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Introduction

Abstract

Peripheral B-lymphocytes undergo a series of changes during the first few years of
life. Encounters with foreign antigens lead to maturation and differentiation.
Several primary antibody deficiencies (PADs) affecting B-cell development are
associated with abnormalities in the composition and/or differentiation of B-cell
compartments. The most recent international classifications of primary
immunodeficiencies (PIDs) and common variable immunodeficiencies (CVID)
have highlighted the importance of B-cell immunophenotyping and age-specific
reference intervals for diagnostic purposes. We established national reference
values for memory B-cell subpopulations, on the basis of CD27 and surface IgD
expression in the peripheral blood of 242 healthy children. We report here the
absolute counts and percentages of naive, switched and non-switched memory B-
cells for seven age groups, from neonates to adults. We found that the naive B-cells
percentage declined between the ages of 6 months and 8 years, after which it
remained stable at about 70-80%. Memory B-cells are already present at birth and
their numbers increase throughout childhood, stabilizing between the ages of 12
and 18 years. The definition of reference intervals for pediatric B-cell levels should
facilitate the screening and diagnosis of various B-cell immunodeficiencies. This
multicenter study, providing national reference values, should thus facilitate
immunological diagnosis in children.

the B-cells continue to mature in peripheral lymphoid
organs, where they encounter foreign antigens [4]. Antigenic

B-cells play a central role in humoral immunity, particularly
that directed against extracellular infectious pathogens
[1, 2]. Indeed, antibodies are the only mechanism of
adaptive immunity capable of preventing infections from
becoming established [3]. The B-lymphocyte lineage under-
goes a maturation process resulting in considerable plasticity
of the antibody response. The early stages of B-cell
development take place in the bone marrow, after which,

stimulation triggers the proliferation and differentiation of
antigen-specific cells. Successive steps in B-cell differentia-
tion are characterized by an ordered molecular program and
stochastic immunoglobulin (Ig) gene rearrangements and
mutations, resulting in the generation of two types of
affinity-matured B-cells: memory B-cells and antibody-
secreting plasma cells [5, 6]. Memory B-cells circulate
continuously between the blood and lymphoid organs, and
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can differentiate rapidly into effector cells upon cognate
antigen recognition, whereas the long-lived plasma cells
reside in the bone marrow and produce high-affinity
antibodies without antigenic stimulation [7-9]. Simulta-
neous studies of the levels of the human memory B-cell
marker, CD27, and of the surface expression of IgD, in the B-
cell compartments of blood have identified different stages of
maturation during the course of life [10, 11]. The most
obvious changes in the composition of the peripheral B-cell
pool occur in the first 5 years of life [12]. Indeed, all memory
B-cell subpopulations increase in size during the first few
years of life, following encounters with foreign antigens. At
birth, CD27" IgM™* IgD" memory B-cells constitute the
largest subpopulation of the memory B-cell compartment,
but the size of this subpopulation decreases during
childhood and then stabilizes in young adults. By contrast,
CD27" class-switched B-cells, which have lost their surface
expression of IgD, gradually increase in number during
aging [12-14].

Changes in antibody production are the hallmark of
various human B-cell deficiencies known as primary
antibody deficiencies (PADs); these conditions are the
most common primary immunodeficiencies (PIDs) [15].
Several B-cell deficiencies result from abnormalities of B-cell
development [15, 16]. A flow cytometric approach, defining
B-cell phenotypes, has been successfully used to classify
circulating B-cell abnormalities in patients with PIDs [17].
Indeed, patients with agammaglobulinemia caused by
hemizygous BTK mutations generally lack CD19 cells [18,
19], whereas patients with ICF (immunodeficiency, centro-
meric instability, facial abnormalities) syndrome caused by
an autosomal recessive genetic defect in DNMT3B or
ZTB2B4 display a profound selective memory (IgD™
CD27%) B-cell defect [20]. In common variable immunode-
ficiency (CVID), a heterogeneous group of PIDs, almost all
patients have impaired switched-memory B-cells [21-23]. A
European classification has been put forward in which
subgroups of CVID patients are defined on the basis of the
percentages of transitional and memory B-cells in
adults [24]. Since 2008, several studies have highlighted
the importance of age-specific reference intervals for the
correct interpretation of B-cell subpopulation data from
children for diagnostic purposes [25-29]. However, only
adult classifications currently exist, and these must be
adapted to the maturation state of the immune systems of
children of various ages [25-29]. We established national
reference values for B-lymphocyte subpopulations in the
peripheral blood of healthy children. The findings of this
multicenter study should make it possible to analyze large
cohorts of individuals, ranging from neonates to adults.
These national pediatric reference intervals will be useful for
the design of new studies including sufficient patients for the
evaluation of diagnostic or classification criteria.

M. Duchamp et al.

Materials and Methods
Study cohort

Between June 2012 and November 2012, 292 healthy
children aged 0-18 years (mean age: 6.44 years) were
enrolled in this study. Children with suspected or confirmed
HIV infection, PID, active infection, or on immunosup-
pressive treatment or with a chronic disease that might affect
the immune system were excluded. These healthy children
were referred to the outpatient clinics of seven French
hospitals (Strasbourg Hospital, Rennes Hospital, Lyon
Hospital, Caen Hospital, Lille Hospital, Necker—Enfants
Malades Hospital and Robert Debré Hospital, Paris) for
diagnostic blood testing. Most underwent routine blood
testing before minor surgical or diagnostic procedures. All
the immunological laboratories participating in this study
belong to the national network, CEREDIH. Peripheral
venous blood samples were collected into ethylenediamine
tetraacetic acid (EDTA) to prevent coagulation and
processed within 24h. We determined C-reactive protein
concentration and counts of leukocytes and lymphocytes, to
confirm the absence of biological abnormalities in the
individuals included in this study. Abnormal counts of
leucocytes or lymphocytes and/or increased levels of C-
reactive protein according to the laboratory reference values
were excluded of the statistical analysis. The study was
performed in accordance with the modified version of the
Helsinki Declaration.

