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In vitro differentiation of common lymphoid ==
progenitor cells into B cell using stromal cell
free culture system
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Abstract

The OP9 culture system is an important in vitro model for B cell development. However, the complex nature of
operations and the intrinsic variability of stromal cell functionality, which can be influenced by factors such as
radiation exposure or contamination, pose considerable challenges to their wider application. Currently, there
exists a paucity of studies documenting in vitro B cell differentiation culture systems that exclude stromal cells,
and the experimental methodologies available for reference remain limited. This report elucidates a robust stromal
cell-free culture system. Specifically, bovine serum albumin (BSA) or fetal bovine serum (FBS), in conjunction with
interleukin-7 (IL-7), Flt3 ligand (FIt3L), and stem cell factor (SCF), were incorporated into X-VIVO15 medium. This
system proficiently facilitates the directed differentiation of common lymphoid progenitor cells (CLP), defined as
lineage-CD127 +CD117'%%sca-1"“CD135+, into B lymphocytes in vitro, achieving an amplification factor of up to
one hundredfold.

We examined the roles of IL-7, FIt3L and SCF in differentiation of B cells from CLP in this culture system. Our
findings indicate that IL-7 is a pivotal cytokine essential for B cell differentiation in vitro, demonstrating a notable
synergistic impact when combined with SCF and FLT3L. Moreover, this system is capable of supporting the
differentiation of hematopoietic stem cells (HSCs) and lymphoid-primed multipotent progenitor cells (LMPPs) into B
cells in vitro. The findings substantiated the efficacy of the culture system in investigating the in vitro differentiation
of bone marrow-derived progenitor cells into B cells and elucidated the specific roles of BSA, FBS and three
cytokines (IL-7, FLT3L and SCF) in promoting efficient B lineage differentiation.
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Introduction

B lymphocytes are integral to the immune system, engag-
ing in the immune response through the synthesis of
immunoglobulins and modulating this response by
releasing cytokines. B cells are derived from pluripotent
HSCs in fetal liver and bone marrow (BM) after birth.
The BM contains all stages of B cells from early stage
CLP cells to mature B cells. CLP cells are precursors with
the capacity for lymphoid lineage specification, capable
of differentiating into T lymphocytes, B lymphocytes,
natural killer (NK) cells, dendritic cells (DC), and innate
lymphoid cells (ILC) [1, 2]. B cell development is a highly
regulated process that has been thoroughly investigated
and characterized over the past decades. The genera-
tion of B-cells is contingent upon the intricate interac-
tions between cellular and molecular networks involving
hematopoietic stem cells and their specialized microenvi-
ronment. Within this microenvironment, hematopoietic
stem cells undergo differentiation into common lym-
phoid progenitor cells, which then further mature into
B-cells. During their developmental trajectory, B-cells
can be classified into four distinct subsets, determined
by the unique expression profiles of specific cell surface
markers. These subsets are identified as components A
(pre-pro B cells), B/C (pro B cells), and D (pre B cells).
Immature B cells originate from a specialized subset of
D cells that migrate from the bone marrow to the spleen,
where they undergo peripheral maturation and subse-
quently differentiate into mature B cells and immuno-
globulin-secreting plasma cells [3, 4, 5, 6].Elucidating the
mechanisms that govern the ontogeny of B cells within
the bone marrow is crucial for comprehensively under-
standing the immune system’s functionality and its per-
turbations in various pathological conditions.

The development of an in vitro culture system that
promotes the differentiation of CLP into B lymphocytes
enhances the investigation of B cell ontogeny. OP9 stro-
mal cells, sourced from murine bone marrow, are integral
to this system. The co-culture of OP9 stromal cells with B
cell progenitors effectively replicates the in vivo microen-
vironment essential for B cell maturation. This arrange-
ment provides crucial cell-cell interactions and signaling
molecules that are indispensable for the differentiation
and maturation of B cells in vitro, thereby serving as a sig-
nificant experimental platform for exploring the mecha-
nisms governing B cell differentiation, development, and
their functional attributes [7, 8, 9, 10]. Research has dem-
onstrated that SCF, stromal cell-derived factor 1 (SDF-1),
FIt3L, and IL-7 are essential mediators that promote the
differentiation of HSCs into B lymphocytes within the
bone marrow and support their longevity. These cyto-
kines are produced by various cell types in the hemato-
poietic microenvironment, including osteoblasts [11, 12],
CXC-chemokine ligand 12 high (CXCL12hi) reticular
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cells [13], and endothelial cells [14]. Moreover, OP9 stro-
mal cells have been shown to facilitate the in vitro dif-
ferentiation of B lymphocytes from embryonic stem cells
without requiring external cytokine stimulation [15, 16].
Additionally, these stromal cells can also promote B lym-
phocyte differentiation from pluripotent stem cells in
vitro; however, the efficiency of generating IgM + B cells
remains relatively suboptimal [17, 18].

