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Abstract

Class switch recombination (CSR) generates isotype-switched antibodies with distinct effector
functions essential for mediating effective humoral immunity. CSR is catalyzed by activation-
induced deaminase (AID) that initiates DNA lesions in the evolutionarily conserved switch (S)
regions at the immunoglobulin heavy chain (/g/) locus. AlD-initiated DNA lesions are
subsequently converted into DNA double stranded breaks (DSBs) in the S regions of /gh locus,
repaired by non-homologous end-joining to effect CSR in mammalian B lymphocytes. While
molecular mechanisms of CSR are well characterized, it remains less well understood how
upstream signaling pathways regulate AID expression and CSR. B lymphocytes express multiple
receptors including the B cell antigen receptor (BCR) and co-receptors (e.g., CD40). These
receptors may share common signaling pathways or may use distinct signaling elements to
regulate CSR. Here, we discuss how signals emanating from different receptors positively or
negatively regulate AID expression and CSR.
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1. Overview of antibody-mediated humoral immunity and class switch
recombination

1.1. Overview of antibody-mediated immune responses

Antibody-mediated humoral immunity plays a crucial role in protecting us against pathogens
and toxins. In fact, protective effects of more than 90% of current vaccines are mediated by
high-affinity isotype-switched antibodies (Plotkin, 2010). Mature naive B cells initially
secrete IgM or express IgM as their surface antigen receptor, known as the B cell antigen
receptor (BCR). The BCR recognizes antigens and transduces signals to initiate antigen-
specific antibody-mediated immune responses. The secreted IgM antibodies can directly
neutralize pathogens and toxins by agglutinating bacteria or viruses at the onset of
infections, thereby providing instant protection against invading pathogens. However, IgM’s
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affinity to antigen is very low and its function is limited in the bloodstream since it cannot
efficiently cross vascular barriers to clear pathogens systemically (Matter and Ochsenbein,
2008; Pone et al., 2012a). Thus, upon pathogen infection or immunization, antigen and
cognate ligands activate the BCR and various co-receptors including CD40, toll-like
receptors (TLRs), B cell activating factor receptor (BAFF-R) and transmembrane activator
and calcium-modulating cyclophilin ligand interactor (TACI) as well as cytokine receptors to
elicit signals that induce a secondary diversification process at the antibody gene loci.

In mammalian B cells, this secondary diversification process includes somatic
hypermutation (SHM) and class switch recombination (CSR) (Figure 1) that are essential for
generating antigen-specific high-affinity isotype-switched antibodies (Kato et al., 2012).
SHM enables B cells to acquire point mutations into the variable (V) region exons of
antibody genes, and allows the selection of B cell clones producing higher affinity
antibodies (Di Noia and Neuberger, 2007). However, due to the lack of robust /n vitro
systems to study the signaling regulation of SHM, little is known about how different
signaling pathways coordinate to regulate SHM. Thus, this review focuses on the signaling
control of CSR. During CSR, the constant (C) region of antibody heavy chain is switched,;
thus, CSR enables B cells to produce isotype-switched IgG, IgA or IgE antibody, thereby
diversifying antibody effector functions. For example, 1gG can activate natural killer cells
and phagocytes to more effectively clear pathogen-infected cells; moreover, 1gG can protect
fetus against infection by passing through placenta (Casadevall and Pirofski, 2004; Simister,
2003).

While isotype-switched antibodies more effectively protect the host against infection, they
can also aggravate autoimmune diseases, such as 1gG2a in systemic lupus erythematosus
(SLE) (Boes et al., 2000; Ehlers et al., 2006; Ehrenstein et al., 1995; Jiang et al., 2007; Jiang
etal., 2011; Korganow et al., 1999; Ohnishi et al., 1994; Peng, Szabo and Glimcher, 2002;
Radic et al., 1995; Tsao et al., 1992; Vaughan, 1993), or cause allergic reactions, such as IgE
in asthma (Platts-Mills, 2001). Defects in CSR/SHM also result in immunodeficiency, such
as hyper-lgM syndrome, manifested by increased susceptibility to infections (Allen et al.,
1993; DiSanto et al., 1993; Dobbs et al., 2007; Imai et al., 2003; Jain et al., 2001; Kasahara
et al., 2003). Furthermore, to initiate CSR, B cells need to express a unique enzyme,
activation-induced cytidine deaminase (AID) (Muramatsu et al., 2000). AID is a genome
mutator and, if dysregulated, can cause genome-wide DNA double-stranded breaks (DSBSs)
that lead to chromosomal translocations and B cell lymphomagenesis (Alt et al., 2013; Chen
and Wang, 2014; Daniel and Nussenzweig, 2013; Nussenzweig and Nussenzweig, 2010;
Wang, 2013). Thus, to mount effective humoral immunity, signals emanating from the BCR,
co-receptors and cytokine receptors need to be well-controlled to promote protection yet
avoid detrimental effects. To achieve this goal, the signals from activating and inhibitory
pathways need to be well-balanced. Hence, this review focuses on signal mechanisms
regulating CSR.

1.2. Overview of molecular mechanisms of CSR

Antibodies are composed of heavy (H) and light (L) chains, encoded by immunoglobulin H
(/gh) and L (/g)) chain genes, respectively, which can be divided into the N-terminal variable
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(V) region and C-terminal constant (C) region. The V region exon is assembled from
variable (V), diversity (D), and joining (J) segments during V(D)J recombination that
contains the antigen binding domain; thus, the V region of an antibody molecule determines
the specificity of humoral immune responses. The C region of the mouse /g/ locus consists
of eight sets of Cy exons, Cy, C8, Cy3, Cyl, Cy2b, Cy2a, Ce, and Ca (Figure 1), encoding
the C region of each corresponding isotype of antibody. Each set of Cy exons is preceded
with a switch (S) region except C§, termed Sy, Sy3, Sy1, Sy2b, Sy2a, Se, and Sa,
respectively. An intronic promoter is located at the 5” of each S region, whose activation is
differentially induced by distinct transcription factors activated by signals originating from
different co-receptors or cytokine receptors. The intronic promoter-initiated transcripts do
not encode any protein, thus, are termed sterile germline transcripts (GLT) (Chaudhuri et al.,
2007; Stavnezer and Schrader, 2014).

During pathogen infection or immunization, the BCR recognizes antigen and elicits the first
signal to activate B cells. Meanwhile, B cells are also activated by the second signal
delivered by CD40 interacting with CD40 ligand (CD40L) expressed on activated CD4 T
cells, or by TLR interacting with pathogen associated molecular patterns (PAMP). The third
signal is provided by cytokine receptors (e.g., IL-4R). These three signals coordinate to
trigger AID expression and turn on the germline transcription of a specific set of C exons
(Figure 1). GLT facilitates the generation of single-stranded (ss) DNA in the S region,
thereby allowing AID access. AID converts cytosine (C) to uracil (U) (Neuberger et al.,
2003), generating U:G mismatch lesions in DNA. Subsequently, AlD-initiated U:G
mismatches are recognized by base excision repair (BER) and mismatch repair (MMR) and
converted to DSBs at S regions (Chaudhuri and Alt, 2004). The broken upstream donor Su
and downstream acceptor S regions are rejoined by non-homologous end-joining (NHEJ),
while the intervening DNA sequence is excised as a circle (Figure 1) (Boboila, Alt and
Schwer, 2012). Consequently, the antigen-binding V region is juxtaposed to a different
downstream C region (e.g., Cy1). This specific DNA recombination process at the /g/ locus
is termed CSR. CSR does not affect antigen specificity of antibody molecules since V region
exons are not altered during CSR, but it generates different isotypes of antibodies that
interact with different effector molecules (Wang, 2013).

The targeting mechanisms of AID to specific loci (Ig or non-1g) remain incompletely
understood, and may be influenced by many factors, e.g., unique features of DNA
sequences, choice of downstream repair mechanism, transcription, cisregulatory elements,
or AID co-factors (e.g. RPA, Spt5 etc.) (Basu et al., 2005; Basu et al., 2011; Chaudhuri,
Khuong and Alt, 2004; Chen et al., 2016; Chen et al., 2014; Chen et al., 2012; Cheng et al.,
2009; Nowak et al., 2011; Pavri et al., 2010; Wang, 2013; Xu et al., 2010; Yamane et al.,
2011). The functions or proposed operating mechanisms of these co-factors have been
reviewed extensively (Pavri and Nussenzweig, 2011; Stavnezer, 2011). The DNA repair
elements are constitutively expressed and recruited to the /ghlocus by AlD-initiated DNA
lesions. In contrast, AID expression and /gh GLT are induced only upon B cell activation by
BCR, CD40, TLR or cytokine receptors (Xu et al., 2012; Zan and Casali, 2013). Thus,
signals emanating from various receptors to induce CSR are convergent at regulating AlID
expression and /gh GLT. In addition, CSR-initiating signals may also regulate AID activity
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by phosphorylation, ubiquitination and subcellular localization (Montamat-Sicotte et al.,
2015; Orthwein and Di Noia, 2012; Orthwein et al., 2010; Vaidyanathan et al., 2014).

Different receptors that signal to regulate CSR

Pathogen infection or antigen immunization can induce CSR via activating multiple
receptors on B cells, including BCR, CD40, TLRs, BAFF-R and TACI as well as cytokine
receptors for interleukin 4 (IL-4), interferon-y (IFN-y) and transforming growth factor-
B(TGF-p), etc. CSR can be induced by /7 vivoimmunization with T cell-dependent (TD) or
-independent (T1) antigens. While such /in vivo antigen immunization is of biological
relevance, it has limitations for studying individual receptor contribution to CSR. First, in
vivo immunization may activate multiple receptors on B cells such as BCR, CD40, and
TLRs simultaneously. Second, these receptors may share common signaling pathways or
may use distinct signaling elements to regulate CSR. For example, BAFF-R can activate
BCR’s adaptor Iga and its downstream tyrosine kinase Syk (Schweighoffer et al., 2013),
while TACI directly associates with TLR’s adaptor MyD88 to activate NF-xB transcription
factor to induce CSR (He et al., 2010). Third, the limited numbers of B cells activated /in
vivo preclude in-depth biochemical analysis. Due to these limitations, it is difficult to
pinpoint how signals originating from different receptors regulate CSR /n vivo. Thus, in
vitro induction of CSR using cultured naive mature B cells with different stimuli is essential
for dissecting how a single receptor individually or multiple receptors cooperatively signal to
induce CSR. The beauty of an /n vitro system is that one can dissect the specific role of each
receptor and separate the effects of an individual signaling pathway.

