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Children with Down syndrome (DS) have increased susceptibility to infections and a
high frequency of leukemia and autoimmune disorders, suggesting that immunodefi-
ciency and immune dysfunction are integral parts of the syndrome. A reduction in B-
cell numbers has been reported, associated with moderate immunodeficiency and nor-
mal immunoglobulin levels. Here, we compared B-cell populations of 19 children with
DS with those in healthy age-matched controls. We found that all steps of peripheral
B-cell development are altered in DS, with a more severe defect during the later stages of
B-cell development. Transitional and mature-naı̈ve B-cell numbers are reduced by 50%
whereas switched memory B cells represent 10–15% of the numbers in age-matched con-
trols. Serum IgM levels were slightly reduced, but all other immunoglobulin isotypes
were in the normal range. The frequency of switched memory B cells specific for vaccine
antigens was significantly lower in affected children than in their equivalently vaccinated
siblings. In vitro switched memory B cells of patients with DS have an increased ability to
differentiate into antibody-forming cells in response to TLR9 signals. Tailored vaccination
schedules increasing the number of switched memory B cells may improve protection and
reduce the risk of death from infection in DS.
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Introduction

Down syndrome (DS) is associated with increased susceptibility
to bacterial and viral infections [1, 2], and a high frequency of
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leukemia [3, 4] and autoimmune disorders, such as celiac dis-
ease [5–7], type I diabetes [8, 9], and acquired hypothyroidism
[10, 11]. In spite of a dramatic improvement of life expectancy
over the last half-century [12], the risk of premature mortality
remains high in DS mainly because of respiratory infections and
leukemia [13]. These features already suggested in the 1970s that
immunodeficiency is an integral part of the syndrome [14–17].
Indeed, this has been supported by the findings that the thymus,
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even in newborns, is small and has an abnormal structure [18],
the absolute number of circulating lymphocytes is decreased and
antibody responses to vaccine antigens such as oral polio, acellular
pertussis, tetanus, hepatitis B, and influenza A are low [19–21].
The absolute number of T lymphocytes has been reported to be
low at all ages [22] or decreased during the first 2 years of age
approaching normal levels thereafter [23].

A decreased number of circulating B cells is a constant finding
in DS [24] with variable levels of serum immunoglobulin [25].
Discrepancies between the results of aspects of these studies may
derive from the small number of subjects included, differences
in the age groups considered, poor matching between DS and
controls, inclusion of institutionalized subjects with DS and, in
particular, from the use of old and poorly reliable phenotyping
techniques that have subsequently greatly improved over recent
years driven by the remarkable advances in flow cytometric meth-
ods.

The most common symptoms reported in children with DS are
infections of the respiratory tract suggesting a B-cell defect. Dis-
eases related to T-cell deficiency, such as infection with intracel-
lular microorganism, fungi, and opportunistic pathogens are rare
[26]. In order to verify whether a defined B-cell defect may be
associated with DS, we studied in detail the B-cell compartment
of 19 children with DS and compared them with 19 age-matched
controls (CTR).

In the peripheral blood, four major populations of B cells can be
identified: transitional B cells, representing recent BM emigrants,
mature-naive B cells, IgM memory B cells, and switched memory
B cells. The cells that we conventionally call IgM memory B cells
also express IgD on their surface, but a minor population of IgM-
only memory B cells has also been described [27]. The latter is very
small in both CTR and DS children (less than 1% of all memory
B cells) and its function was not analyzed in this study separately
from that of IgM memory B cells. IgM memory, also known as
marginal zone B cells, is probably generated through a T-cell-
independent mechanism whereas switched memory B cells derive
from the T-dependent germinal center reaction [28]. Since each of
these subpopulations has a different origin and defined function,
we carried out a detailed analysis of these B-cell subpopulations
and measured the in vitro proliferation and immunoglobulin
production of B cells isolated from peripheral blood isolated from
a group of 6- to 12-year-old children with DS compared to age-
matched CTR. The results of this study show that switched memory
B cells are dramatically reduced in number but have an increased
ability to differentiate into antibody-producing cells in vitro.