Nonetheless, the OP9-derived in vitro system for B cell
differentiation and maturation exhibits multiple con-
straints: (1) Limitations of cellular origin and species:
The OP9 cell line, which is derived from murine bone
marrow, may not be ideal for examining the differentia-
tion and development of human B cells. (2) Stromal cells
demonstrate rapid proliferation, requiring irradiation and
frequent replenishment, which complicates operational
procedures. The process of irradiation can modify the
supportive characteristics of lymphocyte development
within stromal cell lines. Additionally, the optimal irra-
diation dosage necessary to achieve growth suppression
without inducing cell mortality in stromal cells may dif-
fer from the conditions that result in alterations of their
functional state [19]. (3) A multitude of investigations has
established that the incidence of mycoplasma contami-
nation in cell lines generally falls between 15% and 35%,
with certain reports indicating rates soaring to 65—80%
[20, 21, 22]. Such contamination can induce modifica-
tions in chromosomal abnormalities, metabolic pro-
cesses, and cellular growth behavior, thereby jeopardizing
the integrity and precision of experimental findings [23].
(4) Fetal bovine serum (FBS) is a commonly utilized ele-
ment in cellular culture protocols; however, it incurs sig-
nificant costs. Furthermore, discrepancies exist among
various batches and brands of FBS, potentially leading
to experimental inconsistencies. The possibility of con-
tamination with toxins or viruses also poses a risk that
could adversely affect the reproducibility and uniformity
of research outcomes [24, 25]. These constraints may, to
a certain degree, compromise the validity of conclusions
derived from investigations into B-cell differentiation and
development [26].

X-VIVO15 is a chemically defined, serum-free culture
medium that contains pharmaceutical-grade human
albumin, recombinant human insulin, and pasteurized
human transferrin, thereby establishing a comprehen-
sive and nutritionally balanced environment for cell cul-
ture applications. It has been employed to facilitate the
proliferation of T cells [27], DC [28], and NK [29]. None-
theless, research on its efficacy in promoting the differ-
entiation of bone marrow HSC and CLP into B cells is
scarce [30, 31], with existing publications lacking thor-
ough experimental protocols.

Here in we report a more efficient and stable stromal-
free cell culture methodology that successfully facilitates
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the differentiation of bone marrow CLP into B lympho-
cytes. We offer a detailed experimental protocol and
conduct a thorough analysis of the impacts of various
cytokines, as well as different concentrations of serum or
BSA, on B cell differentiation within this culture system.
This research aims to provide a comprehensive reference
for experimental approaches pertaining to B cell differen-
tiation and maturation.

Results

X-VIVO15 is superior to other culture medium in
supporting B cell development in stromal cell-free and
serum-free culture system

Initially, drawing upon pertinent research regarding
in vitro B cell culture [7, 9, 30, 32, 33], we performed a
comparative evaluation of the differentiation poten-
tial of CLP into B lymphocytes across several cul-
ture media, namely X-VIVO15, RPMI-1640, IMDM,
DMEM, and a-MEM. This assessment was conducted
in the absence of OP9 stromal cells and serum supple-
mentation. We purified bone marrow CLP, identified as
lineage-CD127 + CD117°%sca-1°"CD135+, from male
C57BL/6] mice aged 6 to 8 weeks through flow cyto-
metric sorting (Fig. 1A). A total of 1000 CLP were dis-
pensed into each well of a 96-well plate. Following this,
various media [30, 31] supplemented with 1% BSA and
a range of cytokines, including IL-7, FLT3L, and SCE,
were introduced. On the seventh day, we noted a distinct
aggregation of cells within the X-VIVO15 culture wells,
while only a sparse population of cells was observed in
the RPMI-1640, IMDM, DMEM, and a-MEM culture
wells (Fig. 1B a-e). The X-VIVO15 medium facilitated
an approximate 100-fold increase in total cell count over
the week, culminating in the differentiation of roughly
4x 1074 CD19+B220+cells. Conversely, the alternative
culture systems demonstrated negligible B cell produc-
tion (Fig. 1C). These findings suggest that B cell genera-
tion is markedly diminished under culture conditions
lacking OP9 stromal cells and serum. Thus, X-VIVO15
medium emerges as a potent system for promoting B cell
differentiation in vitro.

