses have been reported in these
patients. In one study of 13 children with 22q11.2 deletion
syndrome, 43% of patients exhibited evidence of antibody
deficiency (IgA deficiency, IgM deficiency, IgG subclass defi-
ciency, or specific antibody deficiency), and there was a signif-
icant correlation between the presence of recurrent infections and
humoral abnormalities.11 Analysis of B-cell phenotype in these
patients showed a decrease in CD271 memory B cells, predomi-
nantly affecting CD271IgM1 B cells. In another study of 26 pa-
tients, 50% had abnormal immunoglobulin levels, with 55%
showing impaired antibody responses to pneumococcal polysac-
charide antigen.9 In contrast, other studies have failed to demon-
strate significant antibody deficiencies. In a study by Chinen
et al12 of 45 patients, in whom 36 had immunoglobulin levels
measured, only 2 patients had decreased immunoglobulin levels
(1 low IgA, 1 low IgM), but all patients had normal specific anti-
body responses. In another study of 30 patients with 22q11.2
deletions, none had significant immunoglobulin deficiency or spe-
cific antibody deficiency.13 Analysis of humoral immunity in our
cohort showed evidence of immunoglobulin deficiency in 59% of
patients. Low IgM levels were common, and selective IgM defi-
ciency in 22q11.2 deletion syndrome has been described.38,39

Although there was no difference in the B-cell counts in patients,
significant differences were seen in peripheral memory B-cell
populations. Analysis of both nonclass-switched and class-
switched memory B cells showed an age-related increase in the
proportion of both subsets in patients and controls. The proportion
of both class-switched and nonclass-switched memory B cells
was significantly decreased in patients compared with controls.
The decrease in class-switched memory B cells is perhaps not
surprising in the context of impaired T-cell immunity. B-cell
class-switch recombination is T-cell–dependent, mainly through
the interaction of CD40 ligand expressed on activated T cells
and CD40 expressed by B cells. The reason for the decrease in
nonclass-switched memory B cells is less clear. These cells
seem to function as innate cells that produce high-affinity IgM
antibodies and represent first-line defense against encapsulated
organisms.26 The role of T cells in the development of these cells
is not known, but impairment of so-called T-independent antibody
responses is seen in other primary T-cell immunodeficiencies,
including HIV infection. Defects in the microenvironment for
B-cell development and impaired T-cell recruitment in later
phases of the T-independent B-cell response may play a role.40

Given the high rate of infections in these patients, it is possible
that some of the immunologic findings may be a result of
increased infection compared with controls. Within the popula-
tion studied, there are a small number of patients who do not have
a history of recurrent or severe infections. Comparison of the
immunologic features showed no difference between those
patients with and without infections, suggesting the immunologic
abnormalities are not a result of infection. The reason certain
patients do not have infections despite similar immunologic
parameters is not clear. Whether patients with severe or recurrent
infections show more subtle immunological deficits (such as
impaired TCR repertoire diversity, lymphocyte proliferation
responses, or specific antibody production) was not assessed in
this study, and future studies should address this. There was no
correlation between clinical phenotype (eg, cleft palate, cardiac
defects, or feeding difficulties) and infection to suggest that
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anatomical abnormalities were associated with increased infec-
tions in these patients (data not shown).

In summary, this study showed significant impairment of the T-
cell compartment in patients with 22q11.2 deletion syndrome.
Although this decrease was age-related, there was a strong
correlation between CD41 RTEs and CD41 naive T cells, sug-
gesting that the increase in T-cell counts with age in children is
not related to ‘‘homeostatic expansion’’ of the naive T-cell pool
but an increase in memory or effector cells. Crucially, this is
the first study that shows a significant decrease in both numbers
and proportion of CD41FoxP31 nTreg cells in patients. Whether
this defect plays a role in increasing susceptibility to autoimmune
disease is not clear, and other factors may be involved. In addition
to T-cell abnormalities, defects in humoral immunity were com-
mon in our cohort, with a high incidence of mild immunoglobulin
deficiencies and decreases in class-switched and nonclass-
switched memory B-cell compartments. Investigation for hu-
moral immune defects should be considered in patients with
22q11.2 deletion syndrome.

Clinical implications: Decreased nTreg cells in patients may
play a role in the increased incidence of autoimmunity seen in
22q11.2 deletion syndrome. Investigation of humoral immunity
should also be considered in these patients.

REFERENCES

1. Kobrynski LJ, Sullivan KE. Velocardiofacial syndrome, DiGeorge syndrome: the

chromosome 22q11.2 deletion syndromes. Lancet 2007;370:1443-52.