Results

Reduction of switched memory B cells in DS

Studies have shown that in DS children the absolute num-
ber of circulating lymphocytes is significantly lower than in
CTR children [29, 30] and that in the T-cell compartment
only näıve CD4++T-cell numbers are reduced, whereas näıve

Table 1. Clinical and demographic feature of Down’s syndrome (DS)
patients

N %
Total DS patients 19
Male 9 47.4
Female 10 52.6

Recurrent infections 17/19 89.5
Infections of the superior

respiratory tract
16 94.1

Pneumonia 2 11.8
Gastroenteritis 2 11.8
Urinary tract infections 1 5.9

Hospitalization for infections 8/19 42.1
Hospitalization for gastroenteritis 3/8 37.5
Hospitalization because of lower

respiratory tract infection
3/8 37.5

Hospitalization because of upper
respiratory tract infection

2/8 25

Congenital heart disease 13/19 68.4
Heart surgery 2 15.4
Congenital heart disease with

recurrent infections
12/13 92.3

Autoimmune diseases 3/19 15.8
Hypothyroidism 2 66.7
Celiac disease 1 33.3

Hematologic problems 2/19 10.5
Transient abnormal myelopoiesis 1 5.3
Polycitemia 1 5.3

CD8 T-cell and memory T-cell numbers (both CD8 and CD4) are in
the normal range [23]. These observations were confirmed in the
children included in our analysis (Table 1 and 2 and Supporting
Information Fig. 1).

The three major subsets of CD19+ B cells in the peripheral
blood were identified in our study by staining with antibodies
to CD24, CD38, CD27, and IgM (Fig. 1A). Transitional B cells
express high levels of CD24 and CD38 (trans), the mature-naive
population (mature) is CD24+ CD38+ CD27− and memory B cells
are CD24++ CD38− and express CD27. IgM is detected on the
surface of IgM memory B cells (IgM). Switched memory B cells
(switched) are IgM−. All B-cell populations in the peripheral blood
(näıve, transitional, switched memory, and memory B cells) were
significantly reduced in DS children (Fig. 1A and B).

B-cell development in the periphery results in the differenti-
ation of short-lived transitional B cells into either mature/näıve
B cells or IgM memory B cells. The germinal center reaction is
absolutely required for the generation of switched memory B cells
from mature/näıve B cells activated by antigen in the lymphoid fol-
licle. Circulating transitional B-cell numbers in DS children were
roughly half the levels seen in CTR children (Table 2, Fig. 1B),
suggesting reduced BM production in DS children. The number of
mature/näıve B cells was in DS children also 50% of that seen in
the CTR children. A further restriction of the B-cell compartment
in DS was observed at the memory stage with the number of IgM
memory B cells being 30% of those seen in the CTR children;
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Table 2. Immunological parameters

DS median (range) CTR median (range) Mann–Whitney p-value

Lymph 1880 (870–3810) 2370 (750–4570) 0.009*
B cells 170 (40–290) 343.62 (160–940) 0.03*
Transitional 20.05 (4–49) 37 (9–140) 0.0003*
Mature 116 (6–320) 224 (20–731) 0.0001*
Memory B 10 (4–30) 50 (20–110) 0.05*
IgM memory 25 (5–80) 9 (0–30) 0.007*
Switched memory 26 (10–210) 4 (0.1–9) 0.01*
T cells (CD3) 1405 (490–2830) 1915.1 (1071–2915) 0.015*
CD4 665 (260–960) 957.9 (483–1818) 0.005*
CD8 581 (226–826) 660 (210–1860) 0.18
CD4-RA (107–850) 554.31 (53–1434) 0.002*
CD4-RO 338.21 (100–525) 328.8 (150–432) 0.9
CD8-RA 363.34 (99–1180) 432.435 (173–758) 0.6
CD8-RO 213.77 (20–853) 186 (68–500) 0.9
Serum IgM 55 (30.7–110.8) 108.7 (38–187) 0.001*
Serum IgA 120.2 (11.4–278.2) 107.1 (82.6–227.9) 0.4
Serum IgG 1088 (667–1558) 1193 (583–1517) 0.5
Salivary IgA 63.9 (21.6–194.4) 63 (21.6–121.5) 0.9

Absolute cell numbers are expressed as cells/mm3. The range is mentioned between brackets.
Immunoglobulin levels are measured in mg/dl. The range is mentioned between brackets.
*significant difference.

however, the most important alteration was observed in the
switched memory pool. The median number of switched mem-
ory B cells in DS children was 14% of that observed in the CTR
group (Fig. 1B, Table 2). The alterations of B-cell numbers were
a constant finding in affected children and, for this reason, all dif-
ferences between the DS and CTR groups were highly significant.

A B-cell phenotype characterized by an extreme reduction of
switched memory B cells is observed in patients with common vari-
able immune deficiency (CVID) [31]. In contrast to CVID, how-
ever, immunoglobulin levels are not dramatically reduced in DS
[29]. In our patients, IgG and IgA levels were comparable to those
of the CTR group and only IgM was significantly reduced, but
nonetheless remained in the age-normal range (31–208 mg/dL;
Table 2, Fig. 1C).