CSR can be induced /n vitro by engaging CD40 or TLRs in the presence of cytokines (e.g.,
IL-4) (Stavnezer and Schrader, 2014; Xu et al., 2012). Different cytokines direct switching
to particular isotypes by inducing GLT of a specific Cy gene (e.g., Iy1-Cy1) (Stavnezer and
Schrader, 2014). For instance, TD or Tl antigen-induced IgG1 CSR can be mimicked by
anti-CD40/IL-4 or anti-1g/TLR ligands/IL-4 stimulation, respectively (Matthews et al., 2014;
Pone et al., 2012a; Pone et al., 2012b; Stavnezer and Schrader, 2014; Xu et al., 2012). Prior
studies also employed the /n vitro culture system to study how BCR regulates CSR. Using
anti-lg to mimic antigen-induced BCR activation, it was shown that neither anti-IgM/IL-4
(Heltemes-Harris et al., 2008) nor anti-&/1L-4 (Pone et al., 2012b) induced CSR in WT B
cells. On the other hand, engaging BCR does synergize TLRs or TACI to induce more robust
CSR (Pone et al., 2012b). However, a high dose of anti-IgM inhibits lipopolysaccharide
(LPS)/IL-4-induced CSR (Heltemes-Harris et al., 2008; Jabara et al., 2008) and delays the
expression of AID (Jabara et al., 2008). It is unknown whether BCR cross-linking with anti-
IgM accurately reflects antigen stimulation, namely, it remains to be addressed how different
doses of antigenic stimulation modulates CD40 or LPS/IL-4-induced CSR. Taken together,
these findings suggest that the BCR, however essential /7 vivo for humoral immunity, is not
able to induce CSR.

While the BCR plays a central role in activating B cells and determining the specificity of
isotype-switched antibodies, how BCR signaling regulates CSR is poorly understood. Why
cannot stimulating BCR induce CSR in the presence of cytokines? Is it because BCR-
elicited signal is not qualitatively or quantitatively sufficient to induce CSR? Alternatively,
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are there any regulatory mechanisms that prohibit the BCR from inducing CSR? These are
fundamental questions for B cell biology and humoral immunity; however, it has received
little attention so far due to the lack of proper models. To address these questions, we need
to develop novel /n vitro systems that allow engaging BCR to induce CSR in the presence of
cytokines as engaging CD40 or other co-receptors does.

Lastly, it was reported that adenosine receptors can be activated by adenosine produced by
CD39 and CD73 in a B cell autonomous manner to induce CSR (Schena et al., 2013).
Estrogen receptor can directly bind the AID promoter to induce AID expression (Pauklin et
al., 2009), or directly bind the promoter of transcription factor HoxC4 to turn on HoxC4
expression (Mai et al., 2010), which in turn promotes AID expression and CSR.

2.1. The role of BCR signaling components in CSR

The BCR of mature naive B cells is composed of the antigen recognition part, IgM/IgD, and
signal transduction part, Iga. (CD79A) and Igp (CD79B) heterodimer. The intracellular
domains of Iga/lgp contain immune receptor tyrosine-based activation motifs (ITAM)
responsible for transducing signals. The BCR can be activated during infection or
immunization by interacting with antigen, or by engaging BCR /n vitro with anti-lgM, anti-
IgD or specific antigens, which leads to the clustering of BCR complex in membrane lipid
rafts to form the BCR signalosome. Formation of the BCR signalosome subsequently
recruits and activates protein tyrosine kinases, Src and Syk (spleen tyrosine kinase) (Rickert,
2013). Src kinase is a non-receptor membrane-associated tyrosine kinase. Src family kinases
contain six conserved domains, and the N-terminal myristoylated domain attaches Src to the
cellular membrane (Schamel and Reth, 2000). Src family kinases include Src, Yes, Fyn, Fgr,
Lck, Hck, BIKk, and Lyn. Lck is predominantly expressed in T cells, while Lyn is mainly
expressed in B cells. Syk family kinases are cytosolic protein tyrosine kinases and consist of
two members, Syk and ZAP70. Syk is mainly expressed in B cells and ZAP70 in T cells.
Lyn and Syk phosphorylate the ITAM of Iga/lgp, which in turn further activates Syk. The
function of Lyn is more complicated in BCR signaling because Lyn also phosphorylates
immune receptor tyrosine-based inhibitory motifs (ITIM) of inhibitory receptors such as
CD22, CD72 and FcyRIlb (CD32B). The inhibitory receptors, via their ITIM, recruit
signaling suppressors, SH2 containing protein tyrosine phosphatase 1 (SHP1) to inactivate
Src and Syk, and SH2 containing inositol 5" -polyphosphatase 1 (SHIP1) to inactivate
phosphatidylinositol 3,4,5-triphosphate (PIP3) generated by phosphatidylinositol 3-kinases
(PI3Ks). Signal transduction downstream of Syk can be classified into three major signaling
pathways that could be activated simultaneously, whose ultimate outcome is to activate
different transcription factors.

One of the BCR signaling pathways is composed of: BTK—BLNK-—PLC-
v2—PKCB—CBM complex—TRAF6/TRAF2—TAK1—NF-xB1 (Figure 2). Syk
phosphorylates bruton tyrosine kinase (BTK) and B cell linker (BLNK). Btk mutation or
deletion causes severe human immunodeficiency X-linked agammaglobulinemia (XLA)
(Rawlings et al., 1993; Tsukada et al., 1993). XLA patients are unable to produce isotype-
switched antibody (Kinnon et al., 1993), and this defect in XLA patients is attributed to a
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severe block in B cell development at the pre-B transition stage (Desiderio, 1997). However,
it remains unknown whether BTK regulates CSR per se in mature B cells.

BTK phosphorylates BLNK to fully activate BLNK (Figure 2). BLNK then functions as a
scaffold to orchestrate multiple signaling elements; for example, BLNK recruits Syk and
BTK to phosphorylate PLC-y2. PLC-y2 then converts 1-phosphatidyl-1D-myo-inositol 4,5-
bisphosphate to 1D-myo-inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3
and DAG are second messenger molecules important for transmitting signals of growth
factor receptors and immune system receptors. Genetic mutations of PLC-y2 result in
antibody deficiency in human patients (Ombrello et al., 2012). PLC-y2-deficient mouse B
cells do not flux calcium, and PLC-y2-deficient mice have significantly reduced serum levels
of IgM, 1gG2a, and 1gG3, likely due to a decreased number of peripheral B cells (Hashimoto
et al., 2000; Wang et al., 2000). Again, it remains unknown whether PLCy2 regulates CSR
process intrinsically in mature B cells.

IP3 upregulates intracellular calcium, which, together with DAG, activates protein kinase C
B (PKC-B). PKC-B plays an important role in BCR-mediated NF-xB1 activation (also called
canonical NF-xB) by phosphorylating caspase recruitment domain 11 (CARD11) (also
known as CARMAL1) (Shinohara et al., 2005; Sommer et al., 2005). The phosphorylation of
CARMAL facilitates the assembly of the CBM complex (CARMAL, B cell leukemia 10
(BCL10) and mucosa-associated lymphoid tissue 1 (MALT1)) (Figure 2). Interaction of
BCL10 and MALT1 recruits receptor interacting protein 1 (RIP1). RIP1 interacts with
ubiquitin-conjugating enzyme 13 (Ubc13) as well as tumor necrosis factor receptor
associated factor 2 (TRAF2) and/or TRAF6 to mediate K63 polyubiquitination of inhibitor
of kappa B (10xB) kinase-y (IKKy, also called NEMO) to activate IKK~y. Activated IKK~y
initiates IKK complex assembly. The CBM complex can also bring TGF-p activated kinase
1 (TAK1) to IKKB, and TAK1 subsequently phosphorylates IKKp. Activated IKKp then
phosphorylates IxBa and triggers ubiquitination-mediated 1xBa degradation, which
promotes the conversion of p105 to p50 (NF-xB1) and releases p50/RelA or p50/c-Rel. The
heterodimer of p50/RelA or p50/c-Rel translocates to the nucleus and activates transcription
of many genes. NF-xB1 is implicated in inducing AID transcription (Gourzi, Leonova and
Papavasiliou, 2007; Park et al., 2009) and BCR engagement activates NF-xB1 (Patterson et
al., 2006; Schulze-Luehrmann and Ghosh, 2006); however, BCR engagement cannot induce
AID expression (Kuraoka et al., 2017; Pone et al., 2012b) (see more discussion below). This
is likely because AID expression needs additional transcription factors (see below). Prior
studies reported that dextran-conjugated anti-IgD induced NF-xB2 activation (non-canonical
or alternative NF-xB) (Pone et al., 2012b). However, the detailed signaling pathways remain
to be elucidated by which engaging BCR induces NF-xB2 expression and activation.

One of the BCR signaling pathways consists of Vav—Rac—Raf—JNK—c-Jun/AP-1
(Figure 2). Through BLNK and/or PIP3 generated by PI3K, BCR engagement recruits Vav, a
guanine nucleotide exchange factor, to the plasma membrane, where Vav is phosphorylated
and activated by Syk. Through Rac/Rho small G proteins, the Vav pathway leads to the
activation of c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinases
(ERK). Activated JNK phosphorylates and activates transcription factors, c-Jun and AP-1.
JNK activation was shown to be critical for AID expression and IgE CSR induced by CD40
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(Jabara and Geha, 2005). Although BCR signaling can also induce JNK activation, it is
unclear why BCR cannot induce CSR.

One of the signaling pathways includes: BCAP—PI3K—AKT—Foxol/Blimp-1/1D2
(Figure 2). PI3K is composed of an regulatory subunit, predominantly, p85a., and an
catalytic subunit p110 (Koyasu, 2003) (see details below). Syk phosphorylates B cell adaptor
protein (BCAP), which recruits p85, a regulatory subunit of PI3Ks, and activates PI3K
catalytic subunit p110. Then, the catalytic subunit p110 phosphorylates phosphatidylinositol
4,5-bisphosphate (PIP,) to generate PIP3. PIP3 activates many signaling elements that
contain pleckstrin homology (PH) domain via recruiting them to the plasma membrane,
including BTK, protein kinase B (AKT) and 3-phosphoinositide-dependent protein kinase-1
(PDK1), etc. AKT is activated by phosphorylation at threonine 308 by PDK1 and serine 473
by the mammalian target of rapamycin complex 2 (mTORC2). Subsequently, activated AKT
targets numerous proteins downstream that regulate cell proliferation, differentiation,
survival and apoptosis (Manning and Cantley, 2007; Zhang et al., 2011).