2. Devriendt K, Fryns JP, Mortier G, van Thienen MN, Keymolen K. The annual in-

cidence of DiGeorge/velocardiofacial syndrome. J Med Genet 1998;35:789-90.

3. Goodship J, Cross I, LiLing J, Wren C. A population study of chromosome 22q11

deletions in infancy. Arch Dis Child 1998;79:348-51.

4. Sullivan KE, Jawad AF, Randall P, Driscoll DA, Emanuel BS, McDonald-McGinn

DM, et al. Lack of correlation between impaired T cell production, immunodefi-

ciency, and other phenotypic features in chromosome 22q11.2 deletion syndromes.

Clin Immunol Immunopathol 1998;86:141-6.

5. Perez E, Sullivan KE. Chromosome 22q11.2 deletion syndrome (DiGeorge and ve-

locardiofacial syndromes). Curr Opin Pediatr 2002;14:678-83.

6. Sediva A, Bartunkova J, Zachova R, Polouckova A, Hrusak O, Janda A, et al. Early

development of immunity in DiGeorge syndrome. Med Sci Monit 2005;11:182-7.

7. Junker AK, Driscoll DA. Humoral immunity in DiGeorge syndrome. J Pediatr

1995;127:231-7.

8. Smith CA, Driscoll DA, Emanuel BS, McDonald-McGinn DM, Zackai EH, Sulli-

van KE. Increased prevalence of immunoglobulin A deficiency in patients with the

chromosome 22q11.2 deletion syndrome (DiGeorge syndrome/velocardiofacial

syndrome). Clin Diagn Lab Immunol 1998;5:415-7.

9. Gennery AR, Barge D, O’Sullivan JJ, Flood TJ, Abinun M, Cant AJ. Antibody de-

ficiency and autoimmunity in 22q11.2 deletion syndrome. Arch Dis Child 2002;86:

422-5.

10. Jawad AF, McDonald-Mcginn DM, Zackai E, Sullivan KE. Immunologic features

of chromosome 22q11.2 deletion syndrome (DiGeorge syndrome/velocardiofacial

syndrome). J Pediatr 2001;139:715-23.

11. Finocchi A, Di Cesare S, Romiti ML, Capponi C, Rossi P, Carsetti R, et al. Hu-

moral immune responses and CD271 B cells in children with DiGeorge syndrome

(22q11.2 deletion syndrome). Pediatr Allergy Immunol 2006;17:382-8.

12. Chinen J, Rosenblatt HM, Smith EO, Shearer WT, Noroski LM. Long-term assess-

ment of T-cell populations in DiGeorge syndrome. J Allergy Clin Immunol 2003;

111:573-9.

13. Lavi RF, Kamchaisatian W, Sleasman JW, Martin DP, Haraguchi S, Day NK, et al.

Thymic output markers indicate immune dysfunction in DiGeorge syndrome. J Al-

lergy Clin Immunol 2006;118:1184-6.

14. Sakamoto O, Imaizumi M, Suzuki A, Sato A, Tanaka T, Ogawa E, et al. Refractory

autoimmune hemolytic anemia in a patient with chromosome 22q11.2 deletion

syndrome. Pediatr Int 2004;46:612-4.

15. Sullivan KE, McDonald-McGinn DM, Driscoll DA, Zmijewski CM, Ellabban AS,

Reed L, et al. Juvenile rheumatoid arthritis-like polyarthritis in chromosome
22q11.2 deletion syndrome (DiGeorge anomalad/velocardiofacial syndrome/cono-

truncal anomaly face syndrome). Arthritis Rheum 1997;40:430-6.

16. Brown JJ, Datta V, Browning MJ, Swift PG. Graves’ disease in DiGeorge syn-

drome: patient report with a review of endocrine autoimmunity associated with

22q11.2 deletion. J Pediatr Endocrinol Metab 2004;17:1575-9.

17. Ziegler SF. FOXP3: of mice and men. Annu Rev Immunol 2006;24:209-26.

18. Dejaco C, Duftner C, Grubeck-Loebenstein B, Schirmer M. Imbalance of regula-

tory T cells in human autoimmune diseases. Immunology 2006;117:289-300.

19. Asano M, Toda M, Sakaguchi N, Sakaguchi S. Autoimmune disease as a conse-

quence of developmental abnormality of a T cell subpopulation. J Exp Med

1996;184:387-96.

