
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Tae Jin Kim,
Sungkyunkwan University, Republic of Korea

REVIEWED BY

Sujin Lee,
Sungkyunkwan University, Republic of Korea
Kai Marius Till Sauerwein,
ARCHIMEDlife Medical Laboratory, Austria

*CORRESPONDENCE

Lu Yang

yanglu5266@126.com

Chaohong Liu

chaohongliu80@126.com

RECEIVED 04 July 2024
ACCEPTED 06 September 2024

PUBLISHED 09 October 2024

CITATION

Han Z, Benlagha K, Lee P, Park C-S, Filatov A,
Byazrova MG, Miller H, Yang L and Liu C
(2024) The function of serine/threonine-
specific protein kinases in B cells.
Front. Immunol. 15:1459527.
doi: 10.3389/fimmu.2024.1459527

COPYRIGHT

© 2024 Han, Benlagha, Lee, Park, Filatov,
Byazrova, Miller, Yang and Liu. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 09 October 2024

DOI 10.3389/fimmu.2024.1459527
The function of serine/
threonine-specific protein
kinases in B cells
Zhennan Han1, Kamel Benlagha2, Pamela Lee3, Chan-Sik Park4,
Alexander Filatov5, Maria G. Byazrova5, Heather Miller6,
Lu Yang1* and Chaohong Liu1*

1Department of Pathogen Biology, School of Basic Medicine, Tongji Medical College and State Key
Laboratory for Diagnosis and Treatment of Severe Zoonotic Infectious Diseases, Huazhong University
of Science and Technology, Wuhan, Hubei, China, 2Université de Paris, Institut de Recherche Saint-
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The serine/threonine-specific protein kinases (STKs) are important for cell

survival, proliferation, differentiation, and apoptosis. In B cells, these kinases

play indispensable roles in regulating important cellular functions. Multiple

studies on human and other animal cells have shown that multiple STKs are

involved in different stages of B cell development and antibody production.

However, how STKs affect B cell development and function is still not completely

understood. Considering that B cells are clinically important in immunity and

diseases, our understanding of STKs’ roles in B cells is in great need of

investigation with current technologies. Investigating serine/threonine kinases

will not only deepen our insight into B cell-related disorders but also facilitate the

identification of more effective drug targets for conditions like lymphoma and

systemic lupus erythematosus.
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Background

Serine/threonine-specific protein kinases (STKs) are a family of kinases that

phosphorylate the hydroxyl (OH) groups on serine or threonine residues of proteins.

This family of kinases, including Akt, MAPK, and Raf are linked to cancerogenesis and are

mostly intracellular kinases (1).

STKs are important regulators of cell proliferation, cell differentiation, and apoptosis.

Cell proliferation and development are crucial for B cell function. Therefore, it is necessary

to study the roles of STKs in B cells in order to fully understand B cell immune responses.
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Also, due to their role in B cell development, understanding their

involvement in the genesis of lymphoma could facilitate the

discovery of new targets for chemotherapies.

From pluripotent stem cells to antibody-secreting B cells, B cells

undergo a series of well-designed stages for development including

proliferation, differentiation, anergy, and cell death (2). STKs are

involved in the entirety of B cell development and function, with

some of these STKs being indispensable, like Raf and ERKs. After

stimulation of B cell receptors (BCRs), the STKs, PKC and

RasMAPK, are activated and promote downstream signaling

cascades associated with B cell development, such as MAPK/ERK

pathways and p38 MAPK signaling pathways (3). However, this is

just a simplified example of the role of STKs in B cell development.

This review will provide a summary of the roles in B cell

development and function of the most extensively studied

intracellular STKs. Casein kinase 2 has a crucial role in both

normal and malignant hematopoiesis, it is also an important

regulator of the differentiation from transitional B (TrB) cells to

marginal zone B (MZB) cells. Protein kinase A is indispensable for

Somatic hypermutation (SHM) and class-switch recombination

(CSR). Protein kinase B (AKT) closely relates to B cell

proliferation, survival, growth, and metabolism. PKC has different

roles in B cell development as well as B cell function. Raf kinase

interacts with MAPK thus affecting B cell development and

function. CaMK regulates B cell proliferation and survival via

AKT/mTOR signaling. This signaling is also found to be involved

in B cell autophagy regulation. IRAK deficient B cells show

abnormalities in both numbers and function, indicating its

important role in B cells.
Casein kinase 2

Casein kinase 2 (CK2) belongs to the eukaryotic protein kinase

(EPK) superfamily (1). However, unlike the typical EPKs that only

utilize ATP, CK2 utilizes both ATP and GTP.