Normal CpG-induced proliferative response
and immunoglobulin production

As memory B-cell numbers appear to be particularly reduced in
DS, we measured their function by the stimulation in vitro with
the TLR9 ligand CpG which induces memory B-cell proliferation
and differentiation into plasma cells. In DS children, after 7 days
of such stimulation, the frequency of cells that had proliferated
was comparable to the frequency observed in the CTR group
(Fig. 2A and B) as demonstrated by the proportion of cells that had
a reduced 5-chloromethylfluorescein diacetate (CMFDA) staining
(Fig. 2A). In culture after CpG stimulation, plasma cells, identified
by the high expression of CD27 and CD38, can be either IgM+ (IgM
plasma cells) or IgM− (switched plasma cells). We found that the
frequency of total plasma cells was comparable in the CTR and
DS groups (Fig. 2B). In particular, switched plasma cell numbers

(Fig. 2A) were not significantly reduced in the DS as compared
with the CTR group (Fig. 2C). In the culture supernatants of stim-
ulated cells, IgM, IgA, and IgG antibodies were all reduced but
never significantly (Fig. 2D). The observation that both prolifera-
tion and antibody production were not significantly reduced in DS
children was unexpected because memory B-cell and, in particu-
lar, switched memory B-cell numbers are dramatically diminished
in the peripheral blood of such children (Fig. 1).

We performed a more detailed analysis of the data evaluating
the proliferation and differentiation of gated CD27+ B cells (see
Supporting Information Fig. 2 for the gating strategy) that were
either IgM+ or IgM−. We performed the analysis in nine CTR and
nine DS children. In the IgM memory pool, we confirmed that
there was no statistical difference in the frequency of memory
B cells that had proliferated (Fig. 3A, % divided cells). IgM memory
B cells of DS children, however, had a higher proliferation index
as compared with that in the CTR children and most of the IgM
memory B cells of DS children were at the third cycle of cell
division after 7 days in culture with CpG. In contrast, most of the
IgM memory B cells of the CTR group had only divided twice.
Differentiation into IgM plasma cells was also increased in DS
(p = 0.0006): whereas in the CTR group only around 20% of
the CD27+IgM+ population was composed of CD38+++ plasma
cells, plasma cells constituted 80% of the CD27+IgM− B cells in
DS. In the CD27+ IgM− population (Fig. 3B), the frequency of
divided cells was higher in the DS group, although in this case
statistical significance was not reached. Switched memory B cells
proliferated at equal rates in the CTRs and DS groups, but switched
plasma cells were present at an increased frequency in the CD27+

population of DS children (p = 0.0187).
Thus, in response to CpG, both IgM and switched memory

B cells of DS children show an increased proliferative response
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Figure 1. Reduction of switched memory B-cell numbers. (A) Flow cytometric analysis of B-cell populations in the peripheral blood of healthy
control (CTR, top row), and Down syndrome (DS, lower row) children. Plots showing gating selection of CD19+ B cells and identification of the
transitional, mature-naive and memory populations are shown. Memory B cells express CD27. IgM (IgM+) and switched (IgM−) memory B cells
were identified by the expression of IgM on gated CD27+ B cells. One representative example of the analysis performed on all 19 DS and 19 CTR
children is shown. (B) Absolute numbers of transitional, mature-naive, memory, IgM, and switched memory B-cell populations were determined
by flow cytometry. (C) Total serum IgM, IgG, and IgA levels in CTR and DS children were measured by ELISA. (B, C) Data are shown as median
+ IQR of 19 CTR and 19 DS donors. Statistical significance was calculated by the Mann–Whitney U-test.

and have an increased ability to differentiate into plasma cells as
compared to the equivalent cells in the CTR children.

Increased generation of CpG-induced
antibody-producing cells

In order to confirm the data on plasma cell formation obtained
in bulk culture after 7 days, we measured the ability of individ-
ual memory B cells from both DS and CTR children to generate
antibody-producing cells as detected and enumerated by ELISPOT.
The methodology established in the laboratory requires a shorter

CpG stimulation time than the proliferation test (5 instead than
7 days) described above.

