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Immunophenotypic analysis and quantiﬁcation of B-1 and
B-2 B cells during human fetal hematopoietic development
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Mouse B-1 cells were ﬁrst described in 1983 as a rare population of
CD5+ splenic B cells that spontaneously secrete immunoglobulin
(Ig)-M and their frequency is increased in autoimmune-prone
mice, thereby linking B-1 cells to autoimmunity.1,2 Shortly after
description of B-1 cells, controversy regarding their origin and
developmental relationship with B-2 lymphocytes arose.3–5 The
‘selection model’ proposed that the decision of an Ig-expressing B
cell to become B-1 or B-2 is the result of a response to a particular
antigen.3 In contrast, the ‘layered model’ proposed that B-1 and
conventional B-2 cells belong to separate lineages originating
from distinct hematopoietic stem/progenitor cells (HSPCs) arising
at different times during development.6 The origin of the ‘layered
immune system’ model is that B-1 cells are detectable at E10 in
the aorta-gonad-mesonephros (AGM) even before the ﬁrst HSCs
emerge, and B-1 cells successfully develop in HSC-deﬁcient mouse
embryos.7,8 This suggests that B-1 cells may derive very early in
development in the yolk sac (YS) or para-aortic splanchnopleura
(P-sP) hemogenic endothelial cells independent of any HSC
contribution.8,9 B-1 cells are believed to participate in microbial
defense and immune homeostasis, and their dysfunction
is associated with systemic illness. This has led to an increasing
interest in the physiological and clinical contribution of human
B-1 cells, which, however, have been difﬁcult to address owing to
the absence of bona ﬁde markers for the human B-1 cell
population.10 In 2011, Rothstein and colleagues reported
a previously unrecognized population of CD20+ B cells within
the CD27+ compartment, which is distinguished from memory
B cells by expression of CD43.11 This CD20+CD27+CD43+ subset
was functionally proposed to be human B-1 cells in both cord
blood (CB) and peripheral blood (PB). Controversy over
the frequency of human B-1 cells in normal individuals rapidly
arose.12,13 Grifﬁn et al. reported that the proportion of CD43+ cells
among the CD20+CD27+ B cells averaged 20–50%, with the
frequency declining with age (from CB to PB in the elderly).

Although other authors conﬁrmed a decline with age of the
overall population of CD20+CD27+CD43+ circulating human
B-1 cells, they reported a much lower frequency of ~ 2% of total
CD20+ B cells.12,13 These differences seem to be attributed
to different protocols for reliable ﬂow cytometric characterization/
enumeration of human B-1 cells.10
No information is available about the existence/frequency
of B-1 cells during human fetal hematopoiesis. Here we performed
a ﬂow cytometric phenotypic characterization and quantiﬁcation
of B-1 cells, as well as naive and memory B cells, throughout
the human fetal development, analyzing human fetal liver (FL)
at 10–11 and 20–21 weeks of gestation, human fetal bone marrow
(FBM) at 20–21 weeks of gestation and CB at birth. Flow cytometry
acquisition and data analysis were performed on a FACSCanto II
cytometer using the FACSDiva software (BD Biosiciences, San Jose,
CA, USA; Figure 1). To avoid staining artifacts and doublet
formation, the following measurements were taken into
consideration:10–13 (i) only fresh samples were used; (ii) highafﬁnity–high-speciﬁcity antibodies coupled to ﬂuorophores with
high signal-to-noise ratio were used (see legend to Figure 1); (iii)
ﬂow cytometric cell acquisition was performed at a low-speed
ﬂow rate (o 3.000 events per second); and (iv) ﬂuorescentminus-one (FMO) controls were applied in multiparametric
analysis to set FMO-deﬁning gates in the absence of clear
separation between populations.
Phenotypically, naive (CD3 − CD20+CD19+CD27 − CD43 − ),
memory (CD3 − CD20+CD19+CD27+CD43 − ) and B-1 B cells
(CD3 − CD20+CD19+CD27+CD43+) were consistently found in
FL, FBM and CB (Figures 1a and e–g). B-1 cells displayed a CD38
expression similar to B cells, regardless the tissue analyzed
(Figure 1c), and an important fraction spontaneously expressed
IgD (30 ± 13%) and IgM (21 ± 6%, 20 ± 6% and 70 ± 7% in FL-,
FBM- and CB-derived B-1 B cells, respectively; Figure 1d).