Within tissues, CK2 exists in the form of a heterotetrameric

holoenzyme with a2b2-stoichiometry (4, 5), a and a’ being the

catalytic subunits and b being the regulatory subunits (6). But CK2

has different forms in different animals. For example, in insect cells,

scientists found CK2b-free CK2a. Also, distinct isoenzyme forms of

the catalytic subunit of CK2 exist in many organisms (7). The CK2

knockout or CK2 overexpression shows significant changes in
Abbreviations: STKs, The serine/threonine-specific protein kinases; BCRs, B

cell receptors; CK2, Casein Kinase 2; EPK, Eukaryotic protein kinase; TrB cells,

transitional B (TrB) cells; MZB, marginal zone B; PKA, Protein kinase A;

SHM<, somatic hypermutation; CSR, class switch recombination; AID,

activation-induced cytidine deaminase; AKT, Protein kinase B; GSK3,

glycogen synthase kinase 3; FoxO family transcription factors, forkhead box

O family transcription factors; PKC, Protein kinase C; Btk, Bruton tyrosine

kinase; MAPK, Mitogen-activated protein kinases; JNK, c-Jun N-terminal

kinases; CaMK, Ca2+/Calmodulin-dependent protein kinases; IRAK,

Interleukin-1 receptor associated kinase.
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hematopoiesis and embryonic development. NF-kB, JAK/STAT,
and PI3K/AKT/mTOR signaling pathways are affected by the

change in CK2 expression.

In hematopoietic cells, CK2 regulates signaling pathways and

transcriptional factors, such as P65/RelA (8). In B cell acute

lymphoblastic leukemia and diffuse large B cell lymphomas, CK2

is overexpressed and overactivated, which causes unregulated

activation of NF-kB, JAK/STAT, and PI3K/AKT/mTOR

signaling pathways.

Wei et al. demonstrated that CK2a is an important regulator

involved in the differentiation of transitional B (TrB) cells intomarginal

zone B (MZB) cells (9). In their experiment, they found that stimulated

B cells had activated CK2 and elevated CK2 expression. When CK2a
was knocked out, BCR signaling was reduced andNotch2 signaling was

enhanced, leading to an abnormal increase in MZB cells. In CK2a
knocked-out mice, BCR-related phosphorylated intermediates such as

CD79a, Syk, BTK, PLCg 2, and ERK1/2 have decreased levels of

phosphorylation, while Heyl, Hes5, and Dtx1, which related to Notch

signaling pathways, have increased expression levels. This proved that

CK2a is essential for BCR signaling and negatively regulating Notch2-

signaling pathways. However, the mechanism of CK2’s regulation in

protein expression remains a topic of ongoing investigation.

Quotti Tubi et al. examine the role of CK2b, a regulatory

subunit, in B cells (8). A B cell-specific CK2b knockout model

revealed a notable decline in B cell percentage and a reduction in

peripheral blood B cell counts. In the spleen, they observed a

reduction in the percentage and absolute number of FO B cells

and an increase in MZ B cell percentage and absolute number which

is a result of the increase in Notch 2 activation. The knockout of

CK2b also impairs BCR signaling, GC B cell class switch, and

plasmablast generation. By investigating the signaling downstream

of TLR, IL-4R, and CD40, which are crucial for the maturation of B

cells, Quotti Tubi et al. believe that CK2b positively controls SHM

and CSR in GC B cells. They also demonstrated that CK2b supports

the selection of B cells expressing high-affinity Ab variants, which is

driven by antigen.

Studies on gene-targeted mice revealed that CK2a and b are

indispensable for survival, however, the isoform, CK2a’, is

dispensable. CK2a knockout mice die in utero at mid-gestation

and have abnormalities of the neural tube and heart. The

histological examination of the heart showed abnormal

development of the four chambers and of the endocardium

endothelium (10). One study showed that CK2b knockout mice

also died in utero at early gestation because of a cell autonomous

defect (11). CK2a’ knockout mice survive and develop normally

with no defects in hematopoietic cells.

Collectively, these studies indicate that the CK2 holoenzyme, as

well as the CK2a and CK2b subunits, has an indispensable role in B

cell differentiation and function.
Protein kinase A

Cyclic AMP-dependent protein kinase A (PKA) is a tetrameric

holoenzyme, which consists of two regulatory subunits and two

catalytic subunits, in its inactive state (12). The activation of PKA
frontiersin.org
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requires the activation of G-protein-coupled receptors (GPCRs)

signaling followed by the elevation of cAMP. A-kinase anchoring

protein (AKAP) is another protein needed for the regulation of

PKA activation. AKAP binds to the regulatory subunits and other

molecules, bringing PKA closer to its target protein (13).

cAMP is found to be crucial for immune cell function. cAMP is

a necessary component in antigen-stimulated activation induction

meanwhile limits the activation via negatively regulating the BCR

signaling. In B cells, the induction of B cell proliferation and

antibody production requires cAMP as an essential second

messenger (14).

Somatic hypermutation (SHM) and class-switch recombination

(CSR) are critical for diversifying the Ig genes. Both SHM and CSR

need activation-induced cytidine deaminase (AID) (15). AID has

the ability to deaminase single-stranded DNA (ssDNA) (16). The

AID caused deaminase generates uracil, which triggers the DNA

repair events. This DNA repair event ultimately results in the Ig V

region mutation in SHM and DNA double strand breaks (DSB) in

IgH switch(S) regions during CSR (17). Collectively, PKA, which

acts as an AID kinase, is naturally thought as a regulator in SHM

and CSR in germinal center B cells.

