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ABSTRACT: The aim of this study was to evaluate the B-cell
compartment in the peripheral blood of children with different types
of hipogammaglobulinemia: common variable immunodeficiency
(CVID), transient hypogammaglobulinemia of infancy (THI), and
selective IgA deficiency (SIgAD). We analyzed by flow cytometry
the changes in the B-cell subsets with age and showed that children
with an early-onset CVID develop similar pattern of B-cell subsets as
adult patients with CVID with age, as the levels of memory B cells
(CD19"/CD27") and class-switched memory B cells (CD19"/
CD27"/IgD~/IgM ™), in contrast to age-matched control group, did
not increase with age. Children with SIgAD displayed similar
changes as patients with CVID only within the class-switched mem-
ory B-cell subpopulation. No significant differences in the level of
memory B cells and class-switched memory B cells in children with
THI in comparison to age-matched control group were observed.
There were no differences in the percentage of immature B cells
(CD19*/CD21'") among all studied groups. As B-cell subsets in
children with THI were normal during entire period of hypogamma-
globulinemia, the persistence of low levels of memory B-cell subsets
in some children may facilitate the diagnosis of CVID. (Pediatr Res
66: 28-34, 2009)

he pathogenesis of some primary humoral immunodefi-

ciencies with the presence of circulating B cells remains
unknown and frequently causes diagnostic difficulties. Com-
mon variable immunodeficiency (CVID) is a heterogeneous,
poorly defined disorder characterized by low serum levels of
IgG and usually IgA or IgM. Common clinical picture may
result from multiple mechanisms. A failure of T-cell and
B-cell cooperation, primary T-cell defects (1-3), excessive
T-cell suppression (4), polarization toward Thl response (5),
or primary B-cell defects (6,7) have been reported. In some
patients with CVID, defects in B-cell receptors signaling and
B cell development have been described, especially mutations
in CDI9 (8), B-cell activating factor of the tumor necrosis
factor family receptor (BAFF-R) (9), inducible costimulator of
activated T cells (ICOS) (10), and transmembrane activator
and CAML interactor (TACI) (11-14), which are required for
maturation of B cells and generation of antibody diversity.
Disease is usually diagnosed in the second or third decade of
life after a history of recurrent pyogenic sinopulmonary infec-
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tions (15), but some cases of CVID are diagnosed in the
childhood as an early-onset CVID.

Selective IgA deficiency (SIgAD) is the most prevalent
primary humoral immunodeficiency. The clinical picture of
SIgAD may vary from absence of clinical manifestations to
fully symptomatic form (16). A variety of pathologic mecha-
nisms of SIgAD have been postulated, which include the
occurrence of IgA-specific T suppressor cells, inadequate T
helper (Th) cell function, an intrinsic B-cell defects (17), or
decreased expression of CD40 on monocytes (18). In most
cases, the molecular defect is unknown, although in some
patients with SIgAD, mutations in TACI gene have been
identified (11,12). SIgAD is considered to be genetically
linked with CVID, as the latter may develop from SIgAD
(19-21) and occasionally vice versa (22). Familial studies
have implicated the existence of an allelic relationship be-
tween SIgAD and CVID, indicating that these disorders have
the same molecular defect (23).

Transient hypogammaglobulinemia of infancy (THI) is de-
fined by decreased level of IgG (below 2 SD for the age-
matched healthy children) and in some cases low level of IgA
and intact cell-mediated immunity. Production of antibodies
after immunization is normal and IgG level normalizes with
age (5). Etiology of THI remains unknown.

