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Abstract: Background: The intrauterine and early extrauterine development represents a “window
of opportunity” in the immunological development. The underlying mechanisms are still poorly
understood. The aim of this study was to provide reference values B cell subpopulations in cord
blood of term newborns, juveniles and in adults to find the spectrum of their physiological age-
related variation. Methods: In this study, we used flow cytometry to evaluate human B lymphocytes
and subpopulations in cord blood (n = 10), in peripheral blood from healthy juveniles aged 1 to 17
years (n=20) and from donors aged 24 to 62 years (n = 10). Results: Our findings showed increasing
frequencies of IgM memory B cells, class-switched memory B cells, marginal zone B cells and
plasmablasts, from cord blood to peripheral blood of juveniles and adults. In contrast, the
percentage of naive B cells was higher in newborns than in juveniles and adults. The frequencies of
immature B cells were similar in all three groups and Bl cells were similar in cord blood and
peripheral blood of adults. Interestingly, transitional B cells frequencies were similar in cord blood
and adults but significantly lower in juveniles. Conclusions: The frequencies of circulating B cell
subpopulation are subject to considerable changes during ontogeny, reflecting overlying effects of
maturation and of the acquisition of an adaptive immune memory.
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1. Introduction

B cells play a crucial role in the adaptive immune response, especially in the defense against
extracellular infectious pathogens [1]. The development of the human immune system starts in the
fetal stage and is not yet complete at birth [2]. Directly after birth, newborns possess a sufficient
number of immune cells, which have to be activated by antigen exposure. During puberty, this
functional learning process is completed in many aspects, meaning that the individual has the
immunological abilities of an adult. However, the immune system of an adult is also subject to a
continuous learning process throughout senescense [3].

During the first weeks after birth, B lymphocytes proliferate excessively, probably due to the
massive stimulation with previously unknown environmental antigens. Such stimulation triggers the
proliferation and differentiation of antigen-specific cells [4,5].

The maturation of B lymphocytes is a complex, highly regulated, multi-stage process that starts
in the bone marrow.

Transitional B cells migrate into secondary lymphoid structures, e.g. follicles and germinal
centres of spleen and lymph nodes where they undergo further maturational steps. After class switch
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and affinity-maturation the memory B cells circulate continuously between blood and lymphatic
organs, whereas the plasma cells settle in the bone marrow and secrete high-affinity antibodies [6,7].
B1 cells constitutively and spontaneously secrete "natural” antibodies which convey immunity to an
array of antigens even in the neonate [8]. While B1 cells are well characterized in murine experimental
models [8,9], their analysis in humans is difficult. The quantity and even the existence of B1 cells are
under debate in human, and various definitions had been suggested. While in mice B1 cells are
defined as CD5* and/or CD11b* cells, a substantial number of Bl like cells do not express CD5 in
humans [10-12]. Griffin et al. [13] identified a CD20*CD27+CD43" B cell subpopulation in human adult
peripheral blood and cord blood with functional characteristics that they describe as typical B1 cell
attributes: spontaneous IgM secretion, constitutive BCR signaling and the ability to control allogeneic
T cell proliferation. Cord blood contains a greater number of B cells than adult venous blood. At birth,
CD27+IgM*IgD* memory B cells represent the largest B cell subpopulation, but the frequency of this
subpopulation decreases during childhood and then stabilizes in young adults. In contrast, CD27*
class-switched B cells gradually enrich in the peripheral blood with age [14,15]. Nevertheless, the
data available to date are still patchy. Hence, this study aims to gain a deeper insight into the
composition of B cell subpopulations as a function of age using up-to-date cell definitions.

2. Results

2.1. Phenotypic characterization of memory B cell subsets in healthy newborns, juveniles and adults

To compare the age-related influences on the distribution of B lymphocyte subpopulations in
neonates, juveniles and adults, we analyzed cord blood samples from 10 term neonates, and venous
blood samples from 20 juveniles and 10 adults.