Using co-purification and co-immunoprecipitation, Basu et al.

showed that in activated B cells, PKA interacts with AID and that

PKA is involved in the post-translational regulation of AID (18). In

their mouse experiments, they revealed that PKA phosphorylates

the serine 38 residue of AID. Following phosphorylation, activated

AID interacts with Replication Protein A (RPA), which

promotes CSR.

Pasqualucci et al. proved that PKA is a regulator of AID (19). By

using pharmaceutical reagents to inhibit PKA, their team was able

to prevent CSR in a murine B-cell lymphoma cell line. Furthermore,

they conditionally deleted the inhibitory subunit of PKA and found

that CSR was enhanced. Based on the fact that PKA phosphorylates

AID in the cytoplasm of B cells, they deduced that PKA is an

important regulator of AID function and controls T cell dependent

immune responses by PKA-activating signals.
Protein kinase B

Protein kinase B (AKT) has important roles in multiple cellular

processes. In B cells, AKT is known to be critical for the maturation

and survival of peripheral B cells (20). Calamito et al. demonstrated

that the generation of MZB and B1 cells requires both AKT1 and

AKT2. Their studies showed that AKT1 and AKT2 deficient mice

have disrupted the development of precursors into MZB and B1

cells. They also found that AKT1 and AKT2 deficient MZB and B1

cells have lower survival rates, which was due to inefficient BCR

signaling. Additionally, AKT1 and AKT2 are also needed for the

transition of immature T2 B cells into mature B cells.

The PI3K/AKT pathway is downstream of the BCR and has

multiple roles in the development and function of B cells. Activated

AKT phosphorylates downstream targets, thus promoting cell

survival, metabolism, growth, and proliferation (Figure 1). AKT

has multiple cellular targets that it modulates for controlling key

signaling nodes (21).
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For normal B cell development, both PDK1 and mTORC2 are

needed to phosphorylate AKT at Thr 308 and Ser 473, respectively.

Phosphorylation by mTORC2 and PDK1 allows AKT to inactivate

Foxo1 and promote proper B cell development (22). Foxo1

regulates Rag expression, which is needed for the differentiation

and expansion of both pro-B cells and pre-B cells. Ablating the

component of mTORC2 leads to the decreased phosphorylation of

AKT in Ser 473 and Foxo1, ultimately results in the failure of

downregulation of Rag and il7r expression (23, 24). PDK1 is also

important in B cell development and functions. PDK1 deficient

mouse B cells have low AKT phosphorylation as well as low Foxo1

phosphorylation (25, 26). In Baracho’s study, the germinal center

development was severely impaired in PDK1 KO mature B cells.

Venigalla et al. demonstrate that PDK1 regulates the cell cycle, cell

survival, and the arrangement of Ig heavy chain, which is one of the

processes during the transition of pro-B to pre-B cells. PDK1 is

required in IL7 induced AKT activation. The loss of PDK1 has been

demonstrated to result in a reduction in the phosphorylation of

AKT, furthermore, a decrease in the basal phosphorylation of FoxO.

PDK1 also regulates the expression of Bcal2A1 and Pax5 in pre-B

cells, thereby regulating the B cell differentiation.

Once phosphorylated, the multiple targets of AKT affect B cell

differentiation and function via their own pathways. Among those

targets, mTORC1, the glycogen synthase kinase 3 (GSK3), and

forkhead box O (FoxO) family transcription factors are of

most significance.

Phosphorylated AKT inhibits the mTOR signaling pathway by

phosphorylating the tuberous sclerosis complex (TSC1/TSC2). The

significance of mTOR in the normal development of B cells is not

widely studied. Though rapamycin, which is known to inhibit

mTOR pathways, suppresses lymphocyte proliferation, it is still

no fully understood how rapamycin blocks B cell cycle and

differentiation. Rapamycin was found to impede the kinetics of B

cell proliferation and delay B cell activation. However, the use of

rapamycin doesn’t lead to cell death. Rapamycin also shows no

inhibition in the increase of B cell surface, which indicates B cell

have left G0 phase after activation. Therefore, rapamycin was

deduced to act after the initial activation events (27). Kay et al.

and Aagaard-Tillery et al. both demonstrate that rapamycin acts at

late stage of B cell activation (28, 29). Aagaard-Tillery et al. also

proved that rapamycin addition leads to a complete block in

differentiation of B cell to Antibody-Secreting Cells (ASCs). To

date, there are no publications on mTORC1 deficient B cells.

However, there is only one describing the results of B cells that

lost TSC1 (the negative regulator of mTOR). This study found that

the percentage of MZ B cells was reduced and the maturation of B

cells was impaired (30). They suspected that it was due to the

reduced activity of the upstream PI3K/AKT signaling, which is

caused by the elevated mTORC1 activity in transitional B cells via a

negative feedback loop.