The PI3K/AKT pathway regulates the activity of two important transcription factors, fork
head box O1 (FOXOL1) and B lymphocyte-induced maturation protein-1 (BLIMP-1), as well
as inhibitor of DNA binding 2 (ID2). AKT phosphorylates FOXO1 and inactivates FOXO1
by promoting its export from the nucleus (Zhang et al., 2011). FOXOL1 is a transcription
factor that positively regulates AID expression since the deletion of foxoZ in B cells reduces
the level of AID expression (Dengler et al., 2008). PI3K/AKT signaling activates BLIMP-1
(Setz et al., 2018). BLIMP-1 is a transcription factor that regulates B cell differentiation to
antibody-producing plasma cells, triggers apoptosis of activated B cells and inhibits AID
transcription (Minnich et al., 2016; Shaffer et al., 2002). The PI3K/AKT pathway
upregulates 1D2 expression (Belletti et al., 2001). ID2 was reported to prevent several
transcription factors from binding the AID promoter, thereby, inhibiting AID expression
(Gonda et al., 2003). Taken together, although BCR induced-PI3K/AKT activation is
required for B cell activation, the PI3K/AKT axis negatively regulates AID expression and
CSR, and inhibits antibody responses (see more discussion below).

In summary, the BCR is essential for B cell survival (Kraus et al., 2004; Srinivasan et al.,
2009), activation and specific antigen recognition. However, signaling by the BCR alone
cannot induce CSR /n vitro (Heltemes-Harris et al., 2008; Pone et al., 2012b), and the
current paradigm is that CSR activation requires co-stimulation of BCR with ligands for
CDA40 or TLRs, etc (Matthews et al., 2014; Pone et al., 2012a; Pone et al., 2012b; Stavnezer
and Schrader, 2014; Xu et al., 2012). It remains to be addressed why the BCR does not
induce CSR without co-stimulation.

2.2 CD40 and its downstream signaling molecules

CDA40 is a member of the tumor necrosis factor (TNF) receptor (TNFR) family and is
expressed on various cell types including B cells (Bishop et al., 2007). CD40 is a co-receptor
of B cells and plays a critical role in B cell-mediated humoral immunity. CD40 ligand
(CD40L) or CD154 belongs to TNF family and is expressed on activated CD4 T cells. When
B cells present antigens to CD4 T cells, CD40L interacts with CD40 to elicit signal
transduction. CD40 signaling promotes germinal center (GC) formation and induces SHM
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for antibody affinity maturation and CSR for isotype-switching in activated B cells. Thus,
defects in CD40/CD40L abrogate TD antigen-induced CSR and IgG or IgA production in
mice (Kawabe et al., 1994; Xu et al., 1994), and cause Hyper-IgM syndrome (HIGM) in
humans (Allen et al., 1993; Nonoyama et al., 1993). HIGM is a subtype of primary
immunodeficiency disease (PID) characterized by normal or elevated serum IgM and low or
absent serum 1gG, 1gA and IgE (Etzioni and Ochs, 2004). HIGM is caused by genetic
mutations in molecules that regulate CSR (Allen et al., 1993; Etzioni and Ochs, 2004;
Nonoyama et al., 1993; Qamar and Fuleihan, 2014). Although CD40 mutations are rare,
CDA40L mutations are the most common cause of HIGM (Etzioni and Ochs, 2004; Qamar
and Fuleihan, 2014). Together, CD40 and CD40L defects account for more than 60% of
HIGM cases (Etzioni and Ochs, 2004).

The role of TRAFs in CD40-induced CSR—TD antigen-mediated CD40-induced CSR
can be mimicked in culture by stimulating naive B cells with CD40L or agonist anti-CD40
antibody, together with cytokines (e.g., IL-4). Upon activation, monomers of CD40 cluster to
form trimeric CD40s in membrane lipid rafts that recruit downstream signaling molecules,
among which are TRAFs, including TRAF1, TRAF2, TRAF3, TRAF5 and TRAF6 (Figure
3). TRAF1-null B cells have no CSR defect (Tsitsikov et al., 2001). TRAF5 knockout (KO)
mice can produce 1gG in response to TD antigen immunization but TRAF5 KO B cells
produce less 1gG upon CD40 engagement /n7 vitro (Nakano et al., 1999). Apart from genetic
deletion of TRAFs, wild-type (WT) or mutant CD40 lacking the ability to bind TRAF6 were
employed to restore CD40 expression in B cells of CD40™/~ mice (Jabara et al., 2002).
TRAF6 binding ability of CD40 was not required for antibody isotype-switching in response
to /n vivo TD antigen immunization or /n vitro CD40 engagement (Jabara et al., 2002),
suggesting a dispensable role of TRAF6 in CSR. However, B cell-specific deletion of
TRAF6 impaired IgG isotype-switching in response to TD antigen immunization and
TRAF6 KO B cells responded poorly to /in vitro stimulation of CD40 and TLRs (Lomaga et
al., 1999). Taken together, these studies suggest that TRAF6 binding ability of CD40 does
not accurately represent TRAF6’s function, at least, in transducing signals to induce AID
expression and CSR. One possibility is that, when CD40 loses its binding ability to TRAF6,
TRAF2 and/or TRAF3 can recruit TRAF6 to CD40 signalosome to activate downstream
signals to induce AID expression and CSR.

CDA40 mutants that lacked the ability to bind TRAF2 or TRAF3 or both were also employed
to restore CD40 expression in B cells of CD40~/~ mice (Jabara et al., 2009). This study
reported that both B cell-specific TRAF2 (B-TRAF2) and TRAF3 are required for CD40-
induced antibody isotype-switching and the two proteins independently signal to induce
CSR upon CD40 engagement (Jabara et al., 2009). Contrary to these findings, B cell-specific
TRAF3 (B-TRAF3) KO mice showed no defects in isotype-switching in response to TD
antigen immunization (Xie et al., 2007); moreover, engaging CD40 /n vitro induced
significantly elevated secretion of IgG1 in TRAF3-KO B cells compared to WT B cells (Xie
et al., 2011). These studies suggested that B-TRAF3 is dispensable for CD40-induced
isotype-switching. Thus, the role of B-TRAF3 in TD humoral immune responses and CD40-
induced CSR remained controversial. It is necessary to ascertain TRAF3’s role in the CD40
signaling pathway because therapeutic approaches are emerging in PID, inflammation, and
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cancer by targeting CD40 signaling (Beatty, Li and Long, 2017; Meng, Yang and Suen,
2018). Despite of a number of previous studies investigating the role of TRAF2 in immune
responses, CD40 signaling, B cell development and survival as well as lymphoid organ
homeostasis (Gardam et al., 2008; Grech et al., 2004; Hostager et al., 2003; Jabara et al.,
2009; Nguyen et al., 1999), it remained unknown whether and how TRAF2 deletion in B
cells affects CD40-induced CSR and TD humoral immune responses. In this regard, our
recent studies clarify the controversial role of B-TRAF3 and confirm its dispensability in
CDA40-induced CSR (Woolaver et al., 2018). Furthermore, we found that TRAF2 is essential
for TD humoral immunity and CD40-induced CSR (Woolaver et al., 2018). Mechanistically,
CDA40-induced AID expression was markedly impaired by B-TRAF2 deficiency, whereas B-
TRAF3 deficiency did not affect CD40-induced AID expression (Woolaver et al., 2018).
Thus, our studies provide significant biological bases for optimizing therapeutic strategies to
treat B cell-associated immune disorders by targeting CD40 signaling.

TRAF-mediated downstream CD40 signaling—Engaging CD40 activates TAK1 by
recruiting TRAF2/TRAF6 (Figure 3) (Arcipowski and Bishop, 2012; Sato et al., 2005; Song
etal., 2014; Wang et al., 2012). When TRAF2 and TRAF®6 are recruited to membrane
receptor complex, they function together to enhance the K63 ubiquitin ligase activity of
cellular inhibitor of apoptosis 1/2 (clAP1/2). clAP1/2 then function together with Ubc13 to
add K63 polyubiquitin to IKK-y to activate IKK-y. Then, activated IKK-y recruits TAK1 to
phosphorylate IKKp and promote IKKa/p/y complex assembly, which phosphorylates
IxBa and triggers ubiquitination-mediated IxBa degradation. Removal of IxBa promotes
the cleavage of NF-xB1 precursor p105 into active p50, and facilitates the nuclear
translocation of the RelA/p50 heterodimer to initiate target gene transcription.

In resting B cells, TRAF3 associates with NF-xB inducing kinase (NIK), while TRAF2
associates with clAP1/2 (Figure 3). Within this cytoplasmic complex, TRAF2 and TRAF3
heteromeric interaction allows clAP1/2 to induce NIK polyubiquitination and target NIK for
degradation (Figure 3). Thus, in resting B cells, the steady level of NIK is very low. Upon
CD40 clustering, the TRAF2/TRAF3/clAPL/2/NIK complex is recruited to the CD40
signalosome in membrane rafts where TRAF2/TRAF3 interact with CD40 that directs
clAP1/2 to degrade TRAF3 (Hostager et al., 2003; Liao et al., 2004) (Figure 3). TRAF3
degradation releases the TRAF2/TRAF3/clAP1/2/NIK signaling complex from membrane-
associated CD40 to activate the downstream MAPK pathway (e.g., JNK), and releases NIK
to allow cytoplasmic NIK accumulation. NIK in turn phosphorylates IKKa. Activated IKKa
phosphorylates NF-xB2 p100 and triggers p100 proteolytic cleavage into active NF-xB2
p52. The heterodimer of RelB/p52 then translocates into the nucleus and initiates target gene
transcription. NF-xB2 is constitutively activated in B-TRAF2 or B-TRAF3 KO B cells
(Gardam et al., 2008; Woolaver et al., 2018; Xie et al., 2007). Therefore, both TRAF2 and
TRAF3 are negative regulators of CD40-induced NF-xB2 activation. NIK level is also
negatively regulated by TANK binding kinase 1 (TBKZ1) in a TRAF3-independent manner
(Jinetal., 2012). TBK1 deletion in B cells causes hyper-activation of NF-xB2, which leads
to abnormally increased IgA production and IgA nephropathy (Jin et al., 2012).

Both NF-xB1 and NF-xB2 are implicated in inducing AID expression (Zan and Casali,
2013). Specifically, the NF-xB2 (p52) and the NF-xB1 (p50) subunits can be recruited to the
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AID promoter region (Gourzi, Leonova and Papavasiliou, 2007; Park et al., 2009); and the
RelA subunit can be recruited to an upstream enhancer element (Tran et al., 2010). In
addition, p50~/~ primary mouse B cells exhibited defects in CSR and AID expression
(Gourzi, Leonova and Papavasiliou, 2007). Consistently, deletion of either NF-xB1 or NF-
xB2 markedly impairs TD humoral immune responses (Caamano et al., 1998; Sha et al.,
1995). However, it remained incompletely understood how TRAF2 and TRAF3 regulate
CD40-induced AID expression. Our recent studies showed that B-TRAF2 deficiency impairs
AID expression and CSR induced by engaging CD40 but not by engaging TLRs (Woolaver
et al., 2018). Mechanistically, B-TRAF2 deficiency causes defective activation of the NF-
xB1 complex in a CD40-autonomous manner, whereas TRAF3 is dispensable for CD40-
induced NF-xB1 activation (Woolaver et al., 2018). Moreover, restoring CD40-induced NF-
xB1 activation in TRAF2-deficient B cells rescues AID expression and CSR (Woolaver et
al., 2018). Taken together, both TRAF2 and TRAF6 contribute to CD40-induced NF-xB1
activation, while our study suggests that each of them plays a non-redundant role in this
process. Our study also implies that simultaneous activation of NF-xB1 and NF-xB2 may be
essential for inducing AID expression and CSR.