20. Sullivan KE, McDonald-McGinn D, Zackai EH. CD4(1) CD25(1) T-cell produc-

tion in healthy humans and in patients with thymic hypoplasia. Clin Diagn Lab Im-

munol 2002;9:1129-31.

21. McLean-Tooke A, Barge D, Spickett GP, Gennery AR. T cell receptor VBeta rep-

ertoire of T lymphocytes and T regulatory cells by flow cytometric analysis in

healthy children. Clin Exp Immunol 2008;151:190-8.

22. Sempowski GD, Hicks CB, Eron JJ, Bartlett JA, Hale LP, Ferrari G, et al. Naive T

cells are maintained in the periphery during the first 3 months of acute HIV-1 infec-

tion: implications for analysis of thymus function. J Clin Immunol 2005;25:462-72.

23. Kimmig S, Przybylski GK, Schmidt CA, Laurisch K, Mowes B, Radbruch A, et al.

Two subsets of naive T helper cells with distinct T cell receptor excision circle con-

tent in human adult peripheral blood. J Exp Med 2002;195:789-94.

24. Junge S, Kloeckener-Gruissem B, Zufferey R, Keisker A, Salgo B, Fauchere JC,

et al. Correlation between recent thymic emigrants and CD311 (PECAM-1)

CD41 T cells in normal individuals during aging and in lymphopenic children.

Eur J Immunol 2007;37:3270-80.

25. Klein U, Rajewsky K, Kuppers R. Human immunoglobulin (Ig)M1IgD1 periph-

eral blood B cells expressing the CD27 cell surface antigen carry somatically mu-

tated variable region genes: CD27 as a general marker for somatically mutated

(memory) B cells. J Exp Med 1998;188:1679-89.

26. Shi Y, Agematsu K, Ochs HD, Sugane K. Functional analysis of human memory

B-cell subpopulations: IgD1CD271 B cells are crucial in secondary immune re-

sponse by producing high affinity IgM. Clin Immunol 2003;108:128-37.

27. Kanaya Y, Ohga S, Ikeda K, Furuno K, Ohno T, Takada H, et al. Maturational

alterations of peripheral T cell subsets and cytokine gene expression in 22q11.2 de-

letion syndrome. Clin Exp Immunol 2006;144:85-93.

28. Xiong N, Raulet DH. Development and selection of gammadelta T cells. Immunol

Rev 2007;215:15-31.

29. Piliero LM, Sanford AN, McDonald-McGinn DM, Zackai EH, Sullivan KE. T-cell

homeostasis in humans with thymic hypoplasia due to chromosome 22q11.2 dele-

tion syndrome. Blood 2004;103:1020-5.

30. Murray JM, Kaufmann GR, Hodgkin PD, Lewin SR, Kelleher AD, Davenport MP,

et al. Naive T cells are maintained by thymic output in early ages but by prolifer-

ation without phenotypic change after age twenty. Immunol Cell Biol 2003;81:

487-95.

31. Steffens CM, Al-Harthi L, Shott S, Yogev R, Landay A. Evaluation of thymopoi-

esis using T cell receptor excision circles (TRECs): differential correlation between

adult and pediatric TRECs and naive phenotypes. Clin Immunol 2000;97:95-101.

32. Jameson SC. T cell homeostasis: keeping useful T cells alive and live T cells use-

ful. Semin Immunol 2005;17:231-7.

33. Bourgeois C, Stockinger B. T cell homeostasis in steady state and lymphopenic

conditions. Immunol Lett 2006;107:89-92.

34. Holmes S, He M, Xu T, Lee PP. Memory T cells have gene expression patterns in-

termediate between naive and effector. Proc Natl Acad Sci U S A 2005;102:

5519-23.

35. Liston A, Rudensky AY. Thymic development and peripheral homeostasis of reg-

ulatory T cells. Curr Opin Immunol 2007;19:176-85.

36. Pillai V, Karandikar NJ. Human regulatory T cells: a unique, stable thymic subset

or a reversible peripheral state of differentiation? Immunol Lett 2007;114:9-15.

37. Vukmanovic-Stejic M, Zhang Y, Cook JE, Fletcher JM, McQuaid A, Masters JE,

et al. Human CD41 CD25hi Foxp31 regulatory T cells are derived by rapid turn-

over of memory populations in vivo. J Clin Invest 2006;116:2423-33.

38. Kung SJ, Gripp KW, Stephan MJ, Fairchok MP, McGeady SJ. Selective IgM defi-

ciency and 22q11.2 deletion syndrome. Ann Allergy Asthma Immunol 2007;99:

87-92.