The GSK3 is also phosphorylated by AKT. The phosphorylated

GSK3 can activate multiple cell growth regulators such as c-Myc

and cyclin D3 (31, 32). Jellusova et al. showed that GSK3 is essential

in the quiescence, homeostasis, and long-term survival of mature B

cells as well as the growth and proliferation of GC B cells (33). It was

suggested that the promotion of cell growth and survival is due to
frontiersin.org
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GSK3’s ability to regulate the metabolism of B cells. In support of

this, they found that GSK3 regulates B cell anabolic growth during

glucose deprivation. In addition to the necessary cellular processes

mentioned above, GSK3 is also involved in B cell activation and

differentiation. GSK3 has been shown to be important for T cell-

dependent B cell responses (33). Lee et al. found that GSK3 has a

regulatory role in GC B cells, especially in the differentiation of GC

B cells that have undergone positive selection (34). Additionally,

Lee’s findings indicate that the inactivation of GSK results in an

elevation of FoxO1 levels. They hypothesize that the augmented

cellular concentrations of FoxO1 by GSK3 are attributable to its

relocation to the nucleus. This surge in FoxO1 is postulated to be a

crucial step in the commencement of the LZ to DZ transition.

Lastly, it is noteworthy that the inhibition of GSK3 enhances

development into plasma cells and light zone to dark zone

transition of GC B cells, indicating that GSK3 has a role in the

regulation of B cell differentiation.
Frontiers in Immunology 04
When phosphorylated by AKT, The FoxO proteins stop

transcription and relocate from the nucleus into the cytoplasm,

where they may be degraded by proteolysis. During B cell

development, RAG-1 and RAG-2 proteins are needed for the

generation of antigen receptors. Amin and colleagues

demonstrated that the role of AKT regulate RAG transcription in

primary bone marrow B cells and during receptor editing by

phosphorylates the FoxO proteins. In pro-B cells and immature B

cells, the PI3K/AKT signaling axis is key to the regulation of RAG

expression (35). Chen et al. determined that the deletion of FoxO1

greatly affects the development of B cells (36). FoxO proteins play a

crucial role in class-switch recombination and plasma cell

differentiation. AKT inactivates the FoxO proteins to silence those

target genes from being expressed, which promotes cell-cycle arrest

and apoptosis. Omori et al. proved that the inhibition of class-

switch recombination and promotion of antibody-secreting cell

differentiation by PI3K is mediated by AKT, thus FoxO proteins
FIGURE 1

AKT regulates cell survival, proliferation, metabolism, and growth by phosphorylating multiple down-stream substrates. This figure shows the three
main targets phosphorylated by AKT: FoxO, GSK3 and TSC2. FoxO inhibits survival and proliferation while promoting metabolism. In B cells, FoxO
affects B cell development and differentiation via regulating RAG expression, inhibiting class-switch recombination and promoting plasma cell
differentiation. GSK3 inhibits survival, proliferation, and metabolism after being phosphorylated by AKT. In B cells, GSK3 affects B cell survival,
proliferation and function. After the inactivation of GSK3, FoxO1 relocalize in nucleus, this increase of FoxO1 initiate the transition from LZ to DZ. By
inhibiting the mTOR signaling pathway via TSC2, AKT affects cell cycle and differentiation.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1459527
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Han et al. 10.3389/fimmu.2024.1459527
are phosphorylated by AKT to move out of the nucleus, which

causes poor AID expression (37). Collectively, these results

demonstrated that FoxO proteins control multiple sets of gene

targets that are related to B cell development, peripheral B cell

functions, and Ig class switching (21).
Protein kinase C

Protein kinase C is a family of STKs that are critical for cell

activation, proliferation, differentiation, and survival (Figure 2).

Protein kinase C is divided into two main groups: conventional

and novel. Conventional PKCs, including PKCa, PKCb1, PKCb2,
and PCKg, require Ca2+ and diacylglycerol (DAG) to be activated.

Novel PKCs like PKCd, PKCe, PKCh, and PKCq only require DAG
for their activation. There is also a type of PKC that is completely

independent of DAG and Ca2+ for their activation. Among all these

PKCs, PKCa, b1/2, d, e, h, z, and l are expressed in B-lineage cells
Frontiers in Immunology 05
(38). It has been demonstrated that PKCs have important roles in

the process of development of B cells.

Btk plays a role in PKCb activation. Btk is involved in BCR-

induced NF-kB activation (39–41) and interacts with PKCb (42).

To regulate this activation pathway, activated PKCb directly

phosphorylates Btk to negatively regulate the activity of Btk and

its localization in the membrane (43). In PKCb knockout mice,

BCR-dependent cell proliferation and survival are severely impaired

because of the deficiency in the induction of two genes(Bcl-2 and

Bcl-xL) regulated by NK-kB (43, 44). It is revealed that PKCb
knockout mice exhibited a reduction in the number of splenic B

cells, a diminished population of B-1 lymphocytes, and diminished

levels of serum IgM and IgG3 in comparison to WT mice (45).