CD40-induced AKT activation—Engaging CD40 also activates the AKT pathway
(Deregibus et al., 2003); however, the mechanism directing signal transduction of CD40-
induced AKT activation is poorly understood. Prior studies showed that the neural precursor
cell expressed developmentally downregulated protein 4 (NEDDA4), an E3 ubiquitin ligase, is
a component of the CD40 signaling complex (Fang et al., 2014). NEDD4 constitutively
interacts with CD40 and mediates K63-linked ubiquitination of TRAF3 (Fang et al., 2014).
Furthermore, NEDD4-mediated TRAF3 ubiquitination is critical for CD40-induced AKT
activation (Fang et al., 2014). NEDD4~/~ splenic B cells expressed a higher level of AID
transcripts and exhibited a higher level of 19G CSR, and NEDD4~'~ mice produced a higher
level of total 19gG and antigen-specific 1gG (Fang et al., 2014). These results are consistent
with a negative role of AKT activation in AID expression and CSR. However, B-TRAF3 KO
B cells had no defects in CD40-induced AKT activation (unpublished data), suggesting that
embryonic fibroblast cells (Fang et al., 2014) and primary B cells might employ differential
mechanisms to regulate CD40-induced AKT activation. In line with this notion, other
studies report that engaging CD40 in B cells barely induces K63-linked ubiquitination of
TRAF3 (Matsuzawa et al., 2008). Nevertheless, it is important to notice that CD40
stimulation not only activates NF-xB pathways to induce AID transcription but also
activates the AKT pathway that inhibits AID expression and CSR.

2.3 Therole of TLRs in regulating CSR

Structure and functions of TLRs—TLR family is a major subgroup of conserved
pattern recognition receptors (PRRs). Human cells express 10 (TLR1-TLR10) and mouse
cells express 12 (TLR1-TLR9, TLR11-TLR13) members of TLR family (Kawai and Akira,
2010). TLRs are expressed in innate and adaptive immune cells as well as non-immune cells
(Kawai and Akira, 2010). Based on their cellular compartmentalization, TLRs can be
categorized into two groups, cell surface TLRs and intracellular TLRs. The former group
includes TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, and the latter group includes
TLR3, TLR7, TLR8, TLRY, TLR11, TLR12, and TLR13 (Kawai and Akira, 2010).
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Structurally, all TLRs contain an ectodomain, transmembrane and cytoplasmic domain
(Botos, Segal and Davies, 2011). The ectodomain recognizes microbial membrane
components such as lipids, lipoproteins, or proteins. TLRs recognize their respective PAMPS
as a homo- or heterodimer (Botos, Segal and Davies, 2011). Different TLRs recognize
different types of PAMPs (Kawai and Akira, 2010). For example, TLR4 recognizes bacterial
LPS. TLR3 recognizes viral double-stranded RNA (dsRNA) and self-RNAs derived from
damaged host cells (Bernard et al., 2012; Takemura et al., 2014; Zhang et al., 2007). TLR9
recognizes bacterial and viral DNA enriched in unmethylated CpG-DNA motifs (Dalpke et
al., 2006; Takeshita et al., 2001). The transmembrane domain anchors TLRs either to plasma
membrane or endosome or lysosome membrane. TLRs and IL-1Rs have a conserved region
in their cytoplasmic tails, termed Toll/IL-1R (TIR) domain (Kawasaki and Kawai, 2014).
This TIR domain of TLRs associates with TIR domain containing adaptors to transduce
TLR signaling. TLR adaptors include myeloid differentiation primary-response protein 838
(MyD88), TIR-domain-containing adaptor protein (TIRAP) (also known as MyD88-adaptor-
like protein), TIR-domain-containing adaptor protein inducing IFN-B (TRIF) (also known as
TIR-domain-containing molecule 1 (TICAM1)), and TRIF-related adaptor molecule
(TRAM) (also known as TICAM?2) (Kawasaki and Kawai, 2014).

TLRs act as a critical link between innate and adaptive immunity, because TLR stimulation
by PAMPs not only activates innate immunity but also contributes to adaptive immunity
(Pone et al., 2012a). Mutations in genes encoding TLRs impair antibody responses
(Andersen-Nissen et al., 2007; Bochud et al., 2007; Echchannaoui et al., 2002; Hawn et al.,
2003; Kesh et al., 2005; Kimman et al., 2008; Thuong et al., 2007). In B cells, TLRs interact
with PAMPs (e.g., LPS or CpG-DNA) to induce antibody responses against T antigens
(Pone et al., 2012a). TLR activation also plays a critical role during the early stage of TD
antigen-induced antibody responses, when antigen-specific T cell help is not available to B
cells yet. Moreover, TLRs in B cells can synergize with BCR signaling to induce more
robust antibody responses by promoting AID expression and CSR (Pone et al., 2012b). The
TLR9 ligand CpG DNA substantially boosted 1gG2b and 1gG2c antibody responses to
protein antigens administered in the virus-like particles (Hou et al., 2011). However,
engaging TLR alone in B cells does not induce CSR efficiently, except for TLR4 (Pone et
al., 2012a) (see more discussion below). While it is controversial whether human B cells
express TLR4 (Bekeredjian-Ding and Jego, 2009; Ganley-Leal et al., 2010; Hornung et al.,
2002), TLR4 in mouse B cells plays an important role in inducing AID expression and CSR
(Pone et al., 2012a).

TLR signaling pathways—All TLRs transduce signals via MyD88 except TLR3 that
transduces signals via TRIF (Kawasaki and Kawai, 2014). TIRAP is a bridging adaptor that
recruits cytosolic MyD88 to interact with the activated TIR domain of TLR4 (Figure 4).
TLR4 can also transduce signals via TRIF that needs another bridging adaptor, TRAM
(Figure 4). Other TLRs signal directly and only through MyD88 or TIRAP/MyD88. For
MyD88-dependent signaling (Figure 4), once cytosolic MyD88 is recruited to membrane-
associated TLRs, MyD88 recruits IL-1R-associated kinase 4 (IRAK4). IRAK4 interacts with
IRAK1 and induces IRAK1 auto-phosphorylation. Phosphorylated IRAK1 recruits TRAF6
that eventually activates TAKL. TAK1 then activates two different pathways: the IKK
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complex-NF-xB pathway and MAPK pathway. TAK1 interacts with IKK-y and
phosphorylates IKK-B. The activated IKKa/p/y complex then phosphorylates IxBa, leading
to IxBa degradation. IxBa degradation allows the p5S0(NF-xB1)/RelA heterodimer to
translocate into the nucleus and induce transcription of target genes, including AID.

For TRIF-dependent signaling (Figure 4), TRIF interacts with TRAF6 and TRAF3. TRAF6
activates the TAK1 complex, leading to activation of NF-xB and MAPKs. TRAF3 recruits
the IKK-related kinases TBK1, IKKi and IKK-+y for the phosphorylation of IFN-regulatory
factor 3 (IRF3). Overall, TRAF6 activates MyD88-dependent and TRIF-dependent signaling
pathways, whereas TRAF3’s role in TLR signaling is more complicated (Kawasaki and
Kawai, 2014). TRAF3 promotes the activation of the TRIF-dependent pathway. TRAF3 was
also shown to be recruited to the MyD88 complex in TLR4 signaling, and subsequently
degraded, which led to TAK1 activation (Tseng et al., 2010). Thus, TRAF3 functions as a
suppressor of the MyD88-dependent signaling pathway.

Patients deficient in MyD88 or IRAK4 exhibited impaired antibody responses to capsular
bacteria, and presented with recurrent pyogenic infections (Picard, Casanova and Puel, 2011;
Picard et al., 2010). In addition, deficiency in MyD88 or IRAK4 leads to a decreased 1gG
response to polysaccharidic antigens (Picard et al., 2010), supporting a role of the dual
BCR/TLR engagement by PAMPs in 1gG responses. B cell-specific MyD88 KO mice
exhibited defective antibody responses to inactivated influenza virus (Hou et al., 2011).
Consistent with a role of TRAF3 in suppressing MyD88-dependent signaling, B-TRAF3
deficiency leads to elevated 1gG production in response to Tl antigen immunization in vivo
(Woolaver et al., 2018; Xie et al., 2011; Xie et al., 2007), and B-TRAF3 KO B cells exhibit a
higher level of IgG1 CSR in response to LPS/IL-4 stimulation /n vitro (Woolaver et al.,
2018).

TLRs can also activate the PI3K pathway by recruiting PI3K regulatory subunit p85 (Akira
and Takeda, 2004). TLR cytoplasmic domains contain Y XXM moatifs that can directly
interact with p85 (Akira and Takeda, 2004). Due to the association of p85 with TLR, PI3K
catalytic subunit p110 can be recruited to the plasma membrane where activated PI3Ks
synthesize PIP3. PIP3 then activates AKT. MyD88 also contains an Y XXM motif that can
recruit p85 (Laird et al., 2009), thereby leading to PI3BK/AKT activation. Taken together,
TLR stimulation activates not only the NF-xB pathway but also the PI3BK/AKT pathway that
can negatively regulate AID expression and CSR.

Engaging TLR alone on mature naive B cells induces AID expression and CSR to different
classes of isotype-switched antibodies (1gG, IgA or IgE) in the presence of corresponding
cytokines; however, the level of AID expression and CSR remains relatively low (Pone et al.,
2012a). Co-engaging BCR and TLR causes synergy to induce a much higher level of AID
expression and CSR, and the synergy of co-engaging BCR and TLR can more effectively
activate NF-xB1 and NF-xB2 in a p85-dependent manner (Pone et al., 2012b). In the
presence of cytokines (e.g., IL-4 or TGF-B), LPS stimulates mature naive mouse B cells to
induce a maximal level of AID expression and CSR comparable to that induced by engaging
CDA40 or co-engaging TLRs and BCR (Pone et al., 2012b; Woolaver et al., 2018). This
robustness of LPS-induced CSR may be attributed to the ability of LPS to activate the BCR,
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TLR4 and co-receptor CD14 simultaneously to induce stronger downstream signals (Lu,
Yeh and Ohashi, 2008; Pone et al., 2012a). Interestingly, LPS without additional cytokines
induces 1gG3 CSR, whereas, LPS plus IL-4 induces IgG1 and IgE CSR, directed by IL-4.

