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Abstract

Aim: B cells of the adaptive immunity are critical for protection against the vast majority of pathogens through the production of
specific antibodies. A number of signaling pathways and transcription factors control B cell development. Environmental factors,
including diet, are also important in determining how B cell develop and function. Here, the effects of hyperosmolality induced by
elevated salt on the survival, IL-7-induced proliferation and differentiation of pre-B cells were tested in vitro.

Material and Methods: The wk3 pre-B cell line generated from SLP65~/~ mice was used. Hyperosmolality in the cell culture medium
was created by increasing the salt concentration with the addition of 40 mM NaCl. Wk3 pre-B cells were cultured in standard (normal
NacCl) and high salt (+40 mM NaCl) medium, followed by flow cytometric analysis.

Results: It was found that hyperosmolality caused by high salt reduced survival and induced apoptosis in wk3 pre-B cells. In addition,
hyperosmolality inhibited IL-7-induced proliferation of pre-B cells. Conversely, pre-B cells treated with high salt were able to differentiate
normally into IgM* immature B cells when IL-7 was removed.

Conclusion: These findings suggest that the hyperosmolar microenvironment induced by high salt may play a key role in B cell

development in the bone marrow.
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INTRODUCTION

The development of B cells in the mammalian bone marrow
is a tightly regulated process controlled by multiple factors,
including transcription factors and signaling through the
cytokine receptors (1). At the pro-B cell stage, a functional
Igu heavy chain results from successful immunoglobulin
(Ig) heavy chain rearrangements (2). The assembly of Igu
with VpreB, lambda5, Iga and Ig leads to the formation
of a pre-BCR complex (3-6). Expression of the pre-BCR
is a hallmark of pre-B cell differentiation and serves as a
checkpoint (3-6). Functional pre-BCR expression initiates
interleukin  (IL)-7-dependent proliferation to increase
pre-B cell numbers (7). The cessation of proliferation leads
to the differentiation of large proliferating pre-B cells into
small pre-B cells, which initiates the rearrangement of the
Ig light chain gene (3-6). After successfully producing a
light chain, these cells express IgM and become immature
B cells (8).

CITATION

In addition to transcription factors and signaling pathways,
environmental factors such as diet are thought to play
critical roles in the immune system (9). The consumption
of table salt (sodium chloride, NaCl) has been increasing
in western societies. Salt consists approximately of 40%
sodium and 60% chloride, and is an important source
for these minerals. Sodium, in particular, is the most
abundant cation found in the human body and plays key
roles in human physiology. According to the World Health
Organization, a healthy individual should consume 5 grams
of salt per day. However, people consume much more salt
than recommended, which can lead to significant health
problems such as hypertension, stroke, cardiovascular
and kidney diseases (10). Due to the important biological
properties of sodium, low salt intake may also have
negative biological effects. Therefore, understanding the
positive or negative effects of low/excessive salt intake
on different biological systems is critical for public health.
This study investigated the effects of hyperosmolality
caused by elevated salt on pre-B cells in vitro.
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MATERIAL AND METHOD
Cell Culture

The cell culture and experimental procedures used in
this study were performed as previously described (11).
The wk3 cell line was originally generated from SLP65~/~
mice (12) and cultured in IMDM (Sigma) supplemented
with 7.5% premium FBS (Cegrogen), 1% L-Glutamine
(Sigma), 1% Penicillin-Streptomycin (Sigma) and 50 uM
2-Mercaptoethanol. Supernatant from IL-7-expressing
J558L cells was also added to the medium as an excess
source of IL-7 (12,13). For hyperosmolality, the medium
was supplemented with an extra 40 mM NaCl (Sigma) to
mimic the high salt environment (14-21).

Survival Assay

10° wk3 cells were cultured in standard salt (normal) and
high salt medium supplemented with excess IL-7 for 24, 48
and 72 h. The cells were then stained with an Apoptosis
Detection Kit (Cat: 640914, Biolegend) based on the
manufacturer’s instructions, followed by flow cytometric
analysis.

Carboxyfluorescein Succinimidyl Ester (CFSE) Labelling

For the detection of IL-7-dependent proliferation, 10°
wk3 cells were labelled with 10 uM CellTrace™ CFSE kit
(Invitrogen) in IL-7-free medium for 10 min at RT, followed
by three washes with the same medium (22). The cells
were then cultivated in standard salt (normal) and high salt
in medium with excess IL-7 for 48 and 72 h. A dead cell
marker (Cat: S34859, ThermoFisher) was then used for the
exclusion of dead cells from the analysis and the remainder
cells were tested for CFSE dilution by flow cytometry.

Differentiation Assay

5x10°% wk3 cells were cultivated in standard salt (normal)
and high salt medium without IL-7 for 48 and 72 h. The cells
were then labelled with a FITC-conjugated anti-mouse
Igk (Clone: RMK-45, Biolegend) and a PE-conjugated
anti-mouse IgM (Clone: eB121-15F9, ThermoFisher), and
stained at 4°C for 30 min. After the incubation period, the
cells were resuspended in PBS supplemented with 2% FBS
before their analysis on a flow cytometry.