Fruman and colleagues found that these PKCb knockout mice had

immune disorders similar to individuals with deficiencies in Bruton

tyrosine kinase (Btk) or X-linked immunodeficiency (46). However,

how the survival of peripheral B cells are regulated by PKCb
through BCR-induced NF-kB is still not clear. Also, the exact role
FIGURE 2

The PKC-b mediated NF-kB activation results in B cell survival while PKC-d inhibits the NF-IL-6 transcription factor, decreasing IL-6 production and
subsequently results in B cell anergy. PKC-z phosphorylates RelA, which is an IKK-independent pathway to regulate NF-kB. PKC-z was also found to
regulate cytokine gene expression by activating ERK. Unlike other PKC, PKCl can be phosphorylate by SFKs, such as Blk, Fyn and Lyn, ln the PKC-b-
NF-kB pathway, IKK is activated by the recruitment and oligomerization of signaling substrates, including Bcl10, which ubiquitinate lKKg with MALT1
and ubiquitin-conjugating enzyme 13(UBC13).
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of PKCb in Btk-mediated activation of NF-kB following B cell

receptor (BCR) cross-linking remains to be clarified. Abrams et al.

present evidence that the overexpression of PKCbII represents a

critical process in the pathogenesis of chronic lymphocytic

leukemia. Furthermore, they demonstrate that PKCbII expression
levels are negatively correlated with the ability to respond to BCR

stimulation (47). In Em-PKCbII tg mice, which overexpress PKCbII,
there is an expansion of both MZ B cells and B-1 B cells in the

spleen and peritoneum, respectively (48). In peripheral blood

sample of Em-PKCbII tg mice, the immature B cell population

also expanded. Furthermore, a significant reduction of BCR

signaling and elevated IgM level in serum are also observed in

Em-PKCbII tg mice. Collectively these results indicated that PKCb
is very important for the survival of B cells.

Miyamoto et al. demonstrated that B cell proliferation is

regulated by PKCd via the regulation of growth-promoting

cytokine IL-6 (49). Phosphorylation of NF-IL6 by PKCd within

the DNA-binding domain results in the inhibition of its binding to

DNA. This interaction between NF-IL6 and PKCd reduces

expression of IL-6, thereby inhibiting the growth of B cell.

Mecklenbrauker and colleagues showed that by participating in

the process of B cell anergy, PKCd plays a role in the proliferation of

B cells. As PKCd is an indispensable component in B cell tolerance

signaling, PKCd deficiency leads to a failure in developing immune

tolerance. Self-reactive B cells in PKCd deficient mice continue to

differentiate into APCs, rather than become tolerant. Along with the

pro-mitogenic PKCb, PKCd is also critical for the fine-tuning of

immune responses (50). These two teams have discovered

independently that PKCd controls B cell tolerance (49, 50). They

found that splenomegaly and lymphadenopathy are present in

PKCd knockout mice, which can be attributed to the elevated

number of peripheral B cells. They also found that the mice died

early of severe autoimmune disease, this indicates that PKCd is

important for developing immune tolerance. Additionally, they

showed that PKCd is important for B cell anergy. In PKCd
deficient mice, preventing B cell anergy allows the maturation

and differentiation of self-reactive B cells. Collectively, these

results indicate that PKCd regulates B cell proliferation through

two distinct pathways, which are inhibition of IL-6 production and

control of B cell tolerance.

It is suggested in a study by Saijo et al. that PKCl may have a

role in the NF-kB activation during the early stages of B cell

development (51). And unlike any other PKCs, PKCl is

phosphorylated by Src family protein tyrosine kinases (SFKs).

Also, the study shows that in the Blk, Fyn, and Lyn triple

deficient pro-B cells, the phosphorylation of IKK and activation

of NF-kB are significantly reduced. But once paclitaxel, which can

activate PKCl, is added, the defect is restored to normal. To further

prove the point that IKK can be activated by PKCl, a previous study
has demonstrated that IKKa and IKKb are phosphorylated by

PKCl (52).

PKCz’s role in the immune system is limited to regulating B cell

(53). Some studies found that PKCz directly phosphorylates Ser311

of the p65 subunit(RelA) to regulate NF-kB in an IKK-independent

pathway (54, 55). In PKCz deficient mice, B cells exhibit elevated

rates of spontaneous apoptosis and demonstrate deficiencies in
Frontiers in Immunology 06
proliferation and survival in response to IgM cross-linking. Martin

et al found that the impaired survival of B cells in PKCz deficient

mice is related to the deficiencies in the extracellular-signal-

regulated kinase (ERK) activation and the transcription of genes

such as Bcl-xL, and IL-6, the transcription of which are dependent

on NF-kB. Furthermore, these genes are inhibited in the IgM-

stimulated B cells (in PKCz deficient mice). Although no major

defects in B cell subpopulations was found in PKCz knockout mice,

these mice lost the ability to complete full T-cell-dependent

immune response, indicating this defect is a post-B-cell

maturation phenomenon.
Raf kinases and mitogen-activated
protein kinases

Raf kinases, which are triggered by the RAS-GTPase, play a role

in the MAPK cascade. The Raf kinase family consists of three

isoforms: A-Raf, B-Raf, and C-Raf. In B cells, B-Raf and C-Raf are

the isoforms that are expressed (56). Raf plays a crucial part in B cell

development and function, as the MAPK pathway (RAS-Raf-MEK-

ERK) is required for these processes.