Because of heterogeneity of CVID, several classifying
schemes have been developed. The most popular schemes are
based on the B-cell phenotype in the peripheral blood (24—
26). The B-cell compartment in the peripheral blood is com-
posed of naive B cells (CD19"/CD27 /IgD */IgM ™), memory
B cells (CD197/CD27") immature CD19"/ CD21'°% B cells,
transitional B cells (CD19"/CD38"&"/IgM™e™)  and class-
switched plasmablasts (CD197/CD38" " "/IgM ™) (26). On
encountering antigen, naive B cells CD19"/CD27 /IgD*/
IgM* enter germinal centers where they undergo isotype
class-switch recombination and somatic hypermutation and,
ultimately, develop into plasma or memory B cells (CD19*/
CD27%) (27). Memory B cells can be further subdivided into
marginal zone B cells (CD19%/CD27*/IgM*/IgD™) and
class-switched memory B cells (CD19"/CD27*/IgM /IgD ")

Abbreviations: CVID, common variable immunodeficiency; PBMCs, pe-
ripheral blood mononuclear cells; SIgAD, selective IgA Deficiency; TACI,
transmembrane activator and CAML interactor; THI, transient hypogamma-
globulinemia of infancy
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(28,29). Marginal zone B cells undergo limited somatic hy-
permutation and produce high-affinity IgM and some IgG,
whereas class-switched memory B-cells synthetize IgG, IgM,
and IgA (28). Marginal zone B cells (CD19*/CD27*/IgM™*/
IgD™) in the blood represent recirculating splenic marginal
zone B-cell population (30,31). In most adult patients with
CVID, mature B cells are present in normal numbers (32) but
the development of memory B cells is disturbed (33). Pheno-
typic analysis of B-cell subsets revealed reduction of memory
CD27" and class-switched memory B cells, as a hallmark of
the immunologic phenotype in patients with CVID (33-36),
and increase in the number of immature CD21'" B cells.
Based on a B-cell phenotype, the most commonly used CVID
classifications are the Paris (24), the Freiburg (25), and the
EUROclass (26). Classification schemes of patients with
CVID and reference values of B-cell subsets are established
mainly in adults. Because of the fact that levels of B-cell
subsets are age-dependent parameters, they need to be ana-
lyzed according to the appropriate age-matched control
groups.

In this study, analysis of B-cell subsets in the peripheral
blood of children with CVID, SIgAD, and THI and a com-
parison with an appropriate age-matched control was per-
formed. The following subpopulations of B cells were deter-
mined: memory B (CD19*/CD27") lymphocytes, marginal
zone B cells (CD197/CD27 /IgM*/IgD™), class-switched
memory B cells (CD19/CD27"/IgM ™~ /IgD ™), and immature
CD19*/CD21'°% B cells.

MATERIALS AND METHODS

Patients. This study included children with primary humoral immunode-
ficiencies characterized by presence of circulating B cells and a control group
(Table 1). All types of hypogammaglobulinemia were diagnosed according to
criteria of the International Union of Immunologic Society (15). Children
were selected from ~600 children referred to our outpatient clinic with
recurrent upper respiratory tract infections in whom hypogammaglobulinemia
was diagnosed. In the end of 5-y duration study, patients were grouped
retrospectively, after longitudinal observation of serum immunoglobulin lev-
els. Patients with hypogammaglobulinemia persistent beyond the 5th year of
life were diagnosed as CVID (56 patients), and patients in whom level of
immunoglobulins normalized with age were classified as THI (37 patients). In
patients classified as SIgAD (39 patients), IgA level remained undetectable
during observation period of over 3 y. In most children, B-cell subsets were
examined only once, although in some children additional studies of B-cell
subsets were performed during routine clinical and laboratory follow-up.
Children in whom immunodeficiency was excluded formed control group (55
children). This study also included adult patients with CVID (28 patients) and
a group of adult healthy subjects (12 controls). Informed consent was obtained
from parents of children and adult patients. This study was approved by the
Bioethical Committee of the Jagiellonian University.