BSA can act as an alternative to FBS in supporting B cell
development in a stromal cell-free medium in vitro
Subsequently, we assessed the ability of CLP to undergo
differentiation into B lymphocytes within an X-VIVO15
culture system, supplemented with 1% BSA or vary-
ing concentrations of FBS (1%, 5%, 10%, and 20%), while
excluding OP9 stromal cells. Microscopic analysis dem-
onstrated the formation of substantial cellular aggregates
across all experimental groups, revealing only minor
variations among them (Fig. 2Aa-e). Flow cytometric
analysis revealed that the total cell yield from the 1% BSA
X-VIVO15 culture system, along with the enumeration
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of CD19+B220+cells, was marginally elevated com-
pared to that of the 1% FBS X-VIVO15 culture system.
Nevertheless, no statistically significant differences were
identified between the two culture conditions. Further-
more, an increase in FBS concentration correlated with
a marked enhancement in both the overall cell yield and
the population of CD19+B220+cells. Nevertheless,
upon reaching a FBS concentration of 20%, there was a
notable reduction in both the total cell number and the
CD19+B220 +cell count (Fig. 2B). These findings sug-
gest that within the X-VIVO15 culture system, which
lacks OP9 stromal cells, 1% BSA can serve as an effec-
tive alternative to an equivalent concentration of FBS for
promoting the in vitro differentiation of CLP into B lym-
phocytes. Furthermore, an increase in FBS concentration
correlated with a marked enhancement in both the over-
all cell yield and the population of CD19+B220 + cells.
Nevertheless, upon reaching a FBS concentration of
20%, there was a notable reduction in both the total cell
number and the CD19 + B220 + cell count (Fig. 2B). These
findings suggest that within the X-VIVO15 culture sys-
tem, which lacks OP9 stromal cells, 1% BSA can serve as
an effective alternative to an equivalent concentration of
EBS for promoting the in vitro differentiation of CLP into
B lymphocytes.

IL-7 is indispensable to the differentiation of CLP into B
cells in stromal cell-free medium in vitro

Building upon the stromal cell-free X-VIVO15 culture
system, we conducted an in-depth investigation into the
impact of administering Flt 3 L in isolation, along with
IL-7 or SCE, as well as various cytokine combinations, on
the maturation of B cells (Fig. 3A-C). On day 7, the cell
clusters in presence of IL-7 alone (20 ng/mL) is detect-
able via microscopy, indicating that the B cells derived
from CLP differentiation are present in quantities five
times greater than those of the initial progenitor cells.
Conversely, the administration of SCF alone (40 ng/mL),
FLT3L (100 ng/mL), or a combination of SCF and FLT3L
results in the formation of only minimal cell aggregates
when examined microscopically, akin to the findings
observed in the PBS control group. The co-administra-
tion of FIt3L or SCF with IL-7 elicited a significant syn-
ergistic enhancement in cellular proliferation, with FIt3L
exhibiting a more pronounced synergistic effect. The tri-
adic combination of these factors led to the emergence
of the most substantial cell aggregates (Fig. 3A). Consis-
tently, absolute cell counts demonstrated that CLP cul-
tured with either FIt3L or SCF in conjunction with IL-7
generated 15 to 20 times the quantity of B cells com-
pared to the initial progenitor population. Moreover, the
synergistic application of all three cytokines led to an
extraordinary enhancement, resulting in a production of
B cells that was 100-fold greater than that of the original
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Fig. 1 Expansion of in vitro CLP cells in X-VIVO15, RPMI-1640, IMDM, a-MEM and DMEM on day 7. (A) Gating strategy for the isolation of CLP (Lineage-
CD127+CD117"" Sca-1'°" CD135+) from bone marrow on the MoFlo Astri os EQ. (B) Morphology of in vitro mouse CLP in 5 medium systems on day 7.
B scale bars indicate 750 pum. (C) The total numbers of cells and CD19+B220+ cells obtained in the 5 medium systems on day 7. The percentage means
the cell frequency of CD19+B220+ cells among total cells. **P<0.01. ***P<0.001