The B cell subpopulations were quantified by flow cytometry. To study the diversity in the
human B cell compartment, we defined eight B cell subpopulations (Supplemental Table S2). The
surface markers are listed in Supplemental Table S1 and the gating strategies are depicted in Figure
1. Immature B cells were defined as CD19+CD27-IgM-IgD- (Figure 1C). The frequency of immature B
cells (Figure 3A) did not differ significantly between neonates (1.4 £ 0.3 %), juveniles (1.7+ 0.3 %) and
adults (2.3 £ 0.3 %) (neonates vs juveniles p > 0.99, neonates vs adults p =0.15, juveniles vs adults p =
0.27). Our flow cytometry analysis showed significantly higher naive B cell (CD19*CD27IgD*IgM~)
frequencies in cord blood of neonates (93.2 + 1.2 %) than in peripheral blood of juveniles (80.8 + 1.8
%; p = 0.002) and adults (69.1 + 3.4 %; p < 0.001) (Figure 3B). The results show that the frequency of
the naive B cell decreases with increasing age.

The transitional B cells are reliably identified as CD19*CD27-CD38*IgM* lymphocytes (Figure
1D) [16,17]. The proportions of these transitional B cells were nearly equal in adults 30.9 + 3.7 % and
neonates (27.9 £ 5.7 %; p = 0.3527) (Figure 3C). In juveniles the frequencies of transitional B cells were
significantly lower (9.0 + 1.0 %; neonates vs juveniles p <0.001; juveniles vs adults p <0.001). Memory
cells can be subdivided in class-switched memory B cells, defined as CD19*CD27-IgM'IgD- B cells,
IgM memory B cells, described as CD19*CD27:IgM*IgD- B cells and CD19*CD27*IgM*IgD* marginal
zone B cells (Figure 1E). We found significantly higher class-switched memory B cells, [gM memory
B cells and marginal zone B cells in peripheral blood of juveniles (6.4 + 1.0 %; 1.4 £ 0.2 %; 7.1 £ 0.8 %)
and adults (14.1 £ 2.0 %; 1.7 £ 0.3 %; 10.7 £ 1.4 %) than in cord blood of neonates (2.5 + 0.4 %; 0.2 + 0.1
%; 0.5 = 0.1 %) (each p = 0.002 or lower) (Figure 3D-F). These results show that the frequency of the
class-switched memory B cells, IgM memory B cells and marginal zone B cells increases with age.
Further population that develops from activated B cells are plasmablasts (CD19*CD27-IgM-CD38+)
(Figure 1F). The proportions of CD19*CD27+IgM-CD38+B cells are significantly larger in peripheral
blood of adults (1.4 £ 0.3 %) compared to cord blood of neonates (0.5 + 0.2 %; p = 0.02) (Figure 3G).
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Figure 1. Gating strategy and B cells subpopulations frequency. (A) SSC vs FSC density plot. (B) B
cells: CD19* (C), immature B cells (CD19*CD27-IgMIgD-), naive B cells (CD19*CD27-IgM*IgD*), (D)
transitional B cells (CD19*CD27- IgM*CD38*), (E) marginal zone B cells (CD19*CD27:IgM*IgD), IgM
memory B cells (CD19*CD27- IgM*IgD-), class-switched memory B cells (CD19*CD27IgM-IgD"), (F)
plasmablasts (CD19*CD27-1gM-CD38*).