B-cell immunophenotyping

Before subject inclusion, a standardized protocol was
developed, to prevent inter-center bias. Soluble Ig was
eliminated by washing 100 L aliquots of whole blood three
times with cell wash buffer (Becton Dickinson (BD), Rungis,
France). The cells were then stained by incubation with
monoclonal antibodies directed against CD19 (J3-119,
Beckman), CD27 (M-T271, BD) and IgD (Dako R5112 or
IA6-2, BD) for 30 min at room temperature. The erythrocytes
were lysed with FACS Lysis buffer (BD) or Versalyse
(Beckman Coulter), according to the manufacturer’s
instructions. The cells were washed twice in cell wash buffer
(BD) and fixed in a cell fixation solution (BD). B-cell
compartment analysis was performed within 24 h of fixation.
Absolute numbers were calculated by multiplying the
percentage of the subset concerned by the total number of
lymphocytes obtained by flow cytometry. All analyses were
performed on the cytometer available at the hospital
concerned (FACS Canto II Becton Dickinson, Navios or
FC500 Beckman Coulter). The gating strategies are explained
in Figure 1. The total lymphocyte population was identified
on the basis of forward (FSC) and side (SSC) scatter
characteristics. B-cells were defined as CD19-expressing cells
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Figure 1. Gating strategy for the analysis of B-cell subsets. Lymphocytes were gated according to forward and side scatter (A). B-cells were identified as
CD19-expressing cells in the lymphocyte population (B). A CD27/CD19 dot plot defined total CD27 " CD19™ memory B-cells (C). The double staining of B-
lymphocytes for CD27 and IgD made it possible to determine the percentages of naive B-cells (IgD* CD277), switched memory B-cells (IgD~ CD27") and

non-switched memory B-cells (IgD™ CD277) (D).

from the lymphocyte population. We analyzed the expression
of IgD and CD27 on CD19" B-cells. Naive B-cells were
defined as CD27 IgD™ cells, non-switched memory B-cells
were defined as CD27IgD™" cells and switched memory B-
cells were defined as CD27 IgD ™ cells.

Statistical analysis

The data were analyzed with Microsoft Excel® and Graph-
Pad Prism™ software. All results are presented as median
values and 5th and 95th percentiles. Reference values were
established for seven age groups. Before determining the
reference intervals, the data were examined to identify
outliers. The outlier exclusion was performed according to
the Dixon outlier method recommended by the CLSI
(Clinical Laboratory and Standards Institute) for non-
Gaussian populations [30]. In Dixon’s test, if the calculated
absolute difference between the suspected outlier and the
next closest observation is more than one-third of the
absolute difference between the outlier and the furthest
observation from the outlier, then the outlier can be rejected.
If two or more outliers are suspected, Dixon’s rule is applied
to the least extreme outlier and the entire group of outliers
may be excluded. Following the exclusion of outliers, we
calculated the median value and the 5th and 95th percentiles
for each age group. When comparison between two groups
was necessary, the Mann—Whitney test was used. A P value
<0.05 was considered significant.

Results

We initially included 292 children, but 50 of these children
were excluded according to the Dixon’s rule for non-
Gaussian populations. B-cell subpopulations were therefore
studied in a final population of 242. These children were
classified into seven groups on the basis of age: from birth to
1 month of age (n = 14), from 1 to 6 months (n = 19), from 6
to 18 months (n=37), from 18 months to 4 years (n=37),
from 4 to 8 years (n=36), from 8 to 12 years (n=36) and
from 12 to 18 years (n=63; Table 1). During the first few
days of life, B-cell percentage and counts were very low
(Fig. 2). Given the relative lymphocytosis observed in
infants, the absolute number of B-cells was high between the
ages of 1 month and 18 months. It subsequently decreased

Table 1. Demographic information for the 242 healthy children tested.

Age group Median age Number of children
0-1 month 3.0 days 14
1-6 months 1.9 months 19
6-18 months 11.5 months 37
18 months—4 years 3.1 years 37
4-8 years 6.1 years 36
8-12 years 10.3 years 36
12-18 years 14.7 years 63

© 2014 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 133
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Figure 2. Changes in the percentage (A) and absolute number (B) of total B-cells with age. The proportions of lymphocytes accounted for by total B-cells
(CD19%) (A) were analyzed by flow cytometry on whole-blood samples. The corresponding absolute numbers (B) were calculated from the absolute
numbers of lymphocytes. Solid horizontal lines indicate the median values for each age group. m =month; y =year.