Analysis on Flow Cytometry

An Attune Acoustic Focusing Cytometer (Applied
Biosystems) was used for the flow cytometric analysis and
FlowJo software (Tree Star) was used for data analysis.

Statistical Analysis

For statistical analysis of the two groups (normal and high
salt), Student’s t-test was used with the GraphPad Prism
5. When p<0.05, differences were considered significant.

RESULTS

Hyperosmolality induced by high salt diminishes pre-B
cell survival

In order to test whether hyperosmolality has any effect
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on pre-B cells, wk3 cells were used. These cells were
originated from SLP65~~ mice and are able to proliferate
indefinitely when IL-7 is present (12). However, in the
absence of IL-7, wk3 cells differentiate into immature B
cells (12). In this study, hyperosmolality was created in the
cell culture medium by increasing the NaCl concentration
with an additional 40 mM NaCl (high salt), as previously
reported (19-21,23). Wk3 cells were cultured in standard
and high salt medium with excess IL-7 for 24, 48 and 72 h.
The cells were labelled with Annexin-V and PI, and analyzed
for cell viability and the detection of apoptotic cells by flow
cytometry (Figure 1A). The analysis revealed a reduction
in the proportion of live (Annexin-V-PI") cells (Figure 1B)
and a rise in the proportion of dead (Annexin-V*PI*) cells
(Figure 1D) when wk3 cells were treated with an additional
40 mM salt for 24 h. Apoptosis and cell death were further
induced by high salt at 48 and 72 h, as evidenced by an
increase in the proportion of early apoptotic (Annexin-
V*PI") cells and dead (Annexin-V*PI*) cells (Figure 1C, D).
Concomitantly, there was a more pronounced reduction
in the percentage of live (Annexin-V-PI") cells when cells
were cultured in high NaCl medium for 48 and 72 h (Figure
1B). These results suggest that hyperosmolality caused by
high salt reduces survival and increases apoptosis in wk3
pre-B cells in vitro.
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Figure 1. High salt-induced hyperosmolality diminishes survival of wk3
cells. 10° wk3 cells were cultivated for 24, 48 and 72 h in IL-7 containing
medium supplemented with or without an extra 40 mM NaCl. Cells
were labelled with Annexin-V and PI for flow cytometric analysis. (A)
Representative flow cytometric plot showing the gating strategy for the
analysis of Annexin-V and Pl in cultured cells, pre-gated on singlets. The
graphs show % of (B) live cells (Annexin-V-PI), (C) early apoptotic cells
(Annexin-V*PI) and (D) late apoptotic/necrotic cells (Annexin-V*PI*)
presented as percent of control. Data are representative of at least three
independent experiments per group in triplicate. **p<0.01, ***p<0.001

Hyperosmolality Induced by High Salt Reduces IL-7-
Induced Pre-B Cell Proliferation

Given that treatment of wk3 cells with high salt resulted
in reduced survival, and that wk3 cells are capable
of IL-7-induced proliferation (12,13), the impact of
hyperosmolality on IL-7-induced pre-B cell proliferation
was next tested. To this end, wk3 cells were labelled
with CFSE and cultured in normal and high salt medium
for 48 and 72 h, followed by analysis (Figure 2A). The
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results demonstrated that wk3 cells treated with high
salt accumulated in cell division phases 2 and 3 after 48
h of incubation (Figure 2A, B). Conversely, the proportion
of proliferating cells in cell division phase 4 was reduced
when wk3 cells were cultured in high salt medium for 48
h (Figure 2A, B). Similarly, wk3 cells treated with high salt
had a rise in the percentage of proliferating cells in cell
division phases 1, 2 and 3 and a reduction in phases 4
and 5 after 72 h of incubation (Figure 2A, C). Collectively,
these findings indicate that hyperosmolality induced by
high salt in wk3 cells results in a compromised or delayed
in vitro response to IL-7.
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Figure 2. High salt-induced hyperosmolality reduces IL-7-induced wk3 cell
proliferation. 10° wk3 cells were labelled with 10uM CFSE and cultivated
for 48 and 72 h in IL-7 containing medium supplemented with or without
an extra 40 mM NaCl and analyzed for CFSE dilution. Doublets and dead
cells were excluded from the analysis using the dead cell marker. (A)
Representative histograms show CFSE dilution on live cells. The graphs
show the % of cells that have undergone cell division after (B) 48 h and (C)
72 h of incubation. Cells were gated as in (A). Data are representative of
at least three independent experiments per group in triplicate. **p<0.01,
***p<0.001, ****p<0.0001

Hyperosmolality Induced by High Salt has no Effect on the
Differentiation of Pre-B Cells