progenitor (Fig. 3C). Flow cytometric analysis revealed
that IL-7 was sufficient to enhance the viability and dif-
ferentiation of CLP cells, with CD19+B220 + cells aris-
ing from this differentiation constituting roughly 50% of
the total viable cell population. Moreover, the absolute
count and proportion of CD19+B220 + cells produced
by the synergistic combination of SCF, FIt-3 L, and IL-7
were markedly elevated compared to those yielded by
IL-7 alone or when combined with either SCF or Flt-3 L

(Fig. 3B-C). In summary, the findings indicate that IL-7
plays a critical role in the in vitro maturation of CLP
into fully developed B cells within the X-VIVO15 culture
environment, independent of OP9 stromal cell support.
Additionally, both SCF and Flt-3 L exhibit a synergistic
effect that significantly promotes the differentiation and
proliferation of CLP into B cells. Importantly, the optimal
outcomes are achieved through the combined application
of these three factors, corroborating previous studies.
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Fig. 2 Expansion of in vitro CLP cells in X-VIVO15 system containing different concentrations of FBS and BSA on day 7. (A) Morphology of in vitro mouse
CLP in 1%BSA X-VIVO15, 19%FBS X-VIVO15, 5%FBS X-VIVO15, 10%FBS X-VIVO15 and 20%FBS X-VIVO15 on day 7. B scale bars indicate 750 um. (B) The total
numbers of cells and CD19+B220+ cells obtained in the 5 medium systems on day 7. The percentage means the cell frequency of CD19+B220+ cells

among total cells. *P<0.05. **P<0.01. ***P<0.001

Dynamically analyzed B cell differentiation in vitro stromal

cell-free culture system

We performed a comprehensive analysis of B cell in
vitro differentiation utilizing the X-VIVO15 culture sys-
tem, which is supplemented with 1% BSA, IL-7, SCF,
and FLT3L. We assessed the cellular growth within each
pore at days 0, 3, 5, and 7 utilizing a light microscope
(Fig. 4A). In parallel, we performed flow cytometric anal-
ysis of the cultured cells on these corresponding days,
employing antibodies that target B220, CD19, CD43,
and IgM. The cell populations were classified as follows:
Pre-B cells (B220+CD19+CD43- IgM-), Pro-B cells
(B220+CD19 + CD43 + IgM-), Immature B cells (B220'"°
CD19+IgM +CD43-), and Mature B cells (B220 Meh
CD19 +IgM + CD43-) (Fig. 4C- D). Additionally, Fig. 4B
provides flow gating diagrams that delineate the various
stages of B cell differentiation. The findings revealed that
on day 0, the generation of stage B cells was minimal.
By day 3, around 50% of the viable cell population had
matured into CD19 +B220 + cells, primarily consisting of
Pro-B cells. By day 5, more than 90% of the viable cells
had progressed to CD19 +B220 + cells, with a significant
increase noted in the CD19 + B220 + IgM + cell subset. By
day 7, the cumulative cell count in the culture exceeded
100,000. The proportion of CD19 + B220 + cells within the
viable population remained relatively consistent when

compared to day 5; however, there was a pronounced
increase in the absolute cell numbers. Importantly, the
quantity of IgM+CD19+B220+cells saw a significant
rise, representing 13% of the overall cell population and
18% of the viable cells. Additionally, both the absolute
values and frequencies of these four cell subsets demon-
strated substantial increases (Fig. 4D). The results sug-
gest that this culture system proficiently replicates the
differentiation pathway of bone marrow-derived B cells.
Therefore, it presents a robust alternative for examining
the influence of various parameters on the differentiation
and maturation of B cells.