(Fig. 2B), whereas the percentage of B-cells remained more
or less stable after the age of 18 months (Fig. 2A). Naive B-
cells continue to express IgD at the cell surface, but they do
not yet display CD27 expression, which is induced by
antigen-receptor activation in B-cells. There was a signifi-
cant, large increase in the size of the naive B-cell pool during
the first 6 months of life (P < 0.0001 for comparison of the
0-1 and 1-6 months age groups), due to the physiological
lymphocytosis in infants, but the percentage of naive B-cells
among total B-cells was similar for the 0-1 and 1-6 months
age groups (P =0.61) (Tables 2 and 3, Fig. 3). The percentage
of naive B-cells among total B-cells decreased steadily from
birth to the age of 12 years. The 1-6 months and 6-18
months age groups displayed the largest decrease in naive B-
cell percentage (P < 0.0001), and further decreases were
observed in the 6-18 months and 18 months to 4 years age
groups (P < 0.0001). Further slight but significant decreases
were observed in the 18 months to 4 years and 4-8 years age
groups (P=0.04), followed by a stabilization of naive B-cell

Table 2. Percentages of B-cell subsets by age group (%).

percentage at about 70-80%. The apparent slight increase
observed in the 12-18 years age group was not significant
(P=0.1; Fig. 2A). The absolute number of naive B-cells
increased during the first month of life to reach a steady state
that was maintained until the age of 18 months, with no
significant difference between the values obtained between
the ages of 1 month and 18 months (P=0.9). The
subsequent rapid decrease in the number of naive B-cells
reflects a physiological decrease in the size of the lymphocyte
and B-cell populations on one hand, and a decrease in the
percentage of naive B-cells on the other. Finally, despite the
considerable dispersion of naive B-cell percentage values,
particularly for children under the age of 4 years, absolute
naive B-cell counts eventually stabilized at about 250 cells
per microliter of blood, with lower levels of inter-individual
variability (Fig. 3B).

We analyzed the age-dependent distribution of the
various mature peripheral B-cell subsets by double-labeling
for CD27 and IgD. Surface CD27 expression defines memory

Age no. of individuals  0-1 m (n=14) 1-6m (=19 6-18m(n=37) 18m-4y(n=37) 4-8y(n=36) 8-12y(n=36) 12-18y (n=63)
Lymphocytes 34.0 (18.8-52.0) 67.0 (46.0-74.6) 59.0 (38.2-71.2) 47.8 (28.4-65.9) 39.0(27.9-54.4) 37.0(17.3-48.8) 31.6 (16.5-50.4)
CD197" 5(0.9-13.0) 197(11 1-29.3) 190(124 33.6) 16.8(7.6-28.2) 13.5(6.1-25.2) 11.3(4.8-24.3) 15.2 (6.5-24.0)
CD19" CD27" 0 (1.5-5.4) 5(1.2-5.1) 3(3.5-12.2) 14.7 (7.0-24.3) 18.4 (8.1-33.3) 17.8 (9.0-35.0) 16.0 (7.0-29.0)
CD27 IgD™ 95.0 (90.5-98.0) 95.5(93.1-97.3) 91.0 (87.3-95.1) 82.3 (69.2-90.5) 78.2 (59.7-88.4) 74.4 (58.5-84.6) 79.6 (61.6-87.4)
CD271gD™ 5(0.4-4.2) 0(0.3-3.0) 0(0.4-2.7) 1(1.2-8.3) 1(1.7-13.2) 0(2.3-11.9) 9 (1.4-13.0)
CD27+IgDJr 6 (1.2-5.1) 1(0.8-4.7) 6(2.4-9.9) 2 (4.6-16.3) 3(3.1-18.0) 2 (3.0-21.1) 4 (2.6-13.4)
CD27+IgD’ 5(0.1-0.9) 4 (0.1-1.0) 8(0.6-3.7) 9(2.7-12.5) 4(2.9-17.4) 11.0 (4.4-20.5) 1(4.0-21.2)

The percentages of lymphocytes (as a percentage of total leukocytes), total CD197" B-cells (as a percentage of total lymphocytes) and B-cell subsets (as a
percentage of total CD19" B-cells) are shown for each age group, as medians (upper line) and as the corresponding 5th and 95th percentiles (lower line).

m = months; y = years.
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Table 3. Absolute numbers of B-cell subsets by age group (/u.L blood).

Normal B-cell subpopulations in children

Age no. of individuals 0-1m(n=14) 1-6m (n=19) 6-18 m (n=37)

18 m-4y (n=37) 4-8y (n=36) 8-12y (n=36) 12-18y (n=63)

Lymphocytes 3,922 (2,195-6,218) 5,800 (3,944-8,030) 4,791 (3,297-7,820)
cD19" 292 (24-580) 1,121 (712-2,059) 1,300 (523-2,149)
CcD19*CD27* 8 (1-29) 2 (13-85) 1(25-217)
CD27" Igp* 271 (23-553) 1,080 (677-1,968) 1,161 (461-1,930)
CD27" IgD~ 2(0-17) 11 (3-31) 1(4-28)
CD27"IgD* 6 (1-27) 30 (13-78) 6 (14-170)
CD27" IgD~ 1(0-4) 6 (1-13) 9 (7-57)

3,900 (2,373-7,249) 2,810 (1,761-3,873) 2,209 (1,445-3,725) 2,057 (1,379-3,663)

759 (319-1,244) 504 (273-860) 336 (219-509) 340 (193-628)
107 (45-175) 0 (23-185) 4 (31-152) 57 (26-115)
607 (212-1,027) 342 (203-648) 241 (128-403) 254 (126-546)
20 (10-56) 3 (8-74) 8 (7-35) 16 (6-42)
63 (23-113) 0 (7-91) 5 (8-81) 20 (7-56)
48 (20-93) 2 (11-103) 4 (13-72) 33 (12-69)

The absolute numbers of lymphocytes, total CD19" B-cells and of each B-cell subset per L blood are shown for each age group, as medians (upper line)
and as the corresponding 5th and 95th percentiles (lower line). m =months; y = years.