Interestingly, IgM expression in CB B-1 B cells is higher than in
FL/FBM B-1 B cells, and similar to IgM expression in B-2 B cells,
suggesting that IgM expression in B-1 B cells increases throughout
ontogeny (Figure 1d). Quantitatively, naive B cells are less
represented in week 10–11 FL (53 ± 15% of total B cells) but their

Figure 1. Flow cytometric analysis and quantiﬁcation of B-1, naive and memory B cells in human FL, FBM and in neonatal CB. (a–d) Flow
cytometric strategy for the identiﬁcation of the distinct B-cell subsets. Mononuclear cells (MNCs) were isolated by density gradient
centrifugation using Ficoll-Hypaque from independent human FL (n = 22; 10 of 10–11 weeks and 12 of 20–21 weeks of gestation), FBM (n = 11
of 20–21 weeks of gestation) and CB (n = 14). After lysing red cells, MNCs were immunoﬂuorescently stained for CD20 (Horizon V450 antibody,
clone 2H7), CD19 (Alexa Fluor antibody, BD Biosicences, clone HIB-19), CD3 (PE antibody, BD Biosicences, clone UCHT1), CD27 (APC antibody,
BD Biosicences, clone M-T271) and CD43 (FITC antibody, BD Biosicences, clone 1G10). In several cases, FL-, FBM- and CB-derived MNCs were
also stained with CD38 (PE-Cy7 antibody, BD Biosicences, clone HIT2), IgM (PerCP-Cy5.5 antibody, BD Biosicences, clone G20-127) and IgD
(PE antibody, clone IAG-2). Flow cytometry acquisition and data analysis were performed on a FACSCanto II cytometer using the FACSDiva
software. (a) Gating strategy showing how MNCs were analyzed ﬁrst within a large forward side scatter area (FSC-A) vs side scatter area (SSCA) lymphoid gate followed by a FSC-A vs forward side scatter height (FSC-H) doublet discrimination gate. Then, cells were gated based on
CD20 positivity and CD3 negativity (top right panel). On the basis of CD27 and CD43 expression three CD3 − CD20+ subpopulations were
immunophenotypically identiﬁed in early-gestation FL, mid-gestation FL and FBM, and neonatal CB: CD3 − CD20+CD27 − CD43 − (naive B
cells), CD3 − CD20+CD27+CD43 − (memory B cells) and CD3 − CD20+CD27+CD43+ (B-1 cells; bottom panels). (b) All FL/FBM CD20+ B cells
were CD19+ (light gray histogram represents the isotype-matched control). (c) CD38 expression is identical in B-1 cells and CD19+CD20
+CD3 − B cells, regardless the tissue. (d) B-1 cells spontaneously expressed both IgD (left panels) and IgM (right panels) in cell surface. Light
gray histograms represent isotype-matched controls. (e–g) Frequency of CD3 − CD20+CD27+CD43+ B-1 cells (e), CD3 − CD20+CD27 − CD43 −
naive B cells (f) and CD3 − CD20+CD27+CD43 − memory B cells (g) in 10–11- and 20–21-week-old FL, 20–21-week-old FBM and neonatal CB.
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frequency increases up to 87 ± 14% by week 20–21 FL and FBM,
and remains stable all the way up to CB (Figure 1f). In contrast,
memory B cells (CD27+CD43 − ) represent 22 ± 15% of total B cells
in early FL and their frequency decreases to 7 ± 3% from week
20–21 FL/FBM to neonatal tissue (CB; Figure 1g).14 The frequency
of B-1 B cells declines during human fetal hematopoiesis
(Figure 1g). The highest frequency of B-1 cells is found in early
FL (6.1 ± 4% of CD27+CD43+ cells within CD20+CD19+CD3 −
population), when the hematopoiesis still mainly takes place in FL
before colonizing the BM by week 10.5–11.15 By mid-gestation
(week 20–21) the frequency of B-1 B cells decreases, being very
similar in FL (2.1 ± 0.7%) and FBM (2.6 ± 0.7%), and is maintained
at birth in CB (1.9 ± 0.8%; Figure 1e). After birth, the proportion of
B-1 B cells continues declining with age as it has been reported
from CB to PB in the elderly.11–13 From a developmental
standpoint, the fact that B-1 B cells are more abundant in very
early phases of human hematopoietic development (before FBM
colonization by week 11) supports the ‘layered immune system
model’ proposed in the mouse for the origin of B-1 cells. This
layered model proposes that B-1 and B-2 cells belong to separate
lineages originating from distinct HSCs arising at different times
during development, as B-1 cells in the mouse are already
detectable at E10 in the AGM even before the ﬁrst HSCs emerge,
and successfully develop in HSC-deﬁcient mouse embryos.6
Interestingly, and similar to B-2 B cells, one-third of the fetal
B-1 cells spontaneously expressed IgM and IgD. Whether human
FL/FBM CD3 − CD20+CD19+CD27+CD43+ IgM/IgD+ or IgM/IgD − B
cells are activated cells on their way to plasma cell differentiation or
an innate-like subset with B-1 functional properties remains to be
functionally addressed. These data provide the means to explore
the underlying molecular, cellular and developmental mechanisms
regulating this unique B-1 B-cell population in health and disease,
especially in regard to infectious and autoimmunity diseases and
lymphoid malignancies. For instance, infant B-cell acute lymphoblastic leukemia (B-ALL) has a prenatal origin but the nature of the
cell of origin/ target cell for transformation remains elusive.16,17
Deciphering the cell of origin is of especial interest in MLL-AF4+
infant B-ALL as this leukemia lacks an in vitro/in vivo model, has a
pro-B/mixed phenotype and MLL-AF4 has been found/expressed in
mesenchymal stem cells from the newborn patients,18 suggesting
that a pre-HSC or an early B-cell-derived very early in development
(from YS or P-sP), perhaps before HSC emergence, may represent a
candidate cell of origin for leukemia initiation. In fact, it has recently
been reported that the BCR-ABL oncogene transforms murine B-1
B-cell progenitors, promoting high-risk B-ALL initiation more rapidly
than when it is expressed in B-2 progenitor cells,19 thus indicating
that B-1 cells might represent the cell of origin for infant B-ALL.
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