39. Al-Herz W, McGeady SJ, Gripp KW. 22q11.2 deletion syndrome and selective IgM

deficiency: an association of a common chromosomal abnormality with a rare im-

munodeficiency. Am J Med Genet A 2004;127:99-100.

40. Vos Q, Lees A, Wu ZQ, Snapper CM, Mond JJ. B-cell activation by T-cell-indepen-

dent type 2 antigens as an integral part of the humoral immune response to path-

ogenic microorganisms. Immunol Rev 2000;176:154-70.



FIG E1. Phenotypic characterization of CD41 RTEs,CD41 naive T cells, and

CD41FoxP31 regulatory T cells. A, The dot plot shows surface expression

of CD31 and CD45RA RTEs. B, The dot plot shows surface expression of

CD27 and CD45RA naive cells. C, The dot plot shows surface expression of

CD4 and FoxP3 nTreg cells. The cells in A and B are gated on scatter and

CD31CD41 T cells, and cells in C are gated on lymphocytes by scatter.

FITC, Fluorescein isothiocyanate; PE, phycoerythrin; FL, fluorescent

channel.
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FIG E2. Absolute counts of peripheral blood lymphocyte populations in patients and controls. Data shown

for 54 healthy controls ()) and 27 patients (d).
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TABLE E1. Demographic data and lymphocyte populations according to age group in normal controls

Age groups

3-9 mo (n 5 5) 9-24 mo (n 5 13) 2-5 y (n 5 13) 5-10 y (n 5 13) 10-16 y (n 5 10)

Sex 4 M 1 1 F 12 M 1 1 F 9 M 1 4 F 7 M 1 6 F 3 M 1 7 F

Mean age 5 mo 20 mo 3.1 y 7.6 y 13.2 y

Total lymphocytes (CD451) 6689 (3078-10149) 5288 (2211-9502) 4293 (2269-7289) 3042 (1337-4269) 2369 (1603-2885)

T cells (CD31) 3834 (1469-6024) 3160 (1813-5423) 2598 (1385-4732) 1944 (899-3143) 1559 (834-2149)

B cells (CD191) 2150 (1261-3565) 1504 (919-2612) 1075 (553-2208) 558 (239-1160) 445 (154-637)

TH cells (CD31CD41) 2867 (867-4459) 1962 (1035-3426) 1504 (751-2887) 889 (298-1602) 843 (376-1782)

T cytotoxic cells (CD31CD81) 841 (412-1220) 1071 (560-1881) 953 (376-1782) 806 (362-1437) 593 (226-858)

NK cells (CD161CD561) 768 (299-1238) 671 (336-1224) 559 (243-1095) 492 (182-841) 398 (454-1105)

% Activated T cells (HLA-DR) 7 (3-15) 11 (5–28) 11 (5-17) 11 (6-24) 11 (6-24)

M, Male; F, female.

Mean values for lymphocyte counts (cells/mL) are displayed with minimum and maximum values for the group in parentheses.
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TABLE E2. Demographic data and lymphocyte populations according to age group in patients with 22q11.2 deletion syndrome

Age groups

3-9 mo (n 5 1) 9-24 mo (n 5 5) 2-5 y (n 5 2) 5-10 y (n 5 7) 10-16 y (n 5 12)

Sex 1 M 5 M 2 M 4 M 1 3 F 7 M 1 5 F

Mean age 7 mo 18 mo 3.5 y 7.5 y 14.6 y

Total lymphocytes (CD451) 6104 4048 (2574-6900) 3426 (2370-4482) 2327 (835-2989) 1746 (1116-3474)

T cells (CD31) 3010 1784 (1259-2682) 1533 (1133-1932) 1452 (496-2191) 838 (558-1207)

B cells (CD191) 1872 1768 (774-3655) 1414 (803-2024) 625 (173-1063) 281 (193-363)

TH cells (CD31CD41) 1840 1135 (486-1840) 897 (598-1196) 803 (266-1329) 482 (272-682)

T cytotoxic cells (CD31CD81) 637 577 (303-859) 613 (416-810) 528 (203-819) 307 (192-605)

NK cells (CD161CD561) 306 463 (237-794) 461 (426-496) 378 (164-813) 267 (96-513)

% Activated T cells (HLA-DR) 11 16 (7-49) 17 (13-21) 15 (6-32) 23 (9-30)

M, Male; F, female.

Mean values for lymphocyte counts (cells/mL) are displayed with minimum and maximum values for the group in parentheses.
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