B-cells, a population comprising two different subsets: non-
switched memory B-cells or marginal zone B-cells, which
continue to express IgD on their surface (CD19" CD27*
IgD™) and switched memory B-cells, which are characterized
by a loss of IgD expression (CD19" CD27" IgD~). The
proportion of total memory B-cells (corresponding to both
subsets; Fig. 4A) gradually increased, reaching a peak
between the ages of 4 and 8 years (median: 18.4%, Table 2),
), whereas the absolute count of CD27" B-cells peaked
between the ages of 6 months and 4 years, subsequently
decreasing and then stabilizing (Fig. 4B, Table 2). The
percentage of non-switched and switched memory B-cells
among total B-cells increased during infancy, but with
different time courses (Table 2, Fig. 5A and C). Switched
memory B-cells were almost undetectable between birth and
the age of 6 months, whereas non-switched memory B-cells
were already present, albeit at very low percentages, in the
first 6 months of life. We also observed a gradual slight
increase in the percentage of CD27" IgD" B-cells, whereas
the percentage of CD27% IgD™ B-cells increased more
rapidly between the 6—-18 months and 18 months to 4 years
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age groups, reaching a peak at the age of 8—12 years before
stabilizing. We also observed differences in absolute
numbers between these two subsets of memory B-cells
(Table 3, Fig. 5B and D). During the increase in total B-cell
numbers between 1-6 months and 18 months to 4 years, the
absolute numbers of non-switched memory B-cells in-
creased similarly and then decreased, but this decrease
occurred later than that in the number of total B-cells. The
decrease was highly significant for total B-cells between 6-18
months and 18 months to 4 years (P < 0.0001) whereas the
decrease in the numbers of CD27" IgD" B-cells was not
significant between 6-18 months and 18 months to 4 years
(P=0.32) but was significant between 18 months to 4 years
and 4-8 years (P =0.009). Conversely, the absolute number
of switched memory B-cells gradually increased, peaking
between the ages of 18 months and 4 years, but remaining
stable thereafter, with no significant decrease. The large
differences within age groups may be accounted for by
variations in genetic background, antigen exposure, or
environmental factors influencing B-cell maturation. How-
ever, it is important to have access to “normal” ranges of
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Figure 3. Changes in the percentage (A) and absolute number (B) of naive B-cells according to age. The proportions of naive B-cells (CD27 IgD™) (A)
among CD 197 lymphocytes were analyzed by flow cytometry on whole-blood samples. The corresponding absolute numbers (B) were calculated from the
absolute number of B-cells. Solid horizontal lines indicate the median values for each age group. m=month; y =year.
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Figure 4. Changes in the percentage (A) and absolute number (B) of total memory B-cells with age. The proportions of total memory B-cells (CD277) (A)
among CD 19" lymphocytes were analyzed by flow cytometry on whole-blood samples. The corresponding absolute numbers (B) were calculated from the
absolute number of B-cells. Solid horizontal lines indicate the median values for each age group. m=month; y =year.
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Figure 5. Changes in the percentage and absolute number of memory B-cells subsets with age. The proportions of non-switched memory B-cells (CD27*
IgD™) (A) and switched memory B-cells (CD27" IgD ™) (C) among CD19* lymphocytes were analyzed by flow cytometry on whole-blood samples. The
corresponding absolute numbers (B and D) were calculated from the absolute number of B-cells. Solid horizontal lines indicate the median values for each
age group. m=month; y =year.
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these values, to make it possible to identify children with an
impaired B-cell phenotype.

Discussion

We established normal values and percentages for total, non-
switched and switched memory B-cells in a large pediatric
cohort of healthy children, through a national, multicenter
study. Most of the changes in B-cell subpopulations occur
during childhood, particularly during the first 5 years of life,
when children encounter a multitude of different antigens.
At least six single-center studies on this theme have been
published [12-14, 26-28]. These studies proposed reference
intervals for B-cell subsets and described the age-dependent
development of memory B-cells. We carried out a national
study and validated common reference intervals, to prevent
confusion due to the use of different laboratory-specific
reference values. Common reference intervals are widely
used for children, because ethical issues limit access to
samples from healthy children [31-33]. The use of a
multicenter approach, with the cohort recruited from a
number of different laboratories, made it possible to include
a large number of healthy children and, therefore, to achieve
an acceptably high level of statistical confidence. Differences
between ethnic groups have been reported. The establish-
ment of national reference values for a large cohort
representative of the entire population is therefore required
for the interpretation of blood analyses. The adoption of this
unique set of reference tables by laboratories should help
physicians to interpret results and to diagnose immunologi-
cal conditions. The most recent PID and CVID classifica-
tions are multicentric [17, 24], and immunological
investigations should now be standardized and shared
between hospitals, for the constitution of homogeneous
patient cohorts.