TLRs can synergize with the BCR to induce the production of 1gG and IgA against specific
antigens, which is especially important for combating early viral and bacterial infections,
given that antigen-specific T cell help is not available to B cells at this point (Pone et al.,
2012a). However, when autoantigen is present, TLRs may exaggerate autoimmune
manifestations by synergizing with an autoreactive BCR to induce isotype-switched
autoantibody, such as 1gG2a seen in SLE of humans and mouse models (Avalos, Busconi
and Marshak-Rothstein, 2010; Suurmond and Diamond, 2015).

2.4. TACI and BAFF-R

BAFF and a proliferation-inducing ligand (APRIL) are TNF family members. Both BAFF
and APRIL interact with three specific receptors, TACI, B cell maturation antigen (BCMA),
and BAFF-R, which are TNFR family members (Zhang et al., 2015). In the presence of
cytokines, APRIL and BAFF can stimulate TACI to induce AID expression and CSR, while
only BAFF can stimulate BAFF-R to do so (Castigli et al., 2005). Neither APRIL nor BAFF
can stimulate BCMA to induce AID expression and CSR in the presence of cytokines
(Castigli et al., 2005). TACI activates NF-xB and synergizes with BCR, CD40 or TLR
signaling to induce AID expression and CSR (Pone et al., 2012b). Reciprocally, BCR and
TLRs potentiate TACI and BAFF-R signaling by promoting the expression of receptors and
their ligands (Abu-Rish, Amrani and Browning, 2013; Smith and Cancro, 2003; Uslu et al.,
2014).

TACI and BAFF-R both recruit TRAFs for downstream signal transduction; BAFF-R only
interacts with TRAF3 while TACI can interact with TRAF2, TRAF5 and TRAF6 (Zhang et
al., 2015). Of note, TRAF2 is also required for BAFF-R to induce NF-xB2 activation, and
TRAF2 mediates this effect by recruiting TRAF3 to clAP1/2 for TRAF3 K48-linked
ubiquitination and degradation. TRAF3 degradation allows cytoplasmic NIK accumulation
that eventually leads to NF-xB2 activation. TACI and BAFF-R function similarly in
inducing AID expression and CSR (Castigli et al., 2005). However, TACI and BAFF-R
exhibit different effects on B cell survival, proliferation, expansion, and differentiation as
well as GC formation, because TACI and BAFF-R compete for BAFF (Ou, Xu and Lam,
2012; Zhang et al., 2015). BAFF-R signaling promotes B cell survival, proliferation and
expansion as well as GC formation. In contrast, TACI inhibits B cell proliferation and
expansion, and promotes apoptosis (Sakurai et al., 2007; Seshasayee et al., 2003; Zhang et
al., 2015). TACI upregulates the expression of clAP1/2 in GC B cells, thereby inhibiting the
BAFF-R-mediated NF-xB2 activation and GC formation (Seshasayee et al., 2003). TACI
signaling induces the expression of transcription factor BLIMP-1 that arrests B cell
activation, promotes B cell terminal differentiation into antibody-producing plasma cells and
inhibits AID transcription (Minnich et al., 2016; Shaffer et al., 2002).

An intriguing observation is that TACI intracellular domain has a conserved motif that can
directly interact with MyD88 to transduce signals to induce AID expression and CSR (He et
al., 2010). Upon engagement by BAFF or APRIL, TACI can associate with MyD88 that
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recruits IRAK1 and IRAK4, then this assembled receptor complex recruits TRAF6 that
eventually activates TAK1 by K63-linked poly-ubiquitination. As discussed above in TLR
signaling, TAK1 promotes IKK complex assembly and activation, leading to activation and
nuclear translocation of the p50(NF-xB1)/RelA heterodimer. TACI can also activate
p52(NF-xB2)/RelB via interacting with TRAF2 and TRAF3. Both NF-xB1 and NF-xB2 are
implicated in inducing AID transcription (Zan and Casali, 2013). On the other hand, MyD88
can also activate the PI3K/AKT pathway (Laird et al., 2009) that inhibits AID expression
and CSR. MyD88 can directly interact with PI3K regulatory subunit p85 (Laird et al., 2009),
which activates the PI3K signaling pathway. Thus, PI3K/AKT may serve as a negative
feedback regulator of TACI-induced AID expression and CSR.

2.5. Other receptors

CD73 is a plasma membrane protein and functions as an ecto-5"-nucleotidase (Deaglio and
Robson, 2011). CD73 deficiency is associated with common variable immune deficiency
(CVID) (Schena et al., 2013), a subtype of PID. Notably, CVID patients with impaired
isotype-switched antibody responses exhibited defects in CD73 expression in B cells
selectively (Schena et al., 2013). CD39 is a member of the ectonucleoside triphosphate
diphosphohydrolase (E-NTPDase) family that includes four plasma membrane-bound
members: CD39 (NTPDasel), NTPDase2, NTPDase3, and NTPDase8 (Robson, Sevigny
and Zimmermann, 2006). These E-NTPDase enzymes can hydrolyze, with varying affinities,
nucleoside triphosphates and diphosphates to corresponding monophosphate derivatives
(e.g., ATP and ADP to AMP). Co-engagement of BCR and TLR results in the release of
ATP stored in Ca2*-sensitive secretory vesicles, then CD73 and CD39 function together to
hydrolyze ATP to adenosine, which induces CSR in a B cell autonomous manner (Schena et
al., 2013). Adenosine initiates its biological effects via binding four adenosine receptors, A4,
Aop, Agg and Az subtypes, which are G protein-coupled receptors (Sheth et al., 2014).
Activation of the Apa and Apg adenosine receptors increases cyclic AMP (CAMP)
production, resulting in activation of the protein kinase A (PKA) and phosphorylation of the
cAMP response element binding protein (CREB) (Sheth et al., 2014). CD73-deficient
human B cells have impaired CSR induced by engaging BCR and TLRs (Schena et al.,
2013). PKA-mediated phosphorylation at serine 38 of AID is essential for an optimal level
of CSR (Basu et al., 2005; Cheng et al., 2009; McBride et al., 2008). It would be of interest
to elucidate whether adenosine receptor signaling regulates AID’s activity by activating
PKA during B cell stimulation for CSR induction /n vitro and antibody responses in vivo.
Studies as such may lead to mechanistic insight to explain why CD73 deficiency is
associated with CVID.

Clinical and epidemiological studies have implicated that females tend to develop stronger
and more rapid immune responses when encountering antigens (Butterworth, McClellan and
Allansmith, 1967; Eidinger and Garrett, 1972). This gender bias is also observed in immune
disorders such as allergic disease (e.g., asthma), and autoimmune disease (e.g., SLE) (Favalli
etal., 2018; Gold et al., 2018; Li and McMurray, 2007; Nalbandian and Kovats, 2005; Peeva
and Zouali, 2005). Estrogen, a female-specific hormone, enhances antibody and
autoantibody responses, possibly through upregulating AID expression. It was initially
reported that estrogen receptor directly bound and activated the AID promoter to induce AID
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expression and CSR (Pauklin et al., 2009). Later, it was found that estrogen receptor directly
bound the promoter of transcription factor HoxC4 and activated HoxC4 expression (Mai et
al., 2010), which in turn induced AID expression. The later study also found that binding to
the AID promoter is not necessary for estrogen receptor signaling to synergize AlD
expression and CSR induced by CD40 and TLR (Mai et al., 2010). Administrating estrogen
in vivo also significantly enhances CSR and SHM for antigen-specific antibody responses
(Mai et al., 2010).

3. AID and its regulation

3.1 Structure and function of AID

AID is encoded by Ajcda gene located on chromosome 6 or 12 in mice or humans,
respectively. The AID protein has 198 amino acids, consisting of N-terminus, cytidine
deaminase catalytic domain, linker sequence and C-terminus (Chaudhuri and Alt, 2004; Ta
et al., 2003). The N terminus has a nuclear localization signal motif and the C-terminus has a
nuclear export signal motif. Genetic deletion of AJcaain mouse completely abrogated CSR
and SHM (Muramatsu et al., 2000). Consistently, human patients with A/jcda mutations lack
IgG and IgA antibodies but have a high level of IgM, classified as HIGM2, and present in
childhood with recurrent infection (Revy et al., 2000). Further mutagenesis studies show that
the C-terminus of AID is responsible for CSR, and N-terminus responsible for SHM
(Shinkura et al., 2004).