We stimulated peripheral blood mononuclear cells (PBMCs)
isolated from 18 DS and 16 CTR children with CpG for 5 days
and then counted the antibody-producing cells of IgM and
switched isotypes. In each experiment, 2 × 106 PBMCs were
plated and stimulated with CpG. Based on the cytofluorimetic
analysis at day 0, we calculated the number of IgM and
switched memory B cells seeded in each well for each individ-
ual. In the cultures from DS children, IgM memory B cells were
around 47% (median value) of the values of the CTR cultures
(p = 0.02, Fig. 4A). Switched memory B cells were 17% of the
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Figure 2. In vitro proliferation and differentiation of B-cell populations. (A) PBMCs isolated from CTR and DS children were cultured for 7 days
without (RPMI) or with CpG (CpG). Proliferation was measured by the loss of CMFDA fluorescence in daughter cells and expressed as percentage
of proliferating (CMFDAlow) CD19+ B cells by cytofluorimetry (top). Plasma cells of IgM and switched isotype were identified by cytofluorimetric
analysis, CD27 versus IgM staining of cells of CD19+ cells is shown (bottom). CD27+++ IgM− B cells are switched plasma cells (sw PC, indicated by
the arrow). The plot shows one representative example of the analysis performed on all 19 DS and 19 CTR children. (B) Frequency of proliferating
B cells for each of the 19 CTR and 19 DS children. Differentiation is expressed as frequency of total CD27+++ CD38+++ plasma cells obtained in
culture. Proliferation was measured as indicated in (A). (C) Frequency of switched and IgM plasma cells detected in culture for each CTR and
DS child measured as indicated in (A). (D) The concentration of IgM, IgG, and IgA was measured in the supernatants of CpG-stimulated cultures
collected at day 7. Data are shown as median + IQR of 19 DS and 19 CTR children. (B–D) Statistical significance was calculated by the Mann–Whitney
U-test.

values of the CTR group (p < 0.001, Fig. 4A). At day 5, IgM, IgA,
and IgG spots were counted. The number of IgM and switched
(IgG+IgA) spots was significantly lower in the cultures from DS
as compared with those from CTR children (1.8- and twofold
lower, respectively, Fig. 4B). We calculated how many antibody-
producing cells each seeded memory B cell was able to generate,
by dividing the number of spots obtained at day 5 by the number of

memory B cells plated at day 0. In Figure 4C, the ratio between the
number of IgM spots and IgM memory B cells is shown for CTR
(white columns) and DS children (black columns). The median
ratio value was 0.3 in the CTR and 0.2 in the DS. This indicates
that in healthy children one in three IgM memory B cells gener-
ates one plasma cell after 5 days of CpG stimulation whereas in
DS children one in two IgM memory B cells produces plasma cells
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Figure 3. Increased response to CpG of B cells of DS children. Cells from a subgroup of nine DS and nine CTR children from whom a sufficient
number of cells were available were labeled with CMFDA, cultured with CpG for 7 days, stained and analyzed by flow cytometry. The number
of CD27+ IgM+ or IgM− cells that had proliferated (% divided cells), and the proliferation index (number of cycles/divided cells) were determined
using FlowJo. The number of plasma cells (CD27+++CD38+++ was calculated from the standard cytofluorimetric analysis of IgM+or IgM−CD27+cells
(see also Supporting Information Fig. 2). (A, B) The percentage of cells that had proliferated in culture, the proliferation index, and the percentage
of plasma cells of (A) IgM isotype and (B) switched isotypes (CD27posIgMneg B cells) are shown. Each symbol represents an individual donor and
bars represent means. Statistical significance was calculated by the Mann–Whitney U-test.

that can be detected by ELISPOT. Figure 4C shows that the ability
to form IgM plasma cells in vitro is increased in DS children, but
the difference is not statistically significant at day 5. The differ-
ence is, however, significant in the switched memory populations
(Fig. 4D). Each switched memory B cell gives rise to one plasma
cell in the CTR group, but 2.5 plasma cells are generated by each
switched memory B cells in DS children (p = 0.02). Thus, switched
memory B cells of DS children show an increased capacity to dif-
ferentiate into antibody-secreting cells in response to TLR9 signals
also at day 5 (Fig. 4D).

Reduction of specific memory B cells

Vaccinations exert a protective effect by generating long-lived
plasma cells that continuously produce specific antibodies, acting
as a first-line defense in case of infection. Switched memory B cells
are also induced by vaccine injection and are indispensable for the
recall response. In order to measure the ability of children with DS
to generate and maintain their specific memory pool, we studied
a group of seven DS children that had received a complete cycle
of the pneumococcal glyconjugated vaccine (three injections) 3–
5 years before this study was performed. Each DS child was directly
compared to his CTR sibling of roughly the same age who had
also received three doses of vaccine 3–5 years before, meaning
that we compared children living in the same environment and
with a comparable immunization history (Supporting Information
Table 1).