We explored memory B-cells identified on the basis of
their CD27 expression and the differential expression of IgD,
which is often used to separate switched and non-switched
memory B-cells. Some studies have also identified B-cell
subpopulations on the basis of their IgM expression,
defining a subpopulation of CD27" IgM™* IgD~ B-cells
and a subpopulation of CD27* IgM ™" IgD* marginal zone B-
cells [13, 26]. However, the consideration of IgM status
results in considerable variability and a lack of reproducibil-
ity between the different laboratories. Indeed, the intensity of
IgM expression is extremely variable, potentially accounting
for this phenomenon. For the establishment of a robust
standard protocol and to reduce analytical variability, we
decided not to consider IgM expression in our method. IgM-
only B-cells (CD27" IgM™ IgD™) and IgD-only B-cells
(CD27" IgM~ IgD™) constitute only minor populations in
the B-cell compartment [10]. This approach therefore
introduced very little heterogeneity into the observed
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subsets. Modifications to the memory B-cell compartment
defined on the basis of CD27 and IgD expression only have
already been associated with mutations in genes affecting
late B-cell development (e.g., CD27 and CD21) [34-37]. We
observed a gradual decrease in the percentage and absolute
numbers of naive B-cells, beginning at the age of 18 months.
These results are similar to those obtained in four other
studies [12—14, 26]. Interestingly, whereas the percentage of
naive B-cells was similar in the 0-1 and 1-6 months groups,
naive B-cells absolute numbers differed significantly between
these two groups, due to the physiological lymphocytosis
occurring in infants from the age of 1 month. This
observation highlights the need for accurate age-matching
for reference frequencies and absolute numbers, particularly
during early infancy. The number of naive B-cells reflects the
capacity for normal homeostatic proliferation of B lympho-
cytes and for normal antigen-induced differentiation in
germinal centers or the marginal zone.

Switched memory B-cells, expressing CD27, have under-
gone somatic hypermutation and class-switch recombina-
tion in germinal centers, where the selection of memory
B-cells is driven by encounters with T-dependent anti-
gens [9]. CD27 is a member of the TNFR family [38] and it is
widely associated with B-cell activation and differentia-
tion [10, 11]. A shift from naive B-cells to memory B-cells
was observed during infancy. As previously described,
the absolute number of switched memory B-cells peaked
between the ages of 18 months and 4 years, before
stabilizing [12, 13]. All the available reference values for
the percentage of CD27* IgD ™ B-cells have reported a steady
increase until the age of 18 years and into adulthood [12-14,
26, 27]. The role of CD27 remains a matter of debate in the
memory B-cell field [7, 39], but decreases in CD27
expression and isotype-switched cells may be indicative of
an impaired germinal center reaction, as highlighted in some
PIDs [34, 40]. The population of CD19" CD27" IgD™ cells,
defined in our study as non-switched memory B-cells,
corresponds to circulating marginal zone B-cells [41, 42].
These cells are involved in T-independent responses and play
a crucial role in the control of infections due to encapsulated
bacteria [2, 43]. The reported pattern of development of this
small population with age differs slightly between studies.
Some investigators have reported fluctuations in the
absolute number of CD27% IgD" cells throughout child-
hood [12, 13]. By contrast, we and others have reported a
gradual increase in the percentage and absolute number of
non-switched memory B-cells between early childhood and
adolescence [14, 28]. This increase may reflect the widely
accepted immaturity of the T-independent antibody
response in the first few years of life [44, 45]. Moreover,
CD27" IgD" memory B-cells slowly accumulate mutations,
diversifying the B-cell repertoire, during this period of
life [45, 46].
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Memory B-cell heterogeneity is still being investigated.
Indeed, a distinct memory population, double-negative for
IgD and CD27, has been described as presenting a pattern of
somatic hypermutation consistent with antigen-driven
selection [47-49]. The percentage of this minor population
increases during the first 6 years of life, remaining stable
thereafter. Studies of adult cohorts have confirmed the
stability of the CD27" IgD™ population [12]. This
population has been quantified and its phenotype described,
but its origin and physiological role remain to be elucidated.
The low percentage of somatic mutation in switched CD27*
B-cells suggests that these cells may emerge as a first wave of
memory B-cells [50, 51]. This population seems to be
expanded in adult systemic autoimmune diseases and
chronic infectious diseases [48, 52-55]. No study has yet
been published concerning this population in children.
Pediatric reference intervals may facilitate the detection of
abnormal development of this B-cell population in the first
few years of life and may reveal associations with
pathological contexts. In conclusion, we determined
national reference values for various B-cell subsets, which
have been adopted by all the participating laboratories.
These reference intervals facilitate the interpretation of
immunological investigations and characterization of the
B-cell defects seen in PIDs. Nevertheless, serum Ig levels
are often insufficient to guide the diagnosis and genetic
analysis of these defects [56]. Our global approach, based
on the memory and naive B-cell subsets, can be used to
separate patients into subgroups and to propose an
appropriate diagnosis strategy for each subgroup. This
may lead to the suspicion of several deficiencies, most
affecting late stages of B-cell development (e.g., CD27 or
CD21 deficiencies), or ICF syndrome [16, 20, 36]. The
common reference values provided here can be used
to constitute homogeneous national cohorts, thereby
facilitating the detection of immunologic and phenotypic
associations, particularly for PADs.

Acknowledgments

We thank Stéphanie N’Daga, Monique Forvielle, Corinne
Jacques and Chantal Harre for excellent technical assistance.
We thank all the biologists and technicians from the
CEREDIH network.

Author Contributions

M.D. and D.S. performed experiments, analyzed the data
and wrote this report. A.D., B.U.L.,, V.G.-EK,, B.L.M., D.M,,
C.M,, and M.L. performed experiments and analyzed the
data. C.P. coordinated the study, designed the research,
analyzed the data, and wrote the report.