When AID was initially discovered, it was proposed to function as an RNA editing enzyme
(Muramatsu et al., 2000). Although it remains formally possible that AID might target
cellular or viral RNAs to mediate deamination (Liang et al., 2013), convincing genetic and
biochemical studies have shown that AID functions as a DNA deaminase during SHM/CSR
to convert C to U (Neuberger et al., 2003), thereby generating U:G mismatch lesions in
DNA. Moreover, AID only acts on ssDNA and cannot access double-stranded (ds) DNA
(Bransteitter et al., 2003; Chaudhuri, Khuong and Alt, 2004; Chaudhuri et al., 2003;
Dickerson et al., 2003; Pham et al., 2003; Ramiro et al., 2003; Sohail et al., 2003). During
SHM, ssDNA is probably generated during transcription in the form of transcription bubbles
(Chaudhuri, Khuong and Alt, 2004). During CSR, ssDNA might be generated via a special
structure termed “R-loop” (Tian and Alt, 2000; Yu et al., 2003). R-loops are nucleic acid
structures in which a RNA strand forms a RNA/DNA hybrid molecule by displacing one
strand of DNA in a duplex DNA molecule for a limited length. R-loop structures are formed
at sequences that generate a G-rich transcript such as prokaryotic origins of replication
(Masukata and Tomizawa, 1990) or mitochondrial origins of replication (Lee and Clayton,
1996). Mammalian S regions are unusually G-rich on the non-template strand (Chaudhuri et
al., 2007; Stavnezer, Guikema and Schrader, 2008), thus producing G-rich RNA transcripts
that can stably associate with the template strand of the DNA molecule to form R-loops. In
the R-loop structure of S regions, the non-template DNA strand is displaced and exists as
ssDNA (Chaudhuri and Alt, 2004; Tian and Alt, 2000; Yu et al., 2003). It has been proposed
that evolutionarily conserved mammalian S regions are prone to form ssDNA and thus serve
as the main targets of AID (Chaudhuri et al., 2007).
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AlD-initiated U:G mismatches can be resolved via several competing pathways (Di Noia
and Neuberger, 2007; Martomo, Yang and Gearhart, 2004; Neuberger and Rada, 2007; Rada,
Di Noia and Neuberger, 2004; Rada et al., 1998; Rada et al., 2002; Shen et al., 2006): 1) The
general DNA replication machinery can interpret the U as if it were a thymine (T). One of
the daughter cells will acquire a C—T transition mutation; 2) Uracil glycosylase (UNG), a
component of the BER pathway, can remove the U, creating an abasic site. Then, error-prone
polymerases such as Revl can incorporate any nucleotide in place of the removed U,
causing transitions or transversions at C:G base pairs; 3) MSH2/MSH6 (mutS homolog 2/6),
components of the MMR pathway, can recognize the U:G mismatch. The U-bearing strand
is excised and, at loci that undergo SHM, error-prone polymerases are recruited to fill the
gap, causing transition or transversion mutations at A:T base pairs. Therefore, the mutations
in the V region are not sheer outcome of AID deamination, but rather rely on how UNG and
MMR recognize and process the AlD-initiated mismatches; 4) After MMR or UNG
recognition, error-free repair could also correct the U:G mismatched DNA lesions so that no
mutations are generated in this scenario. If both MSH2 and UNG are deleted, AID-initiated
U:G mismatches cannot be recognized by either pathway, thus, are converted to C—T or
G—A mutations during DNA replication. Indeed, in MSH2/"UNG ™~ mice, almost all the
mutations are either C—T or G—A transitions that represent the footprint of AID
deamination (Rada, Di Noia and Neuberger, 2004; Xue, Rada and Neuberger, 2006). How
AlD-initiated U:G mismatches are converted into DSBs during CSR is reviewed elsewhere
(Chen and Wang, 2014). While AID is essential for SHM/CSR to produce high affinity
isotype-switched antibodies, AID has also been implicated in generating chromosomal
translocations of both Ig and non-Ig loci in leukemia and lymphoma (Alt et al., 2013; Daniel
and Nussenzweig, 2013; Nussenzweig and Nussenzweig, 2010; Swaminathan et al., 2015;
Tsai et al., 2008; Wang, 2013).

3.2 The role of target DNA sequences in regulating AID targeting specificity

Although AID is capable of deaminating any transcribed substrate /n7 vitro and could
potentially access the genome widely to cause genomic instability in B cells, its
physiological targets during SHM and CSR are almost exclusively restricted to V or S
regions of /g loci. Major unresolved questions are how AlD-induced DNA alterations are
specifically targeted to /g loci, and what regulatory mechanisms refrain AID from causing
genome-wide damages in B lymphocytes.

During SHM, it remains to be addressed how AID specifically targets the V region exons of
lghand /g/loci. Although AID indeed targets a group of non-Ig genes during SHM, the
mutation frequency of these genes is several order of magnitudes lower than that of V
regions (Di Noia and Neuberger, 2007; Gordon et al., 2003; Liu et al., 2008; Longerich et
al., 2006; Odegard and Schatz, 2006; Pasqualucci et al., 1998; Peng et al., 1999; Shen et al.,
1998; Storb et al., 2001). The specificity and efficiency of AID targeting to the V region may
be regulated at multiple levels (Delker, Fugmann and Papavasiliou, 2009; Stavnezer, 2011),
including but not limited to regulation by specific sequence motifs, cis regulatory elements,
histone modification pattern, and AlD-cofactors. Correlative studies have long suggested
that certain hotspot motifs such as RGYW or AGCT may influence mutation frequency (Di
Noia and Neuberger, 2007; Rogozin and Kolchanov, 1992; Rogozin et al., 2001). However,
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it remains unclear whether and how target DNA sequences regulate mutation frequency or
influence the outcome of AlD-initiated DNA lesions. In a series of recent studies, we
attempted to address these fundamental questions by establishing several knock-in models
via a gene-targeting approach to introduce S regions into different genomic loci to test how
different target DNA sequences regulate the outcomes of AlD-initiated U:G mismatch DNA
lesions.

Bcl6SY1 knock-in model—In the first knock-in model, we introduced a core Sy1 region
into the first intron of Bc/6 (Chen et al., 2012). Consistent with previous analysis of a similar
region (Muto et al., 2006), we found that the mouse Bc/6first intron region mutated at a
frequency of approximately 2x10™4 (Chen et al., 2012). We discovered that the mutation
frequency of the inserted Sy1 region was 10 fold higher than that of the adjacent Bc¢/6 intron
sequence (Chen et al., 2012). Hence, our results demonstrate that S region sequence per se,
independent of /g cisregulatory elements, enhances AID targeting efficiency (Chen et al.,
2012). Mechanistically, we showed that the mutational phenotypes of the inserted S region
were probably due to the enhanced recruitment of RNA polymerase Il (RNAPII) and AID
(Chen et al., 2012). More interestingly, we found that the higher level of RNAPII
accumulation was detected at both the 5" and 3" ends of the inserted Sy1 region (Chen et al.,
2012), implicating a higher density of RNAPII across the entire knock-in S region. These
results are highly consistent with the previous findings of the endogenous S region in the /gh
locus (Wang et al., 2009b). We propose that RNAPII pausing at S regions, together with
AID cofactors such as Spt5 or RPA, likely facilitates the repositioning of repressive
nucleosomes to establish a permissive chromatin architecture that allows AID to access
target DNA sequences (Chen et al., 2012). Taken together, we propose that nucleotide
sequences, as the targets of AID, function actively to determine their own mutability,
possibly by forming higher-order structures, recruiting sequence-specific co-factors,
modifying chromatin context, and/or regulating the transcriptional process. In addition, the
nucleotide sequence preference may serve as an additional layer of AID regulation by
restricting its mutagenic activity to specific sequences such as evolutionarily conserved S
regions. This regulatory mechanism may ensure that AID deamination frequency remains
relatively low at most loci in the genome, below the threshold of repair capacity, so that
these AlD-initiated lesions can be efficiently repaired, thereby protecting the integrity of the
B cell genome. Such a notion is also consistent with the observation that although AID is
recruited to 5910 target genes in /n vitro activated B cells (Yamane et al., 2011), most of
these loci would not display mutations in the presence of a normal repair mechanism.

c-mycSY2b knock-in model—In the second knock-in model, we introduced an Sy2b
region, a bona fide AID target, into the first intron of c-myc (c-mycSY2P knock-in) (Chen et
al., 2014). c-mycis a frequent translocation partner of /g/7and /g/loci in human mature B
cell lymphomas (e.g., Burkitt’s lymphomas) (Janz, 2006). Most of the /g-c-myc
translocations are thought to derive from GC B cells (Kuppers, 2005). However, extensive
sequencing studies of the c-myclocus in human memory B cells showed little SHM activity
(Shen et al., 2000; Shen et al., 1998; Storb et al., 2001), suggesting that ¢c-mycis not an
efficient AID target in B cells. If so, then how can ¢-mycbecome a frequent target of /g
translocations and does AID actually access the c-myc locus? In this regard, prior studies
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showed that the mutation frequency of the c-myc locus is much higher in MSH2/-UNG~/~
or UNG™~ Peyer’s patch (PP) GC B cells than in WT controls (Liu et al., 2008). These data
suggest that AID-initiated lesions at certain non-Ig loci, such as ¢-myc, are normally
processed by error-free repair so that no mutations are generated, only in the absence of
MSH2 and UNG or UNG alone, these AlD-initiated lesions are converted to mutations at the
c-myclocus in GC B cells (Liu et al., 2008). Thus, it was proposed that a differential DNA
repair mechanism may protect non-lIg loci from an excessive amount of mutations (Liu et al.,
2008). In particular, AlD-initiated lesions are repaired in an error-free manner in most of the
tested non-Ig loci, including ¢-myc, whereas a few of them appear to undergo error-prone
repair, including Bc/6and Ca83 (Liu et al., 2008). The error-free repair mechanism
operating at most non-Ig loci probably protects the genome of GC B cells.

Using our c-mycSY20 knock-in mouse model, we detected a high level of c-myc locus DSBs
or translocations in the absence of ATM in the /n vitro cytokine-activated B cells (Chen et
al., 2014). The increased ¢-myc locus DSBs are dependent on both AID and the inserted
Sy2b region in our c-mycSY29/ATM~~ model (Chen et al., 2014). ATM (Ataxia-
telangiectasia mutated) is a member of PI13K-related kinases, and a DNA damage response
factor essential for repairing DSBs (Marechal and Zou, 2013). We found that ATM is
required for optimal GC formation since the percentage of GC B cells is much lower in
ATM~~ mice than control mice (Chen et al., 2014). Intriguingly, we observed no significant
level of c-myc genomic instability in the GC B cells of c-mycSY20/ATM~/~ mice (Chen et
al., 2014). Thus, our findings reveal a sharp contrast between the populations of GC and /n
vitro cytokine-activated B cells in their ability to acquire genomic instability at the c-myc
locus. These results suggest that conclusions drawn from studies using one population of B
cells may not be generalizable to others. Since previous studies in the field often rely on /in
vitro activation of naive B cells as the model system (Chiarle et al., 2011; Klein et al., 2011;
Wang et al., 2009a; Yamane et al., 2011), we may need to take into consideration the
difference between the two experimental models when investigating CSR and translocation
mechanisms.

It remains unknown how the differential DNA repair of AlD-initiated U:G lesions is
regulated at non-1g loci. It has been well documented that B cells activated with different
stimuli (e.g. TD or Tl antigens or cytokines) undergo distinct differentiation pathways and
display unique signatures of gene expression (Shaffer et al., 2001). Hence, we propose that
the AlD-initiated DNA lesions at non-Ig loci are differentially processed in distinct B cell
populations (e.g., GC vs. in vitro cytokine-activated B cells) (Chen et al., 2014). Of interest,
the AlD-initiated DNA lesions at the /g/1locus can be processed in an error-prone manner
that leads to mutations or DSBs at the /g/1locus (Alt et al., 2013; Wang, 2013). This error-
prone processing is independent of B cell populations because both GC and cytokine-
activated B cells harbor frequent mutations in the S regions of the /g/ locus (Nagaoka et al.,
2002; Rada, Di Noia and Neuberger, 2004; Xue, Rada and Neuberger, 2006). Consistently,
we found that both GC and cytokine-activated B cells exhibited /g/ locus DSBs in the
absence of ATM (Chen et al., 2014). We suggest that locus-specific regulatory elements
might regulate not only AID targeting efficiency but also the repair manner of AlD-initiated
lesions (Chen et al., 2014). It is likely that the DNA repair mechanisms at the ¢-myc locus
become dysregulated in GC B cells, and instead of error-free repair, the AID-initiated
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lesions are repaired in an error-prone manner, thereby leading to DSBs or translocations at
the c-myclocus. It is highly relevant to elucidate the mechanisms that regulate population-
specific processing of AlD-initiated lesions at the non-Ig loci, since many of these loci such
as c-myc are frequently targeted by translocations in human B cell lymphomas (Kuppers and
Dalla-Favera, 2001).