Loss of IL-7R signaling suppresses pre-B cell proliferation
and provokes the differentiation of pre-B cell into IgM* B
cells (12,13). In order to test whether hyperosmolality due
to elevated salt has any effect on pre-B cell differentiation,
wk3 cells were cultured in standard and high salt medium
for 48 and 72 h in the absence of IL-7, followed by their Igk
and IgM expression. The results demonstrated that the
percentage of Igk*lgM* cells in cells cultured in high salt
medium was comparable to those cultured in standard
medium after 48 h of incubation (Figure 3). In addition, wk3
cells cultured in high salt medium induced slightly more
Igk*lgM* immature B cells after 72 h than cells cultured in
medium with standard salt (Figure 3). These data indicate
that high salt-induced hyperosmolality has no effect on
wk3 cell differentiation into immature B cells when IL-7R
signaling was terminated in vitro.
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Figure 3. High salt-induced hyperosmolality has no effect on the
differentiation of wk3 cells after IL-7 deprivation. 5x10° wk3 cells were
cultured for 48 and 72 h in medium containing normal and high salt
without IL-7. Cells were labelled with Igk, IgM and Sytox Red, followed
by the flow cytometric analysis. An exclusion of doublets and dead cells
from the analysis using the dead cell marker was done. (A) Representative
flow cytometric plots of Igk and IgM analysis in cultured cells. (B) The
graph demonstrates % of Igk*IgM* immature B cells after 48 and 72 h
of incubation. Data are representative of at least three independent
experiments per group in triplicate. *p<0.05

DISCUSSION

It has long been recognized that there is an important link
between the immune system and environmental factors
such as diet (9). As salt is one of the most commonly
consumed nutrients, this study investigated the impacts
of high salt-induced hyperosmolality on pre-B cells in
vitro. The results demonstrated a reduction in wk3 cell
survival and proliferation caused by the hyperosmolar
environment.

Salt is an important source of the sodium and chloride that
our bodies need. Because sodium is particularly important
for human physiology, through its ability to control osmotic
balance and regulate the amount of extracellular fluid,
the optimal amount of salt should be consumed, which
is 5 grams per day for a healthy person. However, people
consume much more than the recommended amount
(24), which can cause significant health problems such
as hypertension, stroke, cardiovascular diseases and
kidney diseases (10). Recent studies have revealed that
there may be an important link between salt intake and
the immune system (25-27). In 2015, a study showed that
macrophages activated in high salt concentrations were
more effective against cutaneous Leishmania major than
macrophages activated in normal salt (28). Moreover,
high salt treatment increased type 1 interferon signaling
in macrophages and resistance to vesicle stomatitis
virus, and provided protection against vesicle stomatitis
virus in mice (29). The tumor growth was also inhibited
by high salt (23,30), and high salt prevents autoimmune
demyelination through regulation of the permeability of
the blood-brain barrier (31).

Despite these beneficial effects of high salt intake, studies
have reported that high sodium chloride intake triggers
autoimmune development by inducing pathogenic
T17 helper cells (TH17) (15,32). In addition, high salt
exacerbated central nervous system autoimmunity by
activating pro-inflammatory macrophages (33). Moreover,
dietary intake of high salt has also been shown to reduce
the antibacterial responses of neutrophils against
pyelonephritis (18), and to inhibit the suppressive capacity
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of regulatory T cells (17).

In B cells, hyperosmolality induced by high level of salt
inhibits the survival and LPS-dependent proliferation
of peripheral mature B cells isolated from mice (20).
Interestingly, hyperosmolality led to a rise in B activation
and the generation of more antibody-producing plasma
cells (20). Similarly, in this study high salt-induced
hyperosmolality also diminished the survival of wk3 cells
and induced apoptosis. In addition, wk3 cells showed an
impaired or delayed IL-7-induced proliferation. Taken
together, these data suggest that the hyperosmolar
environment created by elevated salt has a negative effect
on the survival and proliferation of pre-B cells as well as
LPS-stimulated mouse splenic mature B cells.

Salt has been suggested to control the development
and function of immune cells by modulating various
signaling pathways (25, 34). Hyperosmolality induced
by increased salt has been shown to increase the p38-
dependent NFATS response in peripheral B cells, T cells
and macrophages (15, 20, 28, 35). It is therefore possible
that increased salt may have similar mechanistic effects
in pre-B cells. Furthermore, since IL-7R signaling is
important for pre-B cell survival and proliferation (36, 37),
and hyperosmolality caused a block in IL-7-dependent
proliferation of wk3 cells, an alternative mechanism
responsible for the phenotype reported in this study would
be the effects of hyperosmolality induced by increased
salt on signaling through the IL-7R. It is plausible that salt
could affect IL-7R (IL-7Ra and yc) expression on the cell
surface, the phosphorylation of its downstream molecules
(such as JAK1, JAK3 and STATS5) and/or the transcription
factors regulated by IL-7R signaling. Future studies will
help to determine how high salt induced hyperosmolality
mechanistically regulates pre-B cell survival and
proliferation.

CONCLUSION

In conclusion, this study shows that hyperosmolality
induced by increased salt negatively affects pre-B cell
survival and proliferation in vitro. Elucidating the impacts
of a high salt diet on B cell biology may help to understand
the pathophysiology of B cell-related disorders, including
autoimmune diseases. As a limitation, it should be noted
that this in vitro study used a pre-B cell line derived from
SLP65-deficient mice.
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