M. Duchamp et al.

Conflict of Interest

None declared.

References

1. LeBien, T. W,, and T. F. Tedder. 2008. B lymphocytes: how
they develop and function. Blood 112(5):1570-1580.

2. Cerutti, A., M. Cols, and I. Puga. 2013. Marginal zone B cells:
virtues of innate-like antibody-producing lymphocytes. Nat.
Rev. Immunol. 13(2):118-132.

3. Pollock, T. M. 1969. Human immunoglobulin in prophylax-
is. Br. Med. Bull. 25(2):202-207.

4. Berkowska, M. A., M. van der Burg, J. J. van Dongen, and
M. C. van Zelm. 2011. Checkpoints of B cell differentiation:
visualizing Ig-centric processes. Ann. NY Acad. Sci. 1246:
11-25.

5. Allen, C. D., T. Okada, and J. G. Cyster. 2007. Germinal-
center organization and cellular dynamics. Immunity 27(2):
190-202.

6. Shlomchik, M. J., and F. Weisel. 2012. Germinal center
selection and the development of memory B and plasma cells.
Immunol. Rev. 247(1):52-63.

7. Yoshida, T., H. Mei, T. Dorner, F. Hiepe, A. Radbruch, S.
Fillatreau, and B. F. Hoyer. 2010. Memory B and memory
plasma cells. Immunol. Rev. 237(1):117-139.

8. McHeyzer-Williams, M., S. Okitsu, N. Wang, and L.
McHeyzer-Williams. 2012. Molecular programming of
B-cell memory. Nat. Rev. Immunol. 12(1):24-34.

9. Tarlinton, D., and K. Good-Jacobson. 2013. Diversity among
memory B cells: origin, consequences, and utility. Science
341(6151):1205-1211.

10. Klein, U., K. Rajewsky, and R. Kiippers. 1998. Human
immunoglobulin (Ig)M + IgD+ peripheral blood B cells
expressing the CD27 cell surface antigen carry somatically
mutated variable region genes: CD27 as a general marker for
somatically mutated (memory) B cells. J. Exp. Med. 188(9):
1679-1689.

11. Tangye, S. G., Y. J. Liu, G. Aversa, J. H. Phillips, and J. E. de
Vries. 1998. Identification of functional human splenic
memory B cells by expression of CD148 and CD27. J. Exp.
Med. 188(9):1691-1703.

12. Morbach, H., E. M. Eichhorn, J. G. Liese, and H. J. Girschick.
2010. Reference values for B cell subpopulations from infancy
to adulthood. Clin. Exp. Immunol. 162(2):271-279.

13. van Gent, R., C. M. van Tilburg, E. E. Nibbelke, S. A. Otto, J. F.
Gaiser, P. L. Janssens-Korpela, E. A. Sanders, J. A. Borghans,
N. M. Waulffraat, M. B. Bierings, et al. 2009. Refined
characterization and reference values of the pediatric
T- and B-cell compartments. Clin. Immunol. 133(1):95-107.

14. Piatosa, B., B. Wolska-Kusnierz, M. Pac, K. Siewiera, E.
Galkowska, and E. Bernatowska. 2010. B cell subsets in
healthy children: reference values for evaluation of B cell

138 © 2014 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



M

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

© 2014 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.

. Duchamp et al.

maturation process in peripheral blood. Cytometry B Clin.
Cytom. 78(6):372-381.

Conley, M. E., A. K. Dobbs, D. M. Farmer, S. Kilic, K. Paris, S.
Grigoriadou, E. Coustan-Smith, V. Howard, and D.
Campana. 2009. Primary B cell immunodeficiencies: com-
parisons and contrasts. Annu. Rev. Immunol. 27:199-227.
Durandy, A., S. Kracker, and A. Fisher. 2013. Primary
antibody deficiencies. Nat. Rev. Immunol. 13(7):519-533.
Bousfiha, A. A., L. Jeddane, F. Ailal, W. Al Herz, M. E. Conley,
C. Cunningham-Rundles, A. Etzioni, A. Fisher, J. L. Franco,
R. S. Geha, et al. 2013. A Phenotypic approach for IUIS PID
classification and diagnosis: guidelines for clinicians at the
bedside. J. Clin. Immunol. 33(6):1078-1087.

Bruton, O. C. 1952. Agammaglobulinemia, Pediatrics 9(6):
722-728.

Tsukada, S., D. C. Saffran, D. J. Rawlings, O. Parolini, R. C.
Allen, I. Klisak, R. S. Sparkes, H. Kubagawa, T. Mohandas, S.
Quan, et al. 1993. Deficient expression of a B cell cytoplasmic
tyrosine kinase in human X-linked agammaglobulinemia.
Cell 72(2):279-290.

Blanco-Betancourt, C. E., A. Moncla, M. Mililj, Y. L. Jiang,
E. M. Viegas-Pequignot, B. Roquelaure, I. Thuret, and C.
Schiff, 2004. Defective B-cell-negative selection and terminal
differentiation in the ICF syndrome. Blood 103(7):2683—
2690.

Hammarstrém, L., I. Vorechovsky, and D. Webster. 2000.
Selective IgA deficiency (SIgAD) and common variable
immunodeficiency (CVID). Clin. Exp. Immunol. 120(2):
225-231.

Alachkar, H., N. Taubenheim, M. R. Haeney, A. Durandy,
and P. D. Arkwright. 2006. Memory switched B cell
percentage and not serum immunoglobulin concentration
is associated with clinical complications in children and
adults with specific antibody deficiency and common variable
immunodeficiency. Clin. Immunol. 120(3):310-318.