V region knock-in models—In the third knock-in model, we inserted a portion of core
Su region into the V region of the endogenous /g/ locus (Chen et al., 2016). While we show
that AID’s mutagenic activity depends on its target sequence at a non-Ig locus (Chen et al.,
2012), the role of target DNA sequence in regulating AID activity has not been addressed in
the most physiologically relevant locus, the endogenous /g/ locus. Moreover, whether AID-
initiated lesions lead to point mutations or DSBs is confounded by a complex interplay
between AlD-deamination and the processing of AID-initiated lesions by UNG or MMR
pathway. To specifically dissect out the role of target DNA sequences in regulating AID
deamination and subsequent repair pathway choice, we employed two knock-in models in
which a portion of core Sy region (cSy) or a rearranged VDJ exon (VB1-8) was placed into
the endogenous V region locus via gene-targeting, termed V-cSu or VB1-8 knock-in,
respectively (Chen et al., 2016). Both of these two sequences were inserted into the exactly
same genomic location and driven by the same V4186.2 promoter (Chen et al., 2016). Thus,
our experimental system allows a direct comparison between the mutability of ¢Sy and VDJ
exon sequences and their ability to regulate AlD-deamination and subsequent repair process.
We report several important findings: 1) S region sequence is an intrinsically more efficient
AID deamination target than V region sequence; 2) the AlD-initiated lesions at the /g4 locus
are processed by both error-free and error-prone repair; 3) S region harbors more UNG-
dependent deletions, an indicator of DSB formation. These S region deletional events are
significantly enhanced by MSH2 deficiency; 4) V region mutational hotspots are largely
determined by AID deamination; and 5) recurrent and conserved S region motifs potentially
function as spacers between AlID-deamination hotspots (Chen et al., 2016). Overall, we
conclude that target DNA sequences directly modulate AlD-deamination frequency and
promote differential accessibility of repair factors (UNG vs MMR) to AlD-initiated lesions,
thereby leading to distinct outcomes of AID deamination.

We observed that the mutation frequency of the cSu sequence is significantly higher than
that of the VB1-8 exon sequence in the absence of both UNG and MSH2 (Chen et al.,
2016). In MSH2/"UNG ™~ mice, almost all the mutations are either C—T or G—A
transitions that represent the footprint of AID deamination. Thus, our data demonstrate that
the cSp sequence is indeed a more efficient AID deamination target. One potential caveat of
our model is that the difference in SHM of the two sequences might be influenced by
antigen selection within GCs. However, under our short-term immunization conditions,
SHM patterns of VB1-8 productive allele are not biased by antigen selection (Weiss,
Zoebelein and Rajewsky, 1992). Furthermore, VB1-8 exon sequence exhibited a similar
mutation frequency and pattern including hotspot distribution regardless of whether it serves
as a productive or passenger allele (Yeap et al., 2015). The productive and passenger VB1-8
alleles share the identical transcription control elements and essentially identical sequence
except that translation termination codons are introduced in the passenger VB1-8 allele
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(YYeap et al., 2015). Therefore, these data demonstrated that the SHM pattern of VB1-8
productive allele shows no influence of antigen selection (Yeap et al., 2015). Taken together,
we conclude that the SHM difference between cSp and VVDJ exon sequence is driven by
sequence-intrinsic mechanisms (Chen et al., 2016; Yeap et al., 2015). Of note, such sequence
intrinsic mechanisms of somatic mutation also contribute to affinity maturation of broadly
neutralizing antibodies against HIV-1 (Hwang et al., 2017).

AID deamination leads to U:G mismatches that are subsequently recognized by MMR or
UNG pathways. After MMR or UNG recognition, in theory, both error-free and error-prone
repair can be recruited to the lesions. It has been suggested that error-prone repair might be
preferentially recruited to /g loci, whereas, error-free repair functions predominantly at non-
Ig loci (Liu et al., 2008; Liu and Schatz, 2009). However, based on our data, we propose that
error-free repair is also involved in the processing of AlD-initiated lesions at /g loci (Chen et
al., 2016). We found that the mutation frequencies of both V and S regions were
significantly higher in MSH2"UNG ™~ mice than in WT mice (Chen et al., 2016). Since
the mutation frequency in the absence of MSH2 and UNG reflects the frequency of AID
deamination, we reason that the lower mutation frequency in UNG/MSH2 proficient mice is
due to the error-free repair which can correct the U:G mismatches and generate no mutations
(Chen et al., 2016). These data led us to conclude that AID-initiated lesions at /g/ locus can
be processed by error-free repair, similar to the non-Ig loci, and that the mutation level at /gh
locus probably exceeds the capacity of error-free repair, thereby resulting in the recruitment
of error-prone repair, which in turn causes mutations (Chen et al., 2016). Our studies reveal
an evolutionarily conserved role for target DNA sequences in regulating antibody gene
diversity, AID targeting specificity and differential recognition of AID-initiated lesions by
different repair pathways (Chen et al., 2016; Chen et al., 2014; Chen et al., 2012; Yeap et al.,
2015).

3.3 Signaling pathways that regulate AID expression

Non-Hodgkin’s lymphomas (NHL) are a heterogeneous group of malignancies affecting
lymphocytes. Collectively, NHL are the fifth most common cancers in the US, and more
than 90% of NHL are of B cell origin (Scott and Gascoyne, 2014). There are roughly equal
number of T and B cells in spleen and more T cells in lymph nodes. Why are B cells so
prone to lymphomagenesis? This is probably due to B cell-specific DNA mutagenesis
processes, SHM and CSR (Chen and Wang, 2014; Wang, 2013). SHM and CSR are required
to produce high affinity isotype-switched antibodies that are essential for immunity against
pathogens. However, B cells pay a high price for utilizing AID to generate point mutations
or DSBs during SHM/CSR (Chen and Wang, 2014; Wang, 2013). AID is a genome mutator
and, if dysregulated, can cause genome-wide DSBs that lead to chromosomal translocations
and lymphomas (Alt et al., 2013; Chen and Wang, 2014; Chiarle et al., 2011; Gazumyan et
al., 2012; Robbiani et al., 2009; Robbiani et al., 2015; Wang, 2013). Hence, AID expression
level is tightly controlled and a high level of AID expression only occurs in activated B cells
during infection or immunization.

AID expression is regulated at the transcriptional level (Matthews et al., 2014; Vaidyanathan
et al., 2014; Zan and Casali, 2013). There are four cis-regulatory regions that induce AID
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expression specifically in activated B cells and inhibit AID expression in other types of cells
(Nagaoka et al., 2010). These 4 regions are termed region 4, region 1, region 2 and region 3,
arranged in this genomic order at the AJcda locus (Figure 5). The transcription of the A/jcda
gene is controlled by multiple transcription activators and repressors that bind the sites
located in the four cis-regulatory regions in and around the A/cda gene locus (Figure 5). AID
expression is also regulated at the post-transcriptional and post-translational level,
extensively reviewed elsewhere (Matthews et al., 2014; Vaidyanathan et al., 2014; Vuong
and Chaudhuri, 2012).

Region 1 consists of the A/cda promoter and the sequences immediately upstream of the
promoter. Region 1 also contains enhancer elements that bind HoxC4, Oct1/2 and SP1/3
(Lee-Theilen and Chaudhuri, 2010), and elements responding to estrogen and progesterone
that, respectively, induce or suppress AID expression (Mai et al., 2010; Pauklin and
Petersen-Mahrt, 2009; Pauklin et al., 2009). It was initially reported that estrogen-bound
estrogen receptor induced AID transcription directly by binding and activating the AID
promoter (Pauklin et al., 2009); however, later studies showed that estrogen receptors bind to
and activate the HOXC4/HoxC4 promoter to enhance HoxC4-mediated AID induction (Mai
et al., 2010). In contrast, progesterone-bound progesterone receptor suppressed the
transcription of the AJcda gene by binding region 1 sequence upstream of the AID promoter
(Pauklin and Petersen-Mahrt, 2009). Hormonal factor-mediated AID regulation might have
implications in hormone-driven oncogenesis and autoimmunity; however, their involvement
in the normal CSR process remains to be determined (Incorvaia et al., 2013; Maul and
Gearhart, 2009; Pauklin and Petersen-Mahrt, 2009; Pauklin et al., 2009). Lastly, region 1
contains the binding sites for NF-xB (p50) and STAT®6 transcription factors (Park et al.,
2009; Yadav et al., 2006); thus, region 1 could respond to signals triggered by IL-4 together
with CD40 (Dedeoglu et al., 2004), TLR (Pone et al., 2012b), BAFF-R or TACI ligation
(Castigli et al., 2005; Pone et al., 2012b). Some of these stimulating conditions can also
induce HoxC4 expression in activated B cells that enhances the activity of AID promoter
(Park et al., 2013; Park et al., 2009; Zan and Casali, 2013).

Region 2 contains the regulatory elements in the first intron of the Aicda gene. This intronic
regulatory region contains the binding sites for PAX5, E2A, c-Myb and E2F (Gonda et al.,
2003; Huong le et al., 2013; Sayegh et al., 2003; Tran et al., 2010). PAX5 and E2A proteins
are B cell-specific that promote AID expression, while c-Myb and E2F, whose expression is
not restricted to B cells, repress AID expression (Gonda et al., 2003; Sayegh et al., 2003;
Tran et al., 2010). Deletion of the silencer elements that bind repressors c-Myb and E2F
drastically enhances AID expression, without inducing AlD transcription in non-B cells,
supporting the notion that AID expression is tightly controlled in a B cell-specific manner
(Huong le et al., 2013). Apart from the binding of c-Myb and E2F to region 2, suppressing
AID transcription can be achieved via inhibitor of DNA binding (Id) proteins (Gonda et al.,
2003; Sayegh et al., 2003). 1d2 and 1d3 might form heterodimers with PAX5 and E2A
proteins, respectively, and impair the binding of PAX5 and E2A to region 2 of the Aicda
locus, thereby inhibiting AID transcription (Gonda et al., 2003; Sayegh et al., 2003). Of
note, 1d2 can be upregulated by PI3K/AKT signaling (Belletti et al., 2001); it remains to be
addressed whether the PI3BK/AKT pathway inhibits AID expression by modulating 1d2
and/or 1d3 expression. The PI3K/AKT pathway can also upregulate BLIMP-1 (Setz et al.,
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2018) that inhibits AID expression and CSR, possibly by repressing PAX5 expression or
directly repressing AID transcription (Lin et al., 2002; Minnich et al., 2016; Omori et al.,
2006; Shaffer et al., 2002).