We found that, with one exception, all DS children analyzed
had a reduced number of B cells producing IgG against pneu-
mococcal polysaccharides in comparison with their own siblings
(Fig. 5A). When we compared the seven DS children to the seven
CTR children, we found that the difference between the two
groups was significant (p = 0.04). In contrast, the number of
B cells producing IgM specific for pneumococcal polysaccharides
in DS children was comparable (p = 0.8) to that of the CTR group
(Fig. 5B) confirming that the immune defect of DS children sig-
nificantly affects the adaptive immune system and, in particular,
one of its most important products, i.e. antigen-specific switched
memory B cells. Serum IgG antibodies specific for pneumococcal
polysaccharides were not reduced in the DS children suggesting
that the other products of the germinal center reaction, long-lived
plasma cells, are efficiently generated and persist in both DS and
CTRs (Fig. 5C).

Discussion

The results of this study fully confirm that subjects with DS are
affected with a primary immunodeficiency (PID). The number of
circulating lymphocytes, both T and B cells, was significantly lower
in DS as compared with CTR children, as reported in the literature
[29, 30]. In the present study, we show that the most striking and
consistent defect in DS is the reduced number of switched memory
B cells that, however, have an increased capacity to differentiate
into antibody-producing cells.
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Figure 4. Increased differentiation potential of switched memory B cells of DS children. (A) Number of IgM and switched memory B cells seeded at
day 0 for CTR (white columns) and DS (black columns) children contained in 106 PBMCs . PBMCs of DS children contain significantly less memory
B cells. The numbers were calculated based on the flow cytometric analysis performed on day 0. (B) Number of spots obtained at day 5 from 106

cells of CTR (white columns) and DS (black) children, secreting either IgM or IgG as determined by ELISPOT using isotype-specific antibodies. Fewer
antibody-producing cells are generated in DS children. (C) Ratio between the number of IgM spots obtained at day 5 and of IgM memory B cells
seeded at day 0 (CTR, white; DS, black). Cells numbers were determined as in A and the number of IgM-secreting cells was calculated by ELISPOT.
The line indicates the median value of the ratio calculated in CTR. Eleven of the 18 patients with DS have a higher ratio than the median of CTR.
Statistical significance was calculated by the Mann–Whitney U-test . The difference between the two groups is not significant. (D) Ratio between
the number of switched (IgG + IgA) spots and of switched memory B cells plated at day 0 (cell numbers were calculated as described in A). The
line shows the median value of the ratio in CTR. A total of 16/18 DS patients have a higher ratio than the median of CTR. Statistical significance
was calculated by the Mann–Whitney U-test. The difference between the two groups is significant.

DS PID has been suggested to be reminiscent of CVID [31]
mainly because of the B-cell anomalies. In fact, DS children suffer
from recurrent respiratory tract infections and have an increased
risk of severe sepsis [32]. However, these features are much more
severe in CVID than in DS children who, in contrast with CVID
patients, have normal IgG and IgA levels and respond to vacci-

nations although with a variable but generally reduced specific
antibody production [33].

Our data show that trisomy 21 affects the differentiation of
B cells at different developmental stages and checkpoints. B cells
originate in the BM from stem cells and develop following a tightly
regulated pathway. They leave the BM at the transitional B-cell

Figure 5. Reduced number of specific memory B cells in vaccinated DS children. Seven pairs of siblings, each with one CTR (white column) and
one DS (black column) child, were vaccinated with a glyconjugated vaccine and their anti-PnPS responses were monitored by (A and B) ELISPOT
and (C) ELISA. (A, B) The number of (A) switched memory and (B) IgM memory B cells secreting anti-PnPS antibodies was determined by ELISPOT
on PnPS-coated plates developed with isotype-specific antibodies. (C) Serum anti-PnPS IgG levels were measured by ELISA. Statistical significance
was calculated using the Mann–Whitney U-test to compare the seven CTR to the seven DS children.
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stage, when they are still relatively immature and short-lived. Mat-
uration to the long-lived naive pool occurs in the periphery and
is an antigen- and T-cell-independent phenomenon [34]. The size
of the mature-naive pool depends on the BM input (i.e. number of
transitional B cells) and on the availability of space and survival
factors in the secondary lymphoid tissues [35]. In DS children, the
BM produces half the number of transitional B cells generated by
CTR children (Table 2 and Fig. 1B). In both DS and CTR transi-
tional B cells, in turn, effectively differentiate into mature-naive
B cells. This pool in DS children is half the size of that in the
CTR group (Fig. 1B). We show that the pool of switched memory
B cells, which embodies the past antigen experience of each indi-
vidual, is severely reduced in DS. This population is generated
in the germinal centers in response to infections or vaccinations.
The level of serum antibodies also results from antigen-driven dif-
ferentiation of B cells. In contrast to the reduction of switched
memory B-cell numbers, IgG and IgA antibody levels were normal
in DS children. Most serum antibodies are produced by long-lived
plasma cells that have relocated to the BM following their exit
from the germinal center. Memory B cells also contribute to the
maintenance of the level and diversity of serum immunoglobulin
by terminally differentiating into plasma cells upon exposure to
innate signals [36].