Determination of lymphocytes phenotype. Peripheral blood mononuclear
cells (PBMCs) were isolated from EDTA-treated peripheral blood by standard

Isopaque/Ficoll density gradient and resuspended in PBS solution. It has been
shown previously that percentage of B-cell subsets obtained from patients and
controls are not significantly altered using whole blood or PBMCs method
(27). Cells were incubated for 30 min at 4°C with the following combinations
of directly labeled MAb (mAbs): anti-CD19-APC, anti-CD21-PE, and anti-
IgM-FITC (all purchased from Pharmingen/Becton Dickinson, San Diego,
CA) or anti-CD19-APC, anti-IgM-FITC, anti-IgD-PE, and anti-CD27-PE-
Cy5 (purchased from Immunotech/Coulter, Marseille, France). Appropriate
isotype controls were used in parallel. After two washes, the cells were
resuspended in PBS and analyzed by three- and four-color flow cytometry
(FACSCanto, Becton Dickinson Immunocytometry Systems, Palo Alto, CA)
using FACSDiva v.4.02 software. The list mode data of 50,000 events from
PBMCs in a “live gate” mode were acquired. The cells were gated on
lymphocytes according to forward (FSC) and side scatter (SSC) parameters.
All the results were given as the percentage of B cells and not as the
percentage of lymphocytes or absolute count, because for clinical practice it
is easier to use the former as suggested by Paris and EUROclass classifica-
tions (24,26).

Statistics. Data were analyzed using the PRISM GraphPad 4 statistical
package (GraphPad Software Inc., San Diego, CA). Nonparametric correla-
tion Spearman test (two-tailed) and linear regression were used for analyses
of dependencies between particular parameters in studied groups. For un-
paired comparisons between the groups two-sided Mann-Whitney U test was
used. p < 0.05 was regarded as statistically significant.

RESULTS

Total population of memory B cells. In control groups, the
level of CD19"/CD27" memory B cells increased with age
(correlation between the level of memory B cells and age was
significant; Spearman r = 0.43). However, in children with
CVID, the level of memory B cells did not increase with age
(Spearman r = —0.37) and the differences between the slopes
(linear regression fit) of CVID and control group were statis-
tically significant (Fig. 14). This difference was more signif-
icant in boys than in girls (data not shown). In children with
CVID younger than 4-5 y of life, the level of memory B cells
was comparable with age-matched controls, but the level of
these cells, in contrast to control, did not increase with age;
hence, in older children with CVID (between 5- and 18-y old),
a significant decrease in the percentage of these cells was
observed (Fig. 1D). In children with CVID between 5- and
18-y old, the level of these cells displayed similar shifts as in
adult patients with CVID (Fig. 1D). However, follow-up of
several children with CVID revealed that even in some chil-
dren with initially normal level of memory B cell, a decrease
of these cells was observed over time (Fig. 1E).

In children with SIgAD and THI, the level of memory B
cells increased with age (Fig. 1B and C, Spearman r = 0.37,
Spearman » = 0.35, respectively) and the differences between
the slopes and elevations of lines (linear regression) of patient
and control groups were not statistically significant. In SIgAD
group and THI group during entire period of hypogamma-

Table 1. Characteristics of patients

Number Mean age at the time of Circulating B Serum IgG Serum IgA Serum IgM
Disease of patients B-cell subsets examination (y) cells* level* level* level*
CVID 56 7.1 =36 Normal (42)F or Decreased Decreased Normal (21) or
decreased (14) decreased (35)
SIgAD 39 6.5 £ 3.8 Normal Normal Absent Normal
THI 37 2.04 =1 Normal Decreased Normal (13) or Normal

decreased (24)

* The level of circulating B cells and immunoglobulin levels are given individually with the reference to normal ranges for age.