In the absence of C-Raf activation in immature B cells, B cell

development is significantly impeded, indicating C-Raf has important

roles in the early development of B cells. Ititani et al. proved that

p21Ras activated C-Raf is important in the development of pro B cells

(57). In the past, C-Raf is believed to be the primary transducer in the

ERK signaling. Gold demonstrated that the activation of ERK

following BCR signaling is mediated by C-Raf (58). At that time

the ERK signaling was described as follows: C-Raf, activated by GTP-

bound Ras, phosphorylate MEK. MEK in turn phosphorylate ERK,

resulting in the transcription of genes like egr-1 or c-fos and the

phosphorylation of transcription factors such as Elk-1 and Sap1a.

However, this signaling was soon challenged by a series of studies

showing that although C-Raf is crucial for prominent ERK activation,

it is not the primary activator of ERK signaling (56, 59, 60). Brummer

further demonstrated that B-Raf is the primary but not only activator

of ERK while C-Raf is only an accessory activator of ERK. In C-Raf

deficient DT40 cells, the ERK signaling remained unaltered following

BCR stimulation. Conversely, in B-Raf deficient DT40 cells, ERK

activation is reduced in both immediate early and late phases the

basal ERK phosphorylation is also reduced. As for the induction of

egr-1 and c-fos expression, a synergistic effect of B-Raf and C-Raf is

also required.

Mitogen-activated protein kinases (MAPK) play a crucial role

in the control of cell proliferation, differentiation, and survival. In

mammals, MAPKs are classified into three main subfamilies, which

consist of ERKs, c-Jun N-terminal kinases (JNKs), and p38

mitogen-activated protein kinases (p38s). In addition to these

three subfamilies, ERK3/4, ERK5, and ERK7/8 also have their

own unique functions and characters. However, there is little

information regarding these MAPK subfamilies, hence are not

included in this article.

ERKs are involved in the pre-B cell receptor signaling and are

essential for the development of B cells. It has been shown that Erk1

and Erk2 play an indispensable role in the transition of Pro-B cells
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to Pre-B cells (61). T Yasuda and his team found that ERKs are

required in the pre-BCR mediated signaling, including cell

expansion mediated by pre-BCR and pro-B cell survival. ERKs

are also involved in the fate of B cells. ERKs are activated by C-Raf

or PKC and induce proliferation by phosphorylating MYC or cyclin

D. Also, strong ERK activation is needed for the development of

transitional type 2 B cells into FO B cells (62). The initial phase of

differentiation of plasma cells is also dependent on ERK. Two

hypotheses were made to explain how ERKs mediate plasma cell

differentiation. One is that ERKs induce key transcription factors,

such as Blimp-1 (63), and the other is that ERKs play a role in

regulating transcription factor activity, abundance, or both in the

cytoplasm and nucleus (64). In the former study, it was found that

ERKs mainly regulate the expression level of Blimp-1, and Elk-1,

which is phosphorylated by ERKs, directly or indirectly increases

Blimp-1 transcripts. In T cell dependent immune responses, ERK1

and ERK2 are also indispensable. ERK1 and ERK2 were

demonstrated to be essential for the generation of IgG1-secreting

plasma cell (64). In TLR signaling pathways ERK1, ERK2, and

ERK5 also induce the production of cytokines and chemokines via

AP-1 (65). Additionally, ERK is important in inflammation.

Carxton and his colleagues showed that BAFF regulated B cell

survival is dependent on ERK pathways (66). These studies

demonstrate that ERKs are important in the transition of Pro-B

to Pre-B cells, differentiation of plasma cells, secretion of IgG1 in

plasma cells, inflammation, and B cell survival.

The role of JNK in B cells has not been thoroughly studied.

However, it is recognized that JNK is important in cell death

(apoptosis, necrosis, and autophagy), cell metabolism, cancer, and

the lifespan of a eukaryotic organism (67). It has been demonstrated

that JNK is required in the cell death of thymocytes, but its role in B

cell death remains unexplored. However, it is confirmed that JNK is

essential in the apoptosis of B cells (62). In recent years, JNK

signaling has been regarded as a potential autophagy regulation

pathway (68). Autophagy is important in activated B cells and for B

cell development (69). In B cells, autophagy is induced by BCR

signaling (70) and TLR activation (71, 72). The differential

regulation of autophagy in activated B cells by BCR engagement

and co-stimulation via T cells is thought to create a checkpoint for

autoimmunity (73). Autophagy is also suspected to have the ability

to promote long-lived plasma cells (71). Several studies have shown

that autophagy maintains plasma cell viability over time and also

promotes survival in memory B cells and plasma cells (69). In

humoral immune responses, autophagy is also critical for the

antigen-specific IgM responses against ovalbumin, which is a T

cell dependent antigen, in mice (72). This suggests that autophagy is

important in humoral immune responses. Given JNK’s potential

role in autophagy regulation and the fact that JNK is involved in B

cell apoptosis, it is reasonable to suspect that JNKs are very

important in B cell development and function. Just like ERKs,

JNKs also play the role of promoting the expression of cytokines

and chemokines via AP-1 in TLR signaling pathways (65).