Stromal cell-free culture system also supported the
development of HSC and LMPP into B cells

To evaluate the effectiveness of the stromal cell-free
X-VIVO15 system in facilitating the in vitro dif-
ferentiation of early hematopoietic precursor cells
into B lymphocytes, we isolated HSCs (Lineage-
CD117 + Sca-1+CD150 + CD135-) using flow cytometric
techniques. LMPPs (Lineage-CD117 +scal-1+CD150-
CD135+) and CLP were each seeded with 1000 stem
progenitor cells in individual wells of a 96-well plate
containing a 1% BSA X-VIVO15 culture medium. The
subsequent differentiation capacity of these cell popu-
lations into B cells was then evaluated. Figure 5A and B
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Fig. 3 Comparison of B-cell production from CLP in the presence or absence of the indicated cytokines(s) supplementation. (A) Microscopic observa-
tion of B lymphopoiesis of CLP in vitro. (B) Flow cytometry analysis of in vitro B lymphopoiesis in culture (Gated on live cells). The total cells derived
from culture in the absence of cytokine supplementation (PBS), IL-7 and FLT3L or SCF, FLT3L and SCF, IL-7, FLT3L and SCF for 7 d were analyzed via flow
cytometry with antibodies against B220, CD19. (C) The total cells were analyzed by flow cytometry in the media. The absolute number and percentage
of B220+CD19+ cells under the different culture media. NS, not significant. The percentage means the cell frequency of CD19+ B220+ cells among total

cells. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001

illustrate that differentiation from CLP leads to the gen-
eration of approximately 60% CD19 + cells relative to the
total cell population, with an almost negligible fraction
of CD11b +cells. In contrast, differentiation from LMPP
yields a lower proportion of CD19 + cells, approximately
40%, while producing about 8% CD11b + cells. The differ-
entiation from HSC results in an even smaller percent-
age of CD19 +cells, around 20%, with the CD11b + cell
proportion being approximately 22%. Importantly, the
absolute count of CD19 +cells derived from CLP is sig-
nificantly higher than that obtained from both HSC and
LMPP. Conversely, the absolute quantity of CD11b + cells
produced by LMPP exceeds that generated by both HSC
and CLP. The findings suggest that the culture system
employed for these acellular cells exhibits extensive util-
ity in the in vitro differentiation of diverse hematopoi-
etic progenitor cell lineages into lymphoid and myeloid
immune cell populations.

Discussion

The maturation of B lymphocytes within the bone mar-
row has been a central topic of investigation for an
extended period. The in vitro differentiation of CLP into
B cells is of paramount significance, as it not only deep-
ens our comprehension of the intrinsic mechanisms
governing the immune system but also presents novel
therapeutic avenues and targets for addressing immune-
mediated disorders.

Nevertheless, the in vitro differentiation of B lym-
phocytes utilizing common lymphoid progenitor (CLP)
methodologies continues to encounter several method-
ological hurdles. Firstly, the prevalence of CLP is exceed-
ingly low, estimated at approximately 0.02% of the total
bone marrow population [34]. Furthermore, a significant
proportion of existing studies has employed OP9 stromal
cells in conjunction with serum-supplemented media,
yielding CD19 +or B220+ B cells with frequencies rang-
ing from 6-60% [8, 35]. However, the expansion effi-
ciency of these B cell populations remains inconsistent,
potentially due to the inherent instability of the stromal
cells and serum or the specific formulation of the cul-
ture medium. The existing literature on B cell differen-
tiation in vitro in the absence of stromal cells is notably
limited. This includes culture media such as opti-MEM,
RPMI-1640 [32], and serum-free, stromal cell-free cul-
ture systems utilizing immobilized recombinant kit-L
[26]. However, the descriptions of these experiments

lack sufficient detail, which undermines experimental
reproducibility and scientific rigor, escalates research
costs, diminishes experimental efficiency, and has conse-
quently led to the underutilization of these methods. We
introduce a comprehensive, reproducible, and economi-
cally viable stromal cell-free 1% BSA X-VIVO15 in vitro
culture system that facilitates the differentiation of CLP
into B cells solely with the addition of IL-7. Moreover,
the application of a triad of cytokines enhances the sys-
tem’s capacity to efficiently generate CD19 +B220+and
IgM + CD19 + B220 + cells, which can be utilized in a
broad spectrum of investigations pertaining to B cell
differentiation.