We investigated the ability of memory B cells to differentiate
in vitro into antibody-producing cells in response to TLR9 engage-
ment. Both proliferation and differentiation of memory B cells
in response to CpG were increased in DS children. In vitro CpG
induces the proliferation of memory B cells associated with dif-
ferentiation. Proliferation was measured at day 7. We show that
IgM memory B cells of DS children proliferate faster than those of
CTR children (Fig. 3A). Differentiation was analyzed both at day
7 and at day 5. Both IgM and switched memory B cells demon-
strated an increased ability to differentiate into plasma cells in
DS children. At day 5 (Fig. 4D), the difference between the DS
and CTR groups is significant only for switched memory B cells.
In contrast, at day 7 both switched and IgM memory B cells of
DS children produce more plasma cells than the CTR group. This
result can be understood by considering that differentiation occurs
after a certain number of proliferation cycles and 2 days more in
culture allow more proliferation and differentiation, i.e. plasma
cells. Our results also show different kinetics of response to CpG
in IgM and switched memory B cells of CTR; however, further
studies are necessary to clarify this phenomenon. As the func-
tions of IgM memory/marginal zone and IgM-only memory B cells
cannot be discriminated in our study, additional experiments are
necessary to investigate whether the two populations behave the
same in DS children. As reduced numbers and responses of T cells
have been demonstrated in DS, we cannot exclude that the defec-
tive B-cell function is a secondary phenomenon [26]. However,
although fewer T and B cells are generated in the primary lym-
phoid organs of children with DS, the fate of the differentiating
T cells is quite different from that of B cells. The latter, indeed,
show an impaired differentiation into switched memory B cells.
In contrast, T cells generate normal numbers of both CD8+ and

CD4+ memory T cells suggesting that they are functionally nor-
mal in vivo. Further studies are certainly needed to investigate this
point.

We also compared seven pairs of siblings, one with and one
without DS. All children had been vaccinated 2–3 years before
this study and each couple lived in the same household ensuring
a similar environmental exposure to infection in addition to the
partially common genetic background. We found that, despite a
normal level of specific antibodies, specific memory B cells were
extremely rare in DS siblings whereas such cells persisted in nor-
mal children.

Taken as a whole, the results of the present study strongly
suggest that DS children suffer from an intrinsic defect of
B-cell differentiation resulting in a striking reduction of switched
memory B cells which are crucial for the secondary response to
pathogens, as well as for the response to vaccine antigens. The
increased susceptibility to infections of DS children despite nor-
mal immunoglobulin levels confirms that switched memory B cells
protect the organism against pathogen challenge, playing a func-
tion that is independent of the level of preformed serum antibod-
ies, constantly secreted by long-lived plasma cells. In the case of
reinfection, memory B cells sense the pathogen and rapidly react
producing high-affinity protective antibodies not only in the serum
but also locally at the site of pathogen entry [28]. The reduction
of switched memory B-cell numbers represents the most likely
explanation of the clinical and immunological features of DS PID
(Fig. 5D).

Further studies are necessary to fully explain our results. On
the one hand, our findings are compatible with an alteration
of the germinal center reaction resulting in the asymmetrical
generation of normal numbers of long-lived plasma cells and a
reduced fraction of switched memory B cells. Another possible
scenario includes a normal germinal center reaction generating
both long-lived plasma cells and sufficient amounts of memory
B cells, followed by the exhaustion of the switched memory pool
due to their activation and terminal differentiation into plasma
cells (Fig. 6). According to the latter hypothesis, the differen-
tiation of memory B cells into plasma cells may contribute to
the maintenance of antibody levels. Regardless of the explana-
tion underlying these results, our study indicates that the primary
and recall immune response of DS children to vaccines should
be evaluated in order to design tailored immunization schedules
for an effective vaccine-induced protection of DS children against
infection.