7 Number of patients.
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Figure 1. The level of memory cells. Isolated PBMCs were labeled with anti-CD19-APC/CD27-PE-Cy5 mAbs or relevant isotype controls and analyzed by flow
cytometry. The results are calculated as the percentage of B lymphocytes. Correlation between the level of memory B cells and age in children with A, CVID
(—), B, SIgAD (—), C, THI (—), and age-matched controls (—) [patients—black triangles, control—white squares]. D, Comparison of the level of memory
B cells between age-matched controls and children with CVID 2- to 5-y old, children with CVID 5- to 18-y old, and adults with CVID. E, Analysis of memory
B cells in several children with CVID during follow-up (—) and control (—) [CVID—black triangles, control-white squares]. F, Correlation of the level of
memory B cells and age in CVID (—) and THI (—) children [CVID—black triangles, THI—white squares]. §p << 0.05 (for Spearman’s r correlation values),
Fp < 0.002 (linear regression), *p < 0.001 (Mann-Whitney U test), **p < 0.0001 (Mann-Whitney U test).

globulinemia, the level of memory B cells was comparable
with age-matched controls (Fig. 1B and C). Comparison of the
level of memory B cells in CVID and THI in age subgroups
(1- to 7-y old) (Fig. 1F) revealed the profound difference
between the slopes (linear regression fit) of CVID and THI
group (p < 0.0001).

Marginal zone B cells. The age-dependent increase in the
level of marginal zone B cells (CD19"/CD27 /IgM */IgD™)
in control group was observed. The decrease in the level of

these cells observed in some patients with CVID concomitant
with low levels of memory B cell. In patients with SIgAD and
THI, there were no differences in the level of these cells when
compared with the appropriate controls (data not shown).
Class-switched memory B cells. The level of class-switched
memory B cells (CD19/CD27/IgM " /IgD ™) was presented
as the percentage of total B cells (Fig. 2) and of memory B
cells (Fig. 3). In control group, regardless of manner of data
presentation, the level of class-switched memory B cells
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Figure 2. Class-switched memory B cells calculated as percentage of B cells. Isolated PBMCs were labeled with anti-CD19-APC/CD27-PE-Cy5/IgM-FITC/
IgD-PE mAbDs or relevant isotype controls. Correlation between the level of class-switched memory B cells and age in groups of children with A, CVID (—),
B, SIgAD (—), C, THI (—), and age-matched controls (—) [patients—black triangles, control—white squares]. D, comparison of the level of class-switched
memory B cells between children with CVID 2- to 5-y old, children with CVID 5- to 18-y old, adults with CVID and age-matched controls. §p < 0.05 (for
Spearman’s r correlation values), p < 0.002 (linear regression), *p < 0.001 (Mann-Whitney U test), **p < 0.0001 (Mann-Whitney U test).

increased with age (Spearman r» = 0.57 and Spearman r =
0.54, respectively). However, in children with CVID the level
of these cells did not increased with age (correlation was not
significant, Figs. 2A and 3A). These differences were more
significant in group of boys than in group of girls (data not
shown). The differences between the slopes (linear regression
fit) of CVID and control group were statistically significant
(for data presented as percentage of B cells—Fig. 24, and
memory B cells—Fig. 34). In younger children with CVID (2-
to 5-y old), the differences in the level of class-switched
memory B cells in comparison with controls were not signif-
icant. However, in older children (between 5 and 18) the level
of these cells was markedly lower than in age-matched con-
trols (Fig. 2D—the percentage of class-switched memory B
cells within the entire B-cell population; Fig. 3D—the per-
centage of class-switched memory B cells within memory
B-cell subset). Abnormalities in the level of switched memory
B cells in older children with CVID were similar to those seen
in adult patients with CVID (Figs. 2D and 3D). However,
follow-up of several children with CVID revealed that even in
some children with initially normal level of class-switched
memory B cell, a decrease of these cells was observed over
time (data not shown).

In children with SIgAD, class-switched memory B cells
within the entire B-cell population increased with age (Spear-
man r = 0.36), and the differences between the slopes and
elevations of lines (linear regression) of SIgAD and control
groups were not statistically significant (Fig. 2B). However,
the level of these cells calculated as percentage of memory B
cells displayed similar abnormalities as seen in children with
CVID, as these cells did not increase with age and the
differences between the slopes (linear regression fit) of SIgAD
and control group were statistically significant (Fig. 3B).