p38 mitogen-activated protein kinases (p38 MAPK) signaling

pathways are very important in the regulation of inflammation and

immune responses. Though p38 MAPK has been confirmed to be

very important in the development and function of B cells, its role in
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the process is still unclear. The p38 MAPK is activated in response

to BCR and CD40 stimulation. Khiem D et al. have shown that

proliferation of B cells is controlled by the p38 MAPK pathway,

which is downstream of the BCR and activated via Mef2c (74). A

study by Barrio L et al. has demonstrated that p38g and p38d have

roles in the B cell’s response to T cell dependent-antigen (75). They

also found that in p38g/d-/- mice, the spleen size, absolute number

of FO B cells, frequency of MZ B cells, and absolute number of MZ

B cells were all reduced. P38 signaling pathways affect antibody

production by B cells. Norepinephrine increases the level of IgE and

IgG1 produced by B cells. G. Pongratz and colleagues have revealed

that this process is dependent on the increased expression of CD23,

which is dependent on the p38 signaling pathway (76). In plasma

cells, p38 also plays an important role in sustaining plasma cell

survival (77). The p38 inhibitor, SB203580, prevents the effects

induced by IL-17 to promote the survival of plasma cells. Ma’s team

further proved that the increase of plasma cell survival is achieved

through activated p38 prolonging the half-life of Bcl-xl mRNA.

Additionally, p38 promotes cytokine and chemokine expression in

TLR signaling pathways via CREB (65).
Ca2+/Calmodulin-dependent
protein kinases

Ca2+/Calmodulin-dependent protein kinases (CaMK), are

divided into two types: substrate-specific CaMK and multi-

functional CaMK. Downstream of CaM, CaMKs are crucial for

cells to function properly. CaMKs induce a wide range of cellular

events such as gene transcription, cell survival, apoptosis, and

cytoskeletal reorganization (78).

Back in the 1990s, Mosialos et al. found that EBV-transformed B

lymphoblastoid cell lines express CaMK-Gr, which is abundant in

neurons and T cells but absent in B cells. They suggested that CaMK-

Gr is a potential mediator of B cell growth transformation (79). B cell

activating factor (BAFF) is critically important for B cell survival.

Treatment with human soluble BAFF (hsBAFF) promote B cell

proliferation and survival. Ke et al. demonstrate that this treatment

with hsBAFF leads to extracellular Ca2+ influx and ER Ca2+ release.

The elevated intracellular level of Ca2+ elicits phosphorylation of CaMK

II thus activating AKT/mTOR signaling (80). Liang and colleagues

proved that BAFF-promotes B cell survival and proliferation are

dependent on CaMK II inhibition of PP2A (81). BAFF inhibition of

autophagy is also activated by CaMK II-dependent AKT/mTOR

signaling pathway (82). After AKT/mTOR signaling activation by

CaMK II, ULK1 is phosphorylated by mTORC1, which leads to a

reduction in the activity of ULK1 kinase. This inhibition of ULK1

kinase results in obstruction autophagosome formation of and

inhibition of autophagy. Inhibition of this signaling pathway with

mTORC1/2 or AKT inhibitor leads to a reverse of both p-ULK1

increase and reduction in LC3-II, which correlates with the

autophagosome formation. Furthermore, inhibition or silencing of

CaMK II results in attenuation of the effect of hsBAFF. This finding

suggests that CaMK II is an important regulator of B cell autophagy. As

CaMK II is a universal integrator of calcium signaling and can rapidly

be activated by the increase of intracellular free calcium, the activated
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CaMK II has the potential to phosphorylate and regulate DNA-binding

proteins as well (83). The collective findings suggest that CaMKs play a

pivotal role in regulating B cell growth, transformation, survival,

proliferation, and autophagy.
Interleukin-1 receptor
associated kinase

Interleukin-1 receptor associated kinase (IRAK) family has four

members in humans: IRAK1, IRAK2, IRAKM, and IRAK4. Among

the four members, IRAK1 and IRAK4 have kinase activity (84). In

humans, IRAK1, IRAK2, and IRAK4 are expressed in B cells, while

human IRAKM is expressed specifically in monocytes and

macrophages (84, 85). This IRAKM expression pattern is different

in other species, for example, murine IRAKM is also found to

express in murine pre-B cell line (70Z/3) (86).

Both IL-1R and TLR signaling pathways activate IRAK1. After

activation, IRAK1 recruits MyD88 to form a complex with T 6 (87).

Huang et al. revealed that IRAK1 has an important role in the Stat3

mediated IL-10 gene expression and is a transcription regulator that

directly regulates IL-10 gene transcription (88, 89). In a study on

systemic lupus erythematosus, Jacob et al. observed that IRAK1-

deficient mice exhibited lower spleen weight, reduced total

splenocyte count, decreased total B cells, and reduced levels of

IgM and IgG autoantibodies (90). Another study also showed that

in human B cells with IRAK1 deficiency, proliferation is impaired

and IL-6 production in response to CpG-B stimulation is reduced
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(91). These all indicate that IRAK1 plays an important role in the

proliferation and function of B cells. Similar to IRAK1, IRAK2 also

activates NF-kB via MyD88 and TRAF6 interaction. However, the

expression level of IRAK2 is lower in B cells compared to IRAK1.