Yong, P. L., J. S. Orange, and K. E. Sullivan. 2010. Pediatric
common variable immunodeficiency: immunologic and
phenotypic associations with switched memory B cells.
Pediatr. Allergy Immunol. 21(5):852-858.

Wehr, C., T. Kivioja, C. Schmitt, B. Ferry, T. Witte, E. Eren, M.
Vlkova, M. Hernandez, D. Detkova, P. R. Bos, G. Poerksen,
et al. 2008. The EUROclass trial: defining subgroups in
common variable immunodeficiency. Blood 111(1):77-85.
van de Ven, A. A, L. van de Corput, C. M. van Tilburg, K.
Tesselaar, R. van Gent, E. A. Sanders, M. Boes, A. C. Bloem,
and J. M. van Montfrans. 2010. Lymphocyte characteristics in
children with common variable immunodeficiency. Clin.
Immunol. 135(1):63-71.

Schatorje, E. J., E. F. Gemen, G. J. Driessen, J. Leuvenink,
R. W. van Hout, M. van der Burg, and E. de Vries. 2011. Age-
matched reference values for B-lymphocyte subpopulations
and CVID classifications in children. Scand. J. Immunol.
74(5):502-510.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Normal B-cell subpopulations in children

Smet, J., F. Mascart, and L. Schandené. 2011. Are the reference
values of B cell subpopulations used in adults for classification
of common variable immunodeficiencies appropriate for
children? Clin. Immunol. 138(3):266-273.

aan de Kerk, D. J.,, M. H. Jansen, L. J. ten Berge, E. M. van
Leeuwen, and T. W. Kuijpers. 2013. Identification of B cell
defects using age-defined reference ranges for in vivo and in
vitro B cell differentiation. J. Immunol. 190(10):5012-5019.
Piatosa, B., M. Pac, K. Siewiera, B. Pietrucha, M. Kaludel-
Dreszler, E. Heropolitaniska-Pliszka, B. Wolska-Kunierz, H.
Dmenska, H. Gregorek, I. Sokolnicka, et al. 2013. Common
variable immune deficiency in children—clinical character-
istics varies depending on defect in peripheral B cell
maturation. J. Clin. Immunol. 33(4):731-741.

Horowitz, G., G. L. Horowitz, S. Altaie, J. Boyd, F. Ceriotti, U.
Gard, P. Horn, A. Pesce, H. Sine, and J. Zakowski. 2008.
Clinical and Laboratory Standards Institute (CLSI). Defining,
establishing, and verifying reference intervals in the clinical
laboratory; approved guidelines, 3rd ed., Vol. 28, No. 3, CLSI
document EP28-A3c. Clinical and Laboratory Standards
Institute, Wayne, PA, 2008.

Horn, P. S., and A. J. Pesce. 2003. Reference intervals: an
update. Clin. Chim. Acta 334(1-2):5-23.

Ceriotti, F., R. Hinzmann, and M. Panteghini. 2009.
Reference intervals: the way forward. Ann. Clin. Biochem.
46(Pt 1):8-17.

Jung, B., and K. Adeli. 2009. Clinical laboratory reference
intervals in pediatrics: the CALIPER initiative. Clin. Biochem.
42(16-17):1589-1595.

Thiel, J., L. Kimmig, U. Salzer, M. Grudzien, D. Lebrecht, T.
Hagena, R. Draeger, N. Voelxen, A. Bergbreiter, S. Jennings,
et al. 2012. Genetic CD21 deficiency is associated with
hypogammaglobulinemia. J. Allergy Clin. Immunol. 129(3):
801-810, e806.

van Montfrans, J. M., A. . Hoepelman, S. Otto, M. van Gijn,
L. van de Corput, R. A. de Weger, L. Monaco-Shawver, P. P.
Banerjee, E. A. Sanders, C. M. Jol-van der Zijde, et al. 2012.
CD27 deficiency is associated with combined immunodefi-
ciency and persistent symptomatic EBV viremia. J. Allergy
Clin. Immunol. 129(3):787-793, ¢786.

Liadaki, K., J. Sun, L. Hammarstrom, and Q. Pan-
Hammarstrom. 2013. New facets of antibody deficiencies.
Curr. Opin. Immunol. 25(5):629-638.

Salzer, E., S. Daschkey, S. Choo, M. Gombert, E. Santos-
Valente, S. Ginzel, M. Schwendinger, O. A. Haas, G. Fritsch,
W. F. Pickl, et al. 2013. Combined immunodeficiency with
life-threatening EBV-associated lymphoproliferative disorder
in patients lacking functional CD27. Haematologica 98(3):
473-478.

Goodwin, R. G., M. R. Alderson, C. A. Smith, R. J. Armitage,
T. VandenBos, R. Jerzy, T. W. Tough, M. A. Schoenborn, T.
Davis-Smith, K. Hennen, et al. 1993. Molecular and biological
characterization of a ligand for CD27 defines a new family of

139



Normal B-cell subpopulations in children

39.

40.

41.

42.

43,

44,

45.

46.

47.

140

cytokines with homology to tumor necrosis factor. Cell
73(3):447-456.

Ehrhardt, G. R,, J. T. Hsu, L. Gartland, C. M. Leu, S. Zhang,
R. S. Davis, and M. D. Cooper. 2005. Expression of the
immunoregulatory molecule FcRH4 defines a distinctive
tissue-based population of memory B cells. J. Exp. Med.
202(6):783-791.