In children with THI, the level of class-switched memory B
cells increased with age (Fig. 2C, CD19"/CD27 " /IgM ~/IgD~
within B cells—Spearman r = 0.43; Fig. 3C, CD19*/CD27"/
IgM /IgD™~ within memory B cells—Spearman » = 0.37),
and the differences between the slopes and elevations of lines
(linear regression) of THI and control groups were not statisti-
cally significant. In THI group, the level of class-switched mem-
ory B cells was comparable with controls during entire period of
disease, regardless the way of percentage calculation (Figs. 2C
and 3C). Comparison of the level of class-switched memory B
cells in CVID and THI in age subgroups (1- to 7-y old) revealed
statistically significant differences between the slopes (linear
regression fit) of CVID and THI group (data not shown).
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Figure 3. Class-switched memory B cells calculated as percentage of memory B cells. Isolated PBMCs were labeled with anti-CD19-APC/CD27-PE-Cy5/
IgM-FITC/IgD-PE mAbs or relevant isotype controls. Correlation between the level of class-switched memory B cells and age in groups of children with A, CVID
(—), B, SIgAD (—), C, THI (—), and age-matched controls (—) [patients—black triangles, control—white squares]. D, comparison of the level of class-switched
memory B cells between age-matched controls and children with CVID 2- to 5-y old, children with CVID 5- to 18-y old, and adults with CVID. §p < 0.05 (for
Spearman’s r correlation values), Tp < 0.02 (linear regression), *p < 0.02 (Mann-Whitney U test), **p < 0.005 (Mann-Whitney U test).

The level of CD21"" B cells. In all patient groups, corre-
lation between the level of CD21'" B cells and age was not
significant. The differences between the slopes and elevations
of lines of patient and control groups were also not statistically
significant (Fig. 4A—C). In children with CVID, the level of
CD21"Y cells did not display shifts seen in adult patients, as
there was no elevation of CD21'" cells in children when
compared with age-matched controls (Fig. 4D).

DISCUSSION

A number of studies have recently described abnormalities
of B-cell subpopulations in the blood of patients with CVID
(25-27,35,37). However, most of these studies were mainly
focused on adult patients with CVID. There are little data
concerning an early-onset patients with CVID (35) and no
studies examining subpopulations of B cells in SIgAD and
THI were performed. This study focused on changes with age
in the B-cell compartment in the blood of children with CVID,
symptomatic SIgAD, and THIL

The most common aberration in patients with CVID is the
reduction of memory B cells (CD19¥/CD27") and class-
switched memory B cells (CD19"/CD27 " /IgD ™ /IgM ™), indi-
cating a disturbed germinal center function. Thus, class-
switched memory B cells have been chosen by all

classification systems as the primary classifying parameter
(24-26). All these classification schemes are based on values
established in adults. Yet, there are some limitations in appli-
cation of these classifications to pediatric patients with CVID,
because of changes in the frequency in the B-cell subsets with
age. Memory B cells are undetectable in cord blood, slowly
increase during the first year of life, and reach 10-20% of the
B cells at 2nd year of life in healthy children (31). In adult
healthy individuals, 30—60% of B cells are memory B cells.
Approximately half of these cells are class-switched memory
B cells (31). Because of the fact that levels of B-cell subsets
are age-dependent, these classifications are of limited use in
pediatric patients, as the level of class-switched memory B
cells in some control children younger than 10 y is below
normal ranges established for adult healthy subjects (below
6.5% of B cells). Hence, pediatric groups need to be analyzed
according to the age-matched control group. Our data obtained
in children with CVID are slightly different from that in adult
patients with CVID. First, it seems that children with CVID
develop abnormalities in B-cell compartment similar to those
observed in adult patients with CVID with time. In children
with CVID younger than 4- to 5-y old, the B-cell compartment
was comparable with the age-matched control group; how-
ever, in some younger children, later classified as having
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Figure 4. The percentage of immature CD21'*" B cells. Isolated PBMCs were labeled with anti-CD19-APC/CD21-PE mAbs or relevant isotype controls.
Results are shown as the percentage of CD19*/CD21'°¥ cells among B cells. Correlation between the level of these cells and age in patients with A, CVID (—),
B, SIgAD (—), C, THI (—), and control subjects (—) [patients—black triangles, control—white squares]. D, Comparison of the level of CD21"% B cells
between children with CVID and adults with CVID. **p < 0.005 (Mann-Whitney U test).