FBS is widely utilized as a supplement in cell culture
due to its rich nutrient profile. Nevertheless, its applica-
tion presents several drawbacks, such as ethical dilem-
mas surrounding animal experimentation, potential
contamination risks, and substantial costs. Therefore, it
is crucial to explore viable alternatives to FBS. Research
has compared the impacts of FBS with those of human
serum albumin and BSA on cell cultures. Findings from
these investigations reveal that cell proliferation and
growth in various cell lines, including C2C12, are notably
enhanced, and the multipotency of mesenchymal stromal
cells is preserved when BSA is employed in the culture
medium. These observations indicate that BSA could
serve as a promising substitute for FBS in cell culture
applications [36, 37, 38]. This can be ascribed to the role
of BSA as both a stabilizer and a carrier that enhances cell
proliferation and viability, in addition to its capacity as an
antioxidant, which mitigates cellular stress and injury.
The X-VIVO15 medium is a serum-free formulation
meticulously crafted for the cultivation of lymphocytes
and primary cells. It facilitates the in vitro differentia-
tion of hematopoietic stem cells into B cells [30, 39] and
promotes the proliferation of T cells and dendritic cells
(DCs) [40, 41]. Our research demonstrates that the
X-VIVO15 culture medium can effectively replace stro-
mal cells, allowing for the in vitro differentiation of hema-
topoietic progenitor cells into B cells. X-VIVO15 contains
numerous additional nutrients compared to other types
of media, including: (1) L-glutamine, a key amino acid
in energy metabolism that supports lymphocyte prolif-
eration; (2) Recombinant insulin, which regulates cell
metabolism and promotes cell growth and survival; (3)
Recombinant transferrin, which binds and transports
iron ions to meet the iron metabolism requirements of
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Fig. 4 Serum-free and stromal cell-free culture of CLP cells ex vivo. (A) Microscopic observation of B lymphopoiesis of CLP in vitro. 1,000 sorted CLP were
cultured in stromal free and serum free conditions with 20 ng/ml IL-7.  100ng/mL FLT3L and 40ng/mL SCF for the indicated times; a, b, ¢, d demonstrated
the microscopic manifestations of CLP differentiation into B cells on day 0, day 3, day 5 and day 7, respectively; a, b scale bars indicate 150 um; ¢, d scale
bars indicate 750 um. (B) Diagram of B cell flow gating strategy. (C) In vitro B lymphopoiesis of CLP in the presence of IL-7, FLT3L and SCF. The develop-
ment of B-lineage cells was analyzed via flow cytometry with antibodies against B220, CD19, CD43 and IgM during cultured for 7 d. (D) The increase in
the number of total cell, CD19+B220+, CD19+B220+IgM+ cells and each cell population under culture. The percentage mean each cell accounted for

the total cell frequency. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001

cells; and (4) Pharmaceutical-grade albumin, which pro-
vides nutritional support while minimizing batch varia-
tion. We hypothesize that these components are crucial
for the development of CLP. Although these elements are
absent in other media, we suggest that OP9 stromal cells
may partially compensate for this deficiency. However,
factors such as batch variation and the condition of OP9
cells—affected by irradiation, digestion, and passage—
may impact their secretion ability. Furthermore, the
secretion levels of these factors may not fully satisfy the
requirements for CLP differentiation and proliferation,
resulting in significantly inferior outcomes compared to
the use of X-VIVO15 in this culture system.

In this cultural environment, we observed a differen-
tiated B cell population that was 100 times greater than
that of the initial progenitor cell cohort. The efficiency of
inducing CD19 +cells in this study was nearly 40 times
higher than that of previous induction using the OP9 free
system [7, 32], significantly surpassing earlier findings.
To date, no studies have systematically evaluated the
comparative efficacy of X-VIVO15 relative to other stan-
dard culture media in facilitating B cell differentiation
and maturation in vitro in the absence of OP9 stromal
cells. We postulate that B cells exhibit rapid proliferation
under in vitro conditions, and traditional media may be
insufficient for supporting extensive cellular expansion.
Consequently, the secreted factors from stromal cells
are critical for enhancing the synergistic proliferation of
B cells. We propose that X-VIVO15 can independently
substitute for stromal cells, thereby providing this nec-
essary synergistic effect. This methodology streamlines
experimental workflows, minimizes contamination risks,
and reduces variability linked to different preparations
of irradiated stromal cells. Considering the accessibility,
cost-efficiency, and safety profile of BSA, we have opted
for a culture system that integrates BSA with X-VIVO15.
Researchers have the option to select an appropriate
culture system utilizing BSA or to employ varying con-
centrations of FBS alongside X-VIVO15, enabling experi-
ments designed for specific parameters. For example, in
scenarios where an increased cell yield is necessary for
sequencing purposes or when examining variations in
signaling molecules related to B-cell differentiation path-
ways, a culture system consisting of 10% FBS in combina-
tion with X-VIVO15 can be utilized.