We do not know which sequences on chromosome 21 influence
the immune response. High steady state levels of certain micro-
RNAs have been recently demonstrated in the peripheral blood
cells of DS children [37]. MicroRNA 125B and 155, encoded by
chromosome 21, play a role in the germinal center reaction and
in the development and proliferation of B and T cells [38, 39]. It
would be very interesting to evaluate the level of these microRNAs
in the B and T cells of DS children in response to innate or adaptive
stimuli and determine their effects on cell proliferation and class
switching.
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Figure 6. Reduced numbers of memory B cells with high terminal differentiation potential in DS children. The output of newly generated
transitional B cells in the DS children (filled symbols, bottom) is half that seen in the CTR group (open symbols, top). The number of mature-naive
B cells is also reduced by 50% in DS children. A further and more significant reduction of B-cell numbers is observed in the memory pool, with
IgM and switched memory B-cell levels in DS comprising one-third and one-seventh of that in CTR children, respectively. In response to TLR9
signals, both IgM and switched memory B cells of DS children produce an increased number of antibody-producing cells in comparison to switched
memory B cells in CTR children.

Materials and methods

Study population

We first enrolled 19 DS children and 19 healthy (CTR) subjects
without DS living in the Rome area and not institutionalized. An
additional 14 children were enrolled for the study of antigen-
specific memory B cells. In this additional group, children were
recruited in pairs. Each pair was composed of two siblings, one
normal and one with DS. The study protocols and consent form
were approved by the Ethical Committee of Ospedale Pediatrico
Bambino Gesù, Rome. Written informed consent was obtained
from the families of the persons included in this study according
to the principles expressed in the Declaration of Helsinki.

Inclusion criteria for DS children were diagnosis of DS proven
by chromosome analysis, age between 6 and 12 years, and no
symptoms of infection at the time of blood sampling. CTR sub-
jects had the same age and no signs of infection. Exclusion cri-
teria for CTR and DS children were evidence of malignancy,
chemotherapy, post chemotherapy, and immunosuppressive
treatment.

The clinical history of the patients was obtained from medical
records and interviews conducted by the physician. A standard
questionnaire for the occurrence of infections and any related
hospitalization was also used. The medical records of all partic-
ipants were checked for the frequency of infections, presence of

congenital heart disease, previous heart surgery, and occurrence
of autoimmune diseases.

Signs and symptoms to define recurrent respiratory infec-
tion (IRR) were pneumonia (two or more episodes/year),
otitis (three or more episodes/6 months or four or more
episodes/year), tonsillitis (three infections/year), and rhinosi-
nusitis (three or more episodes/6 months or four or more/year)
[40–43].

Demographic characteristics and clinical history

The median age of the DS children included in this study was
8.74 years, range 6–12 years, and did not differ significantly from
that of CTR (median age 8 years, range 6–12) subjects. The sex
distribution was nine males and ten females in DS children and
11 males and eight females in the CTR children.

According to the clinical history, 89.5% (17/19) of DS chil-
dren experienced recurrent infections of the upper respiratory
tract (94.1%; 16/17) and 11.8% (2/19) suffered from recurrent
pneumonia or gastroenteritis. Furthermore, eight of the 19 DS chil-
dren included in the study (42.1%) had required hospitalization
because of infection. Thirteen DS patients had congenital heart
disease (68.4%) but only two of them (15.4%) had undergone
heart surgery.

Three patients (15.8%) had autoimmune diseases, two suf-
fered from hypothyroidism and one from celiac disease. One child

C© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eji-journal.eu



912 Rita Carsetti et al. Eur. J. Immunol. 2015. 45: 903–914

had polycitemia and one had experienced transient abnormal
myelopoiesis in the neonatal age (Table 1).

In the group of 14 children enrolled for the study of antigen-
specific memory B cells, the mean age at analysis was 6.8 years
(range 4–12), nine were males and five females. All children had
received a complete course (three doses) of a glyconjugated antip-
neumococcal vaccine before. None of the subjects had undergone
thymectomy or had autoimmune disorders (Supporting Informa-
tion Table 1).

All DS patients and CTR children underwent venipuncture and
5 mL EDTA-venous blood was collected for baseline immunolog-
ical evaluation and cell culture experiments. All analyses were
performed blinded in regard of diagnosis.