Gardes, P., M. Forveille, M. A. Alyanakian, P. Aucouturier, D.
Ilencikova, D. Leroux, N. Rahner, F. Mazerolles, A. Fisher, S.
Kracker, et al. 2012. Human MSHS6 deficiency is associated
with impaired antibody maturation. J. Immunol. 188(4):
2023-2029.

Weill, J. C., S. Weller, and C. A. Reynaud. 2009. Human
marginal zone B cells. Annu. Rev. Immunol. 27:267-285.
Reynaud, C. A., M. Descatoire, I. Dogan, F. Huetz, S. Weller,
and J. C. Weill. 2012. IgM memory B cells: a mouse/human
paradox. Cell. Mol. Life Sci. 69(10):1625-1634.
Kruetzmann, S., M. M. Rosado, H. Weber, U. Germing, O.
Tournilhac, H. H. Peter, R. Berner, A. Peters, T. Boehm, A.
Plebani, et al. 2003. Human immunoglobulin M memory B
cells controlling Streptococcus pneumoniae infections are
generated in the spleen. J. Exp. Med. 197(7):939-945.
Sorensen, R. U., L. E. Leiva, E. C. Javier, III, D. M. Sacerdote,
N. Bradford, B. Butler, P. A. Giangrosso, and C. Moore. 1998.
Influence of age on the response to Streptococcus pneumoniae
vaccine in patients with recurrent infections and normal
immunoglobulin concentrations. J. Allergy Clin. Immunol.
102(2):215-221.

Weller, S., M. C. Braun, B. K. Tan, A. Rosenwald, C. Cordier,
M. E. Conley, A. Plebani, D. S. Kumararatne, D. Bonnet, O.
Tournilhag, et al. 2004. Human blood IgM “memory” B cells
are circulating splenic marginal zone B cells harboring a
prediversified immunoglobulin repertoire. Blood 104(12):
3647-3654.

Weller, S., M. Mamani-Matsuda, C. Picard, C. Cordier, D.
Lecoeuche, F. Gauthier, J. C. Weill, and C. A. Reynaud. 2008.
Somatic diversification in the absence of antigen-driven
responses is the hallmark of the IgM+ IgD+ CD27+ B cell
repertoire in infants. J. Exp. Med. 205(6):1331-1342.
Wirths, S., and A. Lanzavecchia. 2005. ABCB1 transporter
discriminates human resting naive B cells from cycling
transitional and memory B cells. Eur. J. Immunol. 35(12):
3433-3441.

48.

49.

50.

51.

52.

54.

55.

56.

M. Duchamp et al.

Fecteau, J. F., G. Cote, and S. Neron. 2006. A new memory
CD27-IgG+ B cell population in peripheral blood expressing
VH genes with low frequency of somatic mutation. J.
Immunol. 177(6):3728-3736.

Wei, C.,J. Anolik, A. Cappione, B. Zheng, A. Pugh-Bernard, J.
Brooks, E. H. Lee, E. C. Milner, and 1. Sanz. 2007. A new
population of cells lacking expression of CD27 represents a
notable component of the B cell memory compartment in
systemic lupus erythematosus. J. Immunol. 178(10):6624—
6633.

Blink, E. J., A. Light, A. Kallies, S. L. Nutt, P. D. Hodgkin,
and D. M. Tarlinton. 2005. Early appearance of germinal
center-derived memory B cells and plasma cells in blood
after primary immunization. J. Exp. Med. 201(4):
545-554.

Inamine, A., Y. Takahashi, N. Baba, K. Miyake, T. Tokuhisa,
T. Takemori, and R. Abe. 2005. Two waves of memory B-cell
generation in the primary immune response. Int. Immunol.
17(5):581-589.

Weiss, G. E., P. D. Crompton, S. Li, L. A. Walsh, S. Moir, B.
Traore, K. Kayentao, A. Ongoiba, O. K. Doumbo, and S. K.
Pierce. 2009. Atypical memory B cells are greatly expanded in
individuals living in a malaria-endemic area. J. Immunol.
183(3):2176-2182.

. Lee, N. S., L. Barber, S. M. Akula, G. Sigounas, Y. P. Kataria,

and S. Arce. 2011. Disturbed homeostasis and multiple
signaling defects in the peripheral blood B-cell compartment
of patients with severe chronic sarcoidosis. Clin. Vaccine
Immunol. 18(8):1306-1316.

Ayieko, C., A. C. Maue, W. G. Jura, G. S. Noland, G. Ayodo, R.
Rochford, and C. C. John. 2013. Changes in B cell populations
and merozoite surface protein-1-specific memory B cell
responses after prolonged absence of detectable infection.
PLoS ONE 8(6):¢67230.

Labuda, L. A., U. Ateba-Ngoa, E. N. Feugap, J. J. Heeringa,
L. E. van der Vlugt, R. B. Pires, L. Mewono, P. G. Kremsner,
M. C. van Zelm, A. A. Adegnika, et al. 2013. Alterations in
peripheral blood B cell subsets and dynamics of B cell
responses during human schistosomiasis. PLoS Negl. Trop.
Dis. 7(3):e2094.

Chinen, J., L. D. Notarangelo, and W. T. Shearer. 2013.
Advances in basic and clinical immunology in 2012. J. Allergy
Clin. Immunol. 131(3):675-682.

© 2014 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