2.2. B1 cells in cord blood and peripheral blood of adults

B1 cells, also known as pre-naive B cells, represent an intermediate stage between the transitional
and naive B cells. In humans, B1 cells are CD20*, CD27+, CD43* and CD69- [13] and are given as a
percentage of the number of CD20* cells (Figure 2). The frequencies of CD20+CD27-CD43+CD69- B1
cells did not significantly differ between both groups analyzed (neonates 1.8 + 0.3 %; adults 2.7 £ 0.4
%, p =0.12) (Figure 3H).


https://doi.org/10.20944/preprints202306.0989.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2023 d0i:10.20944/preprints202306.0989.v1

A I.ﬂK—-

800 =

Q
7]
o w0
200 =~
0
Ea—
0’ w0?
C D =
200
150
[}
£ £
o g 100
» ] |
50 B1 cells
0

Figure 2. Gating strategy and B1 cell frequency. (A) SSC vs FSC density plot. (B) Lymphocytes were
gated to CD43 vs CD69 plot, (C) histogram of CD43*CD69- cells vs CD27, (D) histogram of
CD43+*CD69-CD27* vs CD20 to identify B1 cells (CD20*CD27*CD43*CD69).
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Figure 3. Quantification of lymphocyte subpopulations in cord blood, juveniles and adults. Immature
B cells (A), naive B cells (B), transitional B cells (C), marginal zone B cells (D), IgM memory B cells
(E), class switched memory B cells (F) and plasmablasts (G) values refer to percentage of CD19* cells,
B1 cells (H) values refer to percentage of CD20* cells. The frequency of immature B cells (A) as well
as B1 cells (H) does not differ between neonatal cord blood and non-neonatal peripheral blood. Naive

B cells (B) are more prominent in cord blood and decreases with age. The frequency of the transitional

B cells (C) decreases from the cord blood to the children and increases again in the adults. However,
the percentage of class-switched and IgM memory B cells (D, E), marginal zone B cells (F), and
plasmablasts (G) increases with age. (mean shown as blue lines, SEM shown as black bars).

3. Discussion
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We provide reference values for eight B lymphocyte subpopulations, including B1 cells, in cord
blood of healthy mature newborns. The human B1 cell population, which appears to be subject to
changes during ontogeny, has been re-defined by flow cytometric and functional analyses [18-22].

Our results show significant changes in relative counts of B cell subpopulations in cord blood
compared to juveniles and adult peripheral blood. Age-dependent accumulation of immune
experience resulting from contact with foreign antigens leads to a gradual shift from naive to mature
B cells. Meanwhile the total number of B lymphocytes gradually decreases with age along with their
increasing ability to respond to foreign antigens [15]. B cell subpopulations are defined by
characteristic expression patterns of surface antigens, cytokines and master transcription factors. We
found that the proportion of immature B cells, defined as CD19*CD27-IgM-IgD-, is similar in
newborns, juveniles and adults. The immature cells enter the spleen, lymph nodes, or other lymphoid
tissues. There they mature into long-lived, adult naive B cells [16,23,24]. Naive B cells continue to
express IgD at the surface, but they do not yet display CD27 expression, which is induced by antigen-
receptor activation in B cells. In umbilical cord blood of newborns, naive B cells (CD19+CD27-
IgM*IgD+) represent 93 % of the total population of CD19- cells and thus the frequency is 25 % higher
than in the peripheral blood of adults. This means the population of naive B cells decreases with age,
with the relative counts for the population under study higher than described previously. Piatosa et
al. showed that naive CD19*CD27-IgD* cells increase during the first year of life and gradually
decrease during the following few years, reaching plateau in children aged between 5 and 10 years
[15]. In order to propose a convenient flow cytometric approach, we decided to use CD19, CD38 and
IgM expression to delineation of B cells. The population of transitional B cells defined by CD19+CD27
IgM*CD38* phenotype [19-21,25] represent an intermediate stage between the immature B cells of
bone marrow and mature B cells of the periphery [23]. We found similar frequencies of transitional
B cells in neonates and adults, whereas a decline with age has been reported previously [15,43]. Our
data show that cells with CD19+*CD27-1gM*CD38* phenotype decreases from cord blood to infants but
increases again in adulthood. The mature naive B cells differentiate into memory and plasma cells
[29]. CD19-CD27*IgM*IgD- memory B cells were virtually absent in cord blood, most likely reflecting
the lack of exposure to extrauterine antigens in comparison to adults where this cell population
represents about 15 % of all CD19* B lymphocytes [10,15,26,27]. The population of
CD19+*CD27:IgM*IgG* marginal zone B lymphocytes is small in cord blood accumulates in peripheral
blood once the marginal zone develops during the first two years of life [28]. The proportion of
CD27+CD38* plasmablasts did significantly differ between cord blood, juveniles and adult blood and
almost exceeded 5 % of total B cells [14].