Cell isolation and flow cytometry analysis

Heparinized PBMCs were isolated by Ficoll PaqueTM Plus
(Amersham Pharmacia Biotech) density-gradient centrifugation,
counted and stained with the appropriate combination of fluores-
cent labeled antibodies and analyzed by flow cytometry [44]. Dead
cells were excluded from analysis by side/forward scatter gating.
All analyses were performed on a FACSCanto (BD Biosciences)
interfaced to PC FACSDiva software. A total of 50 0000 events per
sample were analyzed.

B-cell proliferation and immunoglobulin production
in vitro

Before stimulation, peripheral blood lymphocytes were labeled
with CMFDA at a final concentration of 0.1 mg/mL (CellTrack-
erCMFDA; Molecular Probes, Eugene, OR, USA). The cells were
cultured at 5 × 105 cells per well in 96-well plates (Becton Dickin-
son, San Jose, CA, USA) in complete RPMI 1640 (InvivoGen, San
Diego, CA, USA), supplemented with 10% FBS (Hyclone Labora-
tories, Logan, UT, USA), 2% L-glutamine (Gibco BRL), 5 × 10–5 M
2-beta-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), and
20 mg/mL gentamycin (Gibco BRL). CpG ODN (Hycult Biotech-
nology, The Netherlands) was added at the concentration of
2.5 mg/mL [45].

Cell proliferation and phenotype were measured on day 7 by
flow cytometry. For ELISPOT cells were used at day 5 of CpG
stimulation.

ELISA immunoassay

Secreted Igs were detected on day 7 by ELISA. Briefly, 96-well
plates (Corning Inc., Corning, NY, USA) were coated overnight
with purified goat anti-human IgA plus IgG, plus IgM (Jack-
son ImmunoResearch Laboratories). After washing with PBS con-
taining 0.05% Tween and blocking with PBS containing 1%
gelatin (1 h, room temperature), plates were incubated for 1 h
at 37°C with the supernatants of the cultured cells. After washing,

plates were incubated for 1 h with peroxidase-conjugated frag-
ment goat anti-human IgA or IgG or IgM antibodies (Jackson
ImmunoResearch Laboratories). The assay was developed with
O-phenylendiamine tablets (Sigma-Aldrich) as a chromogenic sub-
strate. Absorbance at 405 nm was measured, and Ig concentrations
were calculated by interpolation with the standard curve [45].

Specific anti-PnPS IgG serum concentrations were measured
using VaccZymeTM Anti-PCP IgG Enzyme Immunoassay kit from
Binding Site (The Binding Site) according to the manufacturer’s
instructions. For anti-PCP, IgG concentrations were calculated
from the standard curves in milligrams per liter.

ELISPOT

Ninety-six-well plates (MultiScreen-HA, Milipore) were coated
overnight with AffiniPure F(ab’)2 Fragment Goat anti-human
IgA+IgG+IgM (H+L; Jackson Immuno Research Laboratories)
or PneumoVax R© (Sanofi Pasteur MSD) containing Streptococcus
pneumoniae polysaccharides of the following serotypes 1, 2, 3,
4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F,
19A, 20, 22F, 23F, and 33F. After washing with sterile PBS/0.05%
Tween20, plates were blocked for 1 h at 37°C with PBS/gelatin
1%.

PBMCs stimulated for 5 days, as described before, were col-
lected, counted, and seeded in the precoated plates. Plates were
left at 37°C, 2% CO2 for 4–6 h to allow antibody secretion. A total
of 1/2 serial dilutions were done starting in the first well with
5 × 104 cells for detection of total IgM and IgG and IgA. A total
of 2 × 105 cells were seeded in the first dilution well for the
detection of specific anti-PnPS Igs. After incubation, plates were
washed with dH2O/0.05% Tween20 (once) and PBS/0.05%
Tween20 (two times) and incubated overnight with either
anti-IgM HRPO (1:1000), anti-IgG HRPO (1:2000), or anti-IgA
(1:2000; Jackson Immuno Research Laboratories) diluted in PBS
+ gelatin (1 + 0.05%) Tween20 (Sigma). After washing twice
as before, TMB substrate (ready to use from Mabtech-ELISpot
plus for human IgG kit, Mabtech AB) was used according to the
manufacturer’s instructions. Plates were left at room temperature
to allow the blue color to develop and the reaction was stopped
with dH2O. Plates were left to dry before counting with an
ELISCAN (A-EL-VIS, Germany) [44].

Statistical analysis

Comparison between immunological values in the CTR and DS
children was performed using the Mann–Whitney U-test. p Values
lower than 0.05 were considered statistically significant.
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