CVID, with initially normal percentage of memory B-cell
subsets, a decrease of these cells was observed during follow-
up. It seems that decreased percentage of memory B cells is
rather connected with increasing number of entire CD19™"
B-cell population without parallel increase of the level of
memory B-cells. Because the level of memory B-cell subsets
in children with CVID, in contrast to control, did not increase
with age, and children older than 5 y of age displayed char-
acteristics of adult patients with CVID: decrease in the level of
memory B cells, and in class-switched memory B cells,
whereas, no difference in the level of immature B cells was
seen. The latter is consistent with the fact that adult patients
with CVID with increased level of CD21'" B cells had a
significant delayed onset and diagnosis than other patients
with CVID (26). Furthermore, it has been revealed that TACI
deficiency is not linked to a specific B-cell phenotype, as
TACI is not involved in B-cell differentiation up to the stage
of memory B cells (26). This is also consistent with our
findings, as none of patients with CVID presenting low levels
of memory and class-switched memory B cells had mutation
in TACI. However, in this study TACI mutations were ex-
cluded only in part of patients (data not shown).

To our knowledge, this is the first demonstration of memory
B cells abnormalities in SIgAD. Interestingly, changes in
B-cell subsets observed in SIgAD were only partly similar to

CVID. In patients with SIgAD, the level of memory B cells
was similar to control group, whereas the subset of class-
switched memory B cells within a population of memory B
cells displayed abnormalities similar to those seen in children
with CVID. Some similarities between behavior of B-cell
compartment in CVID and symptomatic SIgAD may provide
additional evidence for the linkage of these entities (19,21,23).
Patients with SIgAD in whom the level of class-switched
memory B cells has been profoundly decreased, require fur-
ther observation as to whether they may develop CVID.
However, as yet, there are no studies indicating the association
of decreased level of these cells with the risk of CVID
development.

Subsequently, we addressed the question of whether
there were any further differences concerning B-cell sub-
populations in children with THI. We found that in contrast
to patients with CVID and SIgAD, in THI children B-cell
compartment is unchanged compared with age-matched
control group. The levels of B-cell subsets in children with
THI were normal during entire period of hypogammaglobu-
linemia. It corroborates the hypothesis that defect in im-
munoglobulin production in children with THI is rather
connected with an inappropriate immunoregulation than
with disturbance in development of particular subpopula-
tion of B cells.
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Symptomatic THI and an early-onset CVID may have
overlapping clinical features, especially in children younger
than 5-6 y. The positive antibody response to vaccines in the
former was used for differential diagnosis of these entities.
However, recent evidence indicates that ~20% of patients
with CVID have positive response to both protein and poly-
saccharide vaccines and ~58% have single positive antibody
response after immunization (38). Therefore, the positive
response to vaccines is not contradictory to the diagnosis of
CVID (38, 39). We demonstrated that in children with CVID,
in contrary to THI, the development of memory B-cell subsets
is disturbed. Hence, the persistence over the time of low levels
of memory B-cell subsets in some children with hypogamma-
glogulinemia and the presence of circulating B lymphocytes
may predict the development of CVID and be helpful in
establishment of CVID diagnosis.
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