Bl cells stand apart from the conventional B cell subpopulations and can be classified as
elements of the innate immune system since they constitutively and spontaneously secrete ,natural”
IgM antibodies [8,29]. B1 cells differ from conventional B cells by their surface phenotype, function,
localization and ontogenesis [30,31]. The identity and even existence of human B1 cells was under
debate because of the absence of known surface markers for this population. B1 cells were described
first in mice as CD5* B cells, now known as Bla cells. Human B1 cells were initially defined as
CD19+*CD5* [8,32,33]. However, in humans CD5* is expressed on several other human B cell
subpopulations, including pre-naive, transitional, and activated B cells [20]. Inspired by Griffin et al.,
who re-defined human B1 cells according to morphological and functional studies, we defined B1
cells as CD20*CD27+CD43+*CD69- [13]. CD20 was used as B cell marker because it is lost during mature
B cell differentiation [34], unlike CD19, and this assured that immunoglobulin-secreting plasmablasts
and plasma cells are excluded. So far, it appears that no other B cells beyond B1 cells constitutively
express CD43, even though naive and memory B cells do so after activation. However, CD43-
expressing activated naive and memory B cells express CD69 and CD70, whereas CD43—expressing
B1 cells do not [13]. Previous studies have shown, that the frequency of human B1 cells decreases
with age [13,35,36] while the frequency of murine Bl cells increases with age [37]. In our study, we
found a slight increase in B1 cells from neonatal cord blood in comparison to adults, but this
difference did not reach statistical significance. Neonates as well as adults have a population size of
about 1 - 3 % of CD20* B cells. Griffin et al. described a variation in the frequency of circulating B1
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cells with a range from less than 1 % to more than 9 % and an age-dependent trend of the B1 cells as
well [38]. Recent studies revealed that CD20*CD27+CD43* D70- B1 cells are closely related to
plasmablasts and pre-plasmablasts according to their gene expression profiles and functional
characteristics [39,40]. These CD20+CD27+CD43+CD70- cells were later found to include CD20+CD38h
precursors for plasmablasts and pre-plasmablasts [41]. Consequently, CD20*CD27+CD43+CD38l/int js
currently regarded as a more rigorous and refined phenotype of human B1 cells. Prabhu et al. defined
B1 cells as CD19*CD20¢brishtCD384uwiCD27+*CD43* and found, in line with our data, an increase in B1
cells from neonatal cord blood in comparison to adults [42]. For these reasons, it is necessary in the
future to compare the effects of all these definitions currently available for B1 cells on their quantity
in the same samples in order to be able to evaluate the results in a disease-associated or
immunologically regulated context.

In conclusion, we found that B cell subpopulations differ considerably between cord blood,
juveniles and adult blood. These changes most likely represent an overlap between developmental
maturation and the establishment of an adaptive immunological memory. A limitation of the study
is the low sample size and the scarce number of markers used to phenotype the B cells. In addition,
we must consider the peripheral compartment might differ from the real quantity of B cells, e.g.
plasmablasts tend to localize in the bone marrow. There are only few studies about different B cell
subsets in cord blood of newborn. Hence, the strength of our study is the consideration of cord blood
as a link between intrauterine and extrauterine development.