Cytokines are integral to the differentiation of hema-
topoietic progenitor cells into mature immune cells. Our

research has shown that that the absence of IL-7 leads
to the inability of CLP to successfully differentiate into
B cells. This finding underscores the central role of IL-7
in CLP differentiation. Furthermore, in the presence of
IL-7, both FIt3L and SCF significantly enhance CLP dif-
ferentiation. Therefore, we propose that these two fac-
tors act synergistically. The CD19 + B220 + cells identified
in the 1% BSA X-VIVO15 culture system on day 3 were
predominantly Pro-B and Pre-B cells, which persisted
through day 5. Notably, there was a substantial prolif-
eration of IgM + CD19 + B220 + cells during this interval.
By day 7, the proportion of IgM+CD19 +B220 + cells
reached approximately 18% of the total cell population,
representing a significant enhancement compared to
the sub-5% frequency documented in prior studies con-
cerning stromal cell-supported hematopoietic stem cell
generation of IgM +B cells [17, 18]. Moreover, although
SCF and FLT3L exhibit a synergistic effect, their ability
to facilitate B cell progenitor development is markedly
restricted when administered alone. Conversely, the com-
bination of these factors with IL-7 considerably augments
the differentiation potential of CLP into mature B cells.
This investigation systematically evaluates the impact of
three different cytokines—both singularly and in combi-
nation—on the differentiation of CLP into B cells within
the 1% BSA X-VIVO15 culture system in vitro, thereby
offering critical insights for future scholarly research.

Moreover, we conduct a comprehensive analysis of
the potential of the 1% BSA X-VIVOI15 culture system
for the exploration of differentiation pathways in vari-
ous bone marrow hematopoietic precursor cells, includ-
ing HSC and LMPP. Our findings reveal that both HSC
and LMPP are capable of differentiating into CD19+B
cells and CD11b + myeloid cells within this culture envi-
ronment. This observation indicates that these progeni-
tor populations exhibit multidirectional differentiation
potential, enabling concurrent maturation into lymphoid
and myeloid lineages, consistent with prior research.
In contrast, CLP demonstrate a limited differentiation
capacity, restricted solely to lymphoid lineage develop-
ment. This culture system effectively promotes the matu-
ration of diverse bone marrow hematopoietic precursors
into functional B cells, thereby serving as an exceptional
platform for elucidating the differentiation mechanisms
of hematopoietic precursors into B cells across various
developmental stages.
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Fig. 5 In vitro B lymphopoiesis of HSCs, LMPPs, CLP in the 1%BSA X-VIVO15 complete medium. (A)The development of B-lineage cells was analyzed
via flow cytometry with antibodies against CD11b and CD19 during cultured for 7 d. (B) The increase in the number of CD19+and CD11b+cells under
culture. The percentage mean each cell accounted for the total cell frequency. **P<0.01. ***P<0.001. ****P<0.0001

In summary, the culture system that employs BSA or
FBS in conjunction with X-VIVO15 operates indepen-
dently of stromal cells, providing a simplified and user-
centric methodology. This system proficiently promotes
the differentiation of HSCs, LMPPs, and CLP into B cells
across diverse developmental stages. These results sug-
gest that this culture system presents substantial prom-
ise for investigating the differentiation of precursor cells
into B cells at various stages within the bone marrow
microenvironment.

Materials and methods

Animals

Six-week-old C57BL/6] male mice (SPF (Beijing) Bio-
technology, China) were kept in specific pathogen-free
conditions with light/dark cycles of 12 h, 60% humidity,
23+3 C, and free access to water. The mice were eutha-
nized by cervical dislocation.

Chemicals, antibodies and analytical flow cytometry
Recombinant mouse stem cell factor (SCF), mouse FIt3
ligand (FIt3L) and mouse IL-7 were purchased from Cell
Signaling Technology (Danvers, MA, USA). BSA were
purchased from Sigma-Aldrich (St Louis, MO, USA).
Penicillin/Streptomycin, FBS, L-glutamine, IMDM,
a-MEM, RPMI 1640, DMEM was purchased from
GIBCO (Grand Island, NY, USA). X-VIVO15 was pur-
chased from Lonza Group Ltd.(Basel, Switzerland). BSA
and B-mercaptoethanol was purchased from Sigma-
Aldrich(St. Louis, MO, USA). Erythrocyte Lysate pur-
chased from BioSharp(Hefei, China).