Additionally, IRAK2 also interacts with Mal/TIRAP, which is a

different TLR intracellular adaptor (89).

IRAK4 is essential in the NF-kB activation in TLR signaling

pathways, but dispensable in BCR signaling (92). However, it is

noteworthy that IRAK4 deficient human B cells exhibited deficits in

proliferation and diminished IL-6 production after being stimulated

with CpG-B (91). In humans with the IRAK4-/- mutation, the

proportion of HEp-2-reactive IgG+ B cells is reduced and IgA+ B

cells exhibit reduced self-reactivity compared to mature naïve B

cells. Schickel et al. also found that IRAK4 deficiency has an impact

on the induction of SHM in both IgG+ and IgA+ B cells (93). And

because TLR signals in B cells have the function of maintaining

memory B cells, compromised IRAK4 causes impaired CD27+IgM+

memory responses (94).
Conclusions

The roles of STKs in B cells are indispensable, as they are crucial

regulators of cell proliferation, differentiation, and death (Table 1). The

majority of frequently studied serine/threonine-specific protein kinases

have unique or abundant roles in B cell.

The major roles of STKs in B cell are illustrated in this article. CK2

phosphorylates transcription factors and participates in signaling
TABLE 1 The roles of serine/threonine-specific protein kinases in B cells.

Serine/threonine-
specific protein kinases

Direct Molecular
target

Affected signaling
pathways

Roles in B cells

Casein Kinase 2 P65/RelA and AKT NF-kB, JAK/STAT, PI3K/AKT/mTOR,
BCR and Notch2-signaling

Regulator for the development and
differentiation of B cells

Protein Kinase A activation-induced cytidine deaminase PKA and MAPK/Erk signaling B cell CSR and SHM

Protein Kinase B FoxO family transcription factors,
GSK3, TSC2

BCR and PI3K/AKT signaling pathways Regulates the development,
differentiation, and survival of B cells
through multiple targets

Protein
Kinase C

PKCb Btk

NF-kB and PKC signaling

Important for the survival of B cells

PKCd NF-IL6 transcription factors Controls the tolerance and proliferation
of B cells

PKCl IKKa and IKKb Regulates B cell development
Important for the survival and function of
B cellsPKCz ERK and NF-kB

Raf Kinase ERK BCR and MAPK/Erk Signaling Indispensable role in theRAS-Raf-MEK-
ERK cascade

Mitogen-
activated

protein kinase

ERK
JNK

P38 MAPK

MYC, cyclin D and Elk-1
ATF2 and Jun

MEF2C and MAPKAPK2

BCR and MAPK/Erk Signaling
BCR signaling and

Regulation of Apoptosis
BCR and p38 MAPK Signaling

Essential for B cell development
Essential participant in B cell apoptosis
Important participant in B cell
development and function

CaMK Ets-1 BCR signaling Important for B cell survival,
proliferation, and autophagy

IRAK MyD88, TRAF6, Mal/TIRAP NF-kB signaling Maintains memory B cells, influences B
cell proliferation and IL-6 secretion
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pathways related to B cell development, making it critical for B cell

development and differentiation. PKA influences B cell function by

intervening in the SHM and CSR processes by regulating AID activity.

Akt plays a crucial role in B cell proliferation, development, and

apoptosis through phosphorylating downstream substrates, such as

TSC2, GSK3, and FoxO family transcription factors. PKC has

indispensable functions in B cell survival, development, and function.

Three main substrates of MAPK have unique roles in B cell

development, apoptosis, autophagy, and antibody-secretion.

Although the role of CaMK in B cells is not thoroughly studied, it is

proven to be important for B cell survival, proliferation, and autophagy.

Similar to CaMK, the three IRAKs expressed in B cells all have

potential roles in B cell development and function.

The roles of STKs in B cell development and function are frequently

studied, as their significant meaning in diseases such as Castleman

disease, systemic lupus erythematosus, asthma (95), and leukemia, the

studies regarding the role of STKs in B cells may provide useful

information in immunity, and pathophysiology of diseases relating to

B cells and may even provide new pharmaceutical targets for B cell

diseases. However, there are still many questions needed to be answered

in the role of STKs in B cells. Even among the well-studied STKs such as

MAPK, there is still much to be discovered. Further investigation is

required to elucidate the role of JNK in B cell death and the involvement

of p38MAPK in B cell development and function. Except for those well-

studied STK family proteins such as Akt and MAPK, how other STK

family proteins regulate B cell development and function is still unclear

or the related studies are outdated, leaving gaps in this field. Although it

has been demonstrated that CK2 can regulate BCR and Notch2

signaling, the mechanism of regulating the protein expression by CK2

still needs to be explore. It is well established that cAMP is a key second

messenger in B cell development and function, indicating PKA may

have additional roles in B cell development and function beyond

regulating CSR and SHM. As for PKC, numerous questions remain

unanswered. For instance, the precise role of PKCb in Btk-mediated

activation of NF-kB remains unclear. Further studies are required to

gain insight into the molecular function of IRAK4, particularly with

regard to its role in TLR signaling. Furthermore, as new STKs are

discovered, their roles in B cells will be intriguing topics to study.
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