4. Materials and Methods

4.1. Patient samples

Blood samples were collected from umbilical cord blood of term neonates (range 37-42 weeks
gestation), from peripheral blood of healthy juveniles (mean 4 years, range 1-17 years) and adult
donors (mean 37.5 years, range 24-62 years) without infectious, immunologic, hematologic, or other
chronical disease or treatment of any kind, which could affect the immune system. Umbilical cord
blood was collected in vacutainer tubes containing ethylenediaminetetraacetic acid (EDTA) by
venipuncture from healthy neonate cords immediately following uncomplicated delivery. Adult and
juveniles peripheral blood samples were obtained in EDTA. All subjects were Caucasians. The study
was conducted in accordance with the guidelines of the World Medical Association's Declaration of
Helsinki. The Institutional Review Boards of the Philipps-University Marburg approved the study
protocol. The written informed consent of parents and adult donors was obtained.

4.2. Cell isolation and B cell enrichment

For cell isolation, we used 8-10 ml of blood. Erythrocytes were lysed and peripheral blood
mononuclear cells (PBMCs) or cord blood mononuclear cells (CBMC) were isolated by Ficoll-
Hypaque gradient (PAA, Linz, Austria). 1 x 107 untouched B cells were enriched by negative selection
using Magnetic Bead-Activated Cell Sorting (MACS) with B cell (B-CLL) isolation kit (MiltenyiBiotec,
Bergisch Gladbach, Germany) according to the manufacturer's instructions.

4.3. Flow cytometry

To quantify the B lymphocyte subsets, they were labelled according to Supplemental Table S1
with anti-CD19 (PE/APC), anti-CD20-FITC, anti-CD27 (FITC/PE/PerCP), anti-CD38 (APC), anti-
CD43 (APC), anti-CD69 (PE), anti-IgD (FITC) (all from BD Biosciences, Heidelberg, Germany) and
anti-IgM (PerCP) (BioLegend, Fell, Germany). All staining steps were performed in CellWASH buffer
(BD Biosciences, Heidelberg, Germany). Cells were stained using a master mix of antibodies to
maintain consistency among the samples.

Flow cytometry was directly performed on a four-colour FACS Calibur flow cytometer (BD
Biosciences, Heidelberg, Germany) using Summit 4.3 software (Beckman Coulter, Krefeld, Germany).
Cells were gated into a physical lymphocyte gate in the forward scatter/side scatter plot. Gates were
preset and the measurements were performed blinded for sample identity.
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4.4. Statistical Analysis

Statistical analyses were performed using Prism 9.5 (GraphPad Software, La Jolla, California)
and SPSS (Chicago, USA). Normal distribution was analyzed using Shapiro-Wilk-test. Data with
normal distribution were tested for group differences using either the two-tailed unpaired t-test or
the ordinary one-way ANOVA test followed by Holm-Sidak's multiple comparisons post-test. For
non-normally distributed data, Kruskal-Wallis test followed by Dunn’s multiple comparisons post-
test was used. Differences with p-values of p < 0.05 were deemed significant. Means are given with
standard error (SEM, Table 1).

Table 1. B cell populations in cord blood, juveniles and adult venous blood. Immature B cells, naive
B cells, transitional B cells, marginal zone B cells, IgM memory B cells, class switched memory B cells
and plasmablasts values refer to percentage of CD19+ cells, B1 cells values refer to percentage of CD20*

cells.
Lymphocyte subset Neonates Juveniles Adults
(Cord blood) (Peripheral blood) (Peripheral blood)

immature B cells 1.4+0.3 % 1.7+£0.3% 2.3+0.3%
naive B cells 932+1.2 % 80.8+1.8 % 69.1+3.4 %
transitional B cells 27.9+57 % 9.0+1.0 % 309+3.7 %
marginal zone B cells 25+04 % 71+0.8% 10.7+1.4 %
IgM memory B cells 02+0.1% 14+02 % 1.7+0.3 %
class switched memory B cells 05+0.1% 64+1.0% 141+£2.0%
plasmablasts 05+02% 0.7+£0.1% 14+03 %
B1 cells (% of CD20+ cells) 1.8+0.3 % - 27+04 %

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: title; Table S2: title.
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