Region 3 is located about 7kb or 24kb downstream of the exon 5 of the A/cda gene in mouse
or human genomes, respectively. Region 3 contains the binding sites for AP1 family
transcription factor BATF, and may act as an enhancer element for AID expression since
Batfdeletion leads to abrogation of AID expression and CSR (Betz et al., 2010; Crouch et
al., 2007; Ise et al., 2011). Region 4 is located about 8kb or 16 kb upstream of the
transcription start site of the Ajcda gene in mouse or human genomes, respectively (Crouch
et al., 2007; Nagaoka et al., 2010; Yadav et al., 2006). Region 4 contains enhancers that have
the binding sites for transcription factors, STAT6, SMAD3/4, C/EBP and NF-xBs that are
activated during B cell stimulation (Huong le et al., 2013; Tran et al., 2010). In addition, c-
Myc has been implicated in binding region 4 to induce AID expression (Dominguez-Sola et
al., 2012; Fernandez et al., 2013). Region 4 is mainly responsible for responding to
stimulatory signals through cytokine receptors or costimulatory molecules.

AID expression was initially reported in GC B cells (Muramatsu et al., 1999). Studies using
AID reporter mice confirmed the initial findings and showed that AID expression occurred
predominantly in activated mature B cells (Crouch et al., 2007). Later studies found that
AID could be expressed in B cells outside GCs, such as immature B cells in bone marrow,
driven by BCR and TLR-mediated signals (Han et al., 2007; Kuraoka et al., 2017). Prior
studies also showed that AID was expressed in human immature B cells that expressed
recombination-activating gene 2 (RAG2); most of these AID* immature B cells were deleted
by apoptosis (Cantaert et al., 2015). These data suggest that AID expression in immature B
cells might contribute to central B cell tolerance potentially through its RAG-coupled
genotoxic activity (Cantaert et al., 2015). However, AID expression in mature B cells did not
lead to apoptosis since B cell-specific AID transgenic mice had normal number and
percentage of B cells in secondary lymphoid organs (Muto et al., 2006). Although AID
transcripts can be detected in immature B cells, mature naive B cell have little AID
expression and do not upregulate AID without stimulation (Crouch et al., 2007). Since
humoral immune responses are largely mediated by mature B cells stimulated by TD or TlI
antigens, we focus on discussing the signal pathways that can induce naive mature B cells to
express AID.

As discussed above, in vivo antigen immunization may activate multiple receptors on B cells
simultaneously, thus, it is difficult to define which receptor is able to signal to induce AID
expression. £x vivo stimulation of B cells in culture provides an essential alternative to
overcome this difficulty. In culture system, LPS is the only stimulus that can activate CSR
on its own, probably due to its ability to stimulate BCR, CD14 and TLR4 altogether (Lu,
Yeh and Ohashi, 2008; Pone et al., 2012a). None of other stimuli (e.g., CD40 or TLR
ligands) can activate CSR efficiently (Pone et al., 2012a), likely because none of them can
fully support B cell proliferation /n vitro and a sufficient level of cellular proliferation is
required for AID expression. To resolve this issue, cytokines or costimulatory ligands, such
as IL-4 or BAFF, were included in B cell culture to induce AID expression and CSR. In the
presence IL-4 cytokine, CD40, TLRs, TACI, BAFF-R all can induce the expression of AID
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protein, consistently, B cells stimulated under these conditions can undergo CSR (Castigli et
al., 2005; Dedeoglu et al., 2004; Pone et al., 2012a). However, stimulating BCR by anti-IgD
in the presence of 1L-4 does not induce AID expression and CSR (Pone et al., 2012a).
Recently, it was reported that anti-IgM in the presence of BAFF did not induce AID
transcription in naive mature B cells (Kuraoka et al., 2017). Another study showed that
stimulating BCR by anti-IgM in the presence of IL-4 induced AID expression and /gh GLT;
however, these stimulated B cells failed to undergo CSR (Heltemes-Harris et al., 2008).
These prior studies consistently showed that engaging BCR did not induce CSR; however,
their results were inconsistent about whether engaging BCR could induce AID expression.
We stimulated splenic B cells purified from C57BL/6, BALB/cJ and S129 mice with anti-
IgM in the presence of IL-4 and found that anti-lgM/IL-4 stimulation did not induce AID
expression in WT naive mature B cells regardless of their genetic background (unpublished
data). Based on previous reports and our unpublished observation, we conclude that
engaging BCR in the presence of IL-4 does not induce AID expression. Since the BCR is
essential for recognizing antigen and for determining the specificity of isotype-switched
antibody;, it is counterintuitive that it cannot promote CSR on its own. Is it because there are
regulatory mechanisms in play that prevent the BCR from inducing AID? Or simply because
downstream signaling pathways activated by BCR engagement alone are not qualitatively or
quantitatively sufficient? These are fundamental questions for B cell biology and humoral
immunity that have not been explored before and remain to be addressed.

4. Signaling balance for CSR

We have discussed multiple co-receptors of B cells, including CD40, TLRs, TACI and
BAFF-R, all of which can transduce positive signals to induce AID expression and CSR.
Intriguingly, all of these co-receptors can also activate the PI3BK/AKT pathway that inhibits
AID expression and CSR. We propose that the balance between activating and inhibitory
signaling may serve as an evolutionarily conserved mechanism to ensure that the immune
system would not overreact to antigen stimulation and humoral immune responses are
carried to a proper level without causing collateral damage, such as AID-induced genomic
instability. In addition, the BCR does not induce AID expression and CSR but it does
activate the PI3K/AKT pathway; thus, antigen stimulation might elicit stronger inhibitory
signals that prevent AID expression. To assure that humoral immune responses initiate
productively, PI3K’s negative effects must be counteracted by factors that allow AID
expression and CSR.

P13Ks exert their effects by generating PI1(3,4,5)P3 via phosphorylating the 3-position of the
inositol ring of P1(4,5)P, (Figure 6). On the contrary, phosphatase and tensin homolog
(PTEN) can dephosphorylate P1(3,4,5)P3 at the 3-position of the inositol ring and converts
P1(3,4,5)P3 back to PI(4,5)P,, thus, PTEN is able to antagonize PI3K’s negative effects on
AID expression and CSR (Figure 6). In support of this notion, prior studies have
demonstrated that deletion of PTEN in B cells reduced AID expression and resulted in
decreased levels of isotype-switched antibodies /7 vivo and defective CSR /n vitro (Chen et
al., 2015; Omori et al., 2006; Suzuki et al., 2003; Wang et al., 2018). In contrast, hyper-
activation of PI3Ks impairs AID expression, CSR and isotype-switched antibody production
(Chen et al., 2015).
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4.1. PI3Ks

According to structural characteristics and substrate specificity, the PI3K family can be
classified into class IA, class IB, class Il and class 111 (Deane and Fruman, 2004; Koyasu,
2003). Hematopoietic cells predominantly express class IA PI13Ks, which are heterodimers
consisting of a regulatory subunit and a catalytic subunit (Deane and Fruman, 2004; Koyasu,
2003). The catalytic subunits of class IA have three isoforms: p110a, p110p and p1108
(Deane and Fruman, 2004; Koyasu, 2003), encoded by pik3ca, pik3chb and pik3cd gene,
respectively. We identify a cooperative role of p110a and p1106 in suppressing CSR,
furthermore, they do not compensate for each other on these effects since inhibiting either
one with corresponding isoform-specific inhibitors enhances CSR (Chen et al., 2015). At
rest state, the class 1A PI3Ks exist in an inhibitory conformation. PI3K p110 subunit has a
C2 domain and a catalytic domain (Vanhaesebroeck et al., 2001; Walker et al., 1999). The
C2 domain of p110 binds phospholipid and targets PI3Ks to the membrane where PI3Ks can
be activated. The activity of p110 catalytic subunit is inhibited by the regulatory subunit,
which has 5 isoforms, p85a, p55a, p50a, p85p and p55vy, with p85a as the most abundant
one (Deane and Fruman, 2004). p85a. contains a N-terminal SH2 and a C-terminal SH2
domain (nSH2 and cSH2, respectively) that are connected by an interstitial SH2 domain
(iSH2) (Pauls et al., 2012). All of iISH2, nSH2 and cSH2 domains of p85 can associate with
p110 subunit and promote an inhibitory conformation (Pauls et al., 2012). Of note, the
precise mechanism of p85-mediated regulation may differ among p110 isoforms (Burke et
al., 2011). To activate the catalytic activity of p110, nSH2 and cSH2 of p85 subunit bind
phosphopeptide motifs such as YXXM (Pauls et al., 2012). Y XXM motifs can be found in
plasma membrane proteins such as membrane-bound receptors (e.g., TLRs) or adaptors
(e.g., MyD88). The bhinding of SH2 domains to such motifs not only recruits the complex to
the membrane but also dissociates these SH2 domains from p110, thereby releasing the
inhibitory effect of p85 and activating p110 (Carpenter et al., 1993; Yu et al., 1998b).

The N-terminal domain of p85a. functions as a linker domain to interact with other proteins,
such as PTEN (Cheung et al., 2011; Cheung et al., 2015). The interaction of free p85a with
PTEN stabilizes PTEN and enhances its phosphatase activity (Cheung et al., 2015), which
may in turn promote AID expression and CSR in B cells. It was reported that p85a. subunit
is required for the BCR to synergize with TLRs to induce AID expression and CSR (Pone et
al., 2012b). However, it is unknown whether p85a mediates the synergistic effects between
BCR and TLR via regulating PTEN’s stability or activity. Taken together, PI3K activation
and its net effects are regulated and counteracted by at least two distinct mechanisms:
conformational inhibition mediated by PI13K regulatory subunit, and PTEN’s ability to
catalyze the reverse reaction to convert PIP3 back to PIP.

4.2. PTEN

PTEN is a phosphatase with dual activity for both lipid and protein (Lee, Chen and Pandolfi,
2018). PTEN is encoded by a single Pfen gene that can be translated into a canonical or long
form of PTEN (PTEN-Long) protein through differential usage of start codons (Hopkins et
al., 2013; Hopkins et al., 2014). PTEN-Long can be secreted and enter into neighboring
cells, while the canonical PTEN can be packaged by vesicular membrane and transported
from one cell to another (Hopkins et al., 2014). However, these exogenous agents of PTEN
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probably do not play a crucial role in antibody responses. Supporting this notion, B cell-
specific PTEN deficient mice exhibit a high level of IgM and reduced levels of isotype-
switched antibodies (Sander et al., 2015