Specific antibodies were purchased from the following
commercial sources: anti-mouse lineage markers(145-
2C11; RB6-8C5; RA3-6B2; Ter-119; M1/70;), anti-
B220(RA3-6B2), anti- CDI19(6D5), anti- CD43(S11),
anti- IgM(RMM-1), anti-Sca-1(D7), anti- CD117/c-kit
(2B8), anti-CD127/IL-7R(S18006K), anti- CD135(A2F10),
anti- CD4 (GK1.5), anti- CD8 (53-6.7), anti- CD44
(IM7), anti- CD25 (PC61), anti- CD45 (30-F11),
anti- CD150 ( TC15-12F12.2 ), anti-CD48(HM48-1)
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and Purified anti-mouse CD16/32(93) from BioLeg-
end (San Diego, CA, USA); anti-CD34(581) from BD
Pharmingen(San Diego, CA, USA); and FIXABLE VIA-
BILITY DYE EF780 (L/D) from Invitrogen(Carlsbad, CA,
USA). OP9DL1 was purchased from ATCC(Manassas,
VA, USA).

Analysis and cell sorting was done on an MoFlo Astrios
EQ (BD Biosciences) and CytoFLEX LX (BECKMAN
COULTER).

FACS staining and purification of bone marrow cells

Mice were euthanized through cervical dislocation and
subsequently immersed in 75% ethanol for a duration
of 5 min. The femur and tibia from the hind limbs were
then procured and stored in frozen phosphate-buffered
saline (PBS). Bone marrow cells were harvested using a
1 mL syringe, with washing performed until the femur
exhibited a white appearance. The freshly isolated ster-
ile bone marrow cells were treated with erythrocyte lysis
buffer, followed by the application of purified anti-mouse
CD16/32 antibodies to block non-specific binding.
Subsequently, the cells were stained with anti-CD117,
anti-CD127, anti-Lineage, anti-Sca-1, and anti-CD135
antibodies prior to analysis and sorting for CLP using a
MokFlo Astrios EQ flow cytometer.

In vitro B lymphopoiesis in stroma free culture system

For evaluation of B cell potential, 1,000 CLP were cul-
tured in round-bottom 96-well plates in 200pL 1%
BSA X-VIVO15 complete medium (containing 55 mM
B-mercaptoethanol, 0.5% Penicillin/Streptomycin, 1%
BSA buffer, 2mM L-glutamine). This medium was sup-
plemented with 20 ng/ml IL-7, 40 ng/ml SCF, and100 ng/
ml Flt-3 L.

Additionally, we performed a comparative analysis of
1% BSA X-VIVO15 complete medium against various
culture media, including DMEM, IMEM, RPMI-1640,
and o-MEM, to assess their effectiveness in support-
ing in vitro B cell culture. We also evaluated the perfor-
mance of 1% BSA X-VIVO15 complete medium against
X-VIVO15 medium supplemented with different concen-
trations of FBS (1%, 5%, 10%, and 20%) to compare their
abilities to culture B cells in vitro. CLP were cultured in
8 culture media as follows: DMEM plus 1% BSA, RPMI-
1640 plus 1% BSA, IMDM plus 1% BSA, a-MEM plus
1% BSA, X-VIVO15 plus 1% FBS, X-VIVO15 plus 5%
FBS, X-VIVO15 plus 10% FBS, X-VIVO15 plus 20% FBS.
These media contain the same variety of cytokines and
other additional ingredients as 1% BSA X-VIVO15 com-
plete medium. Cells were then maintained at 37 °C and
5% CO2 for over 7d.

The culture medium should be replaced with half of
its volume every 2 to 3 days. Cocultures were evaluated
by FACS staining with anti-CD19, anti-B220, anti-CD43,
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anti-IgM and L/D for B cell cultures at day 7. Sam-
ples were analyzed on an CytoFLEX LX (BECKMAN
COULTER).

Statistical analysis

All experiments were performed at least three times.
GraphPad Prism software version 10 (La Jolla, CA, USA)
was utilized for One-way ANOVA with subsequent Dun-
nett’s multiple comparison test to compare multiple
groups while two-tailed unpaired t-test was utilized for
two groups. The presented data represent the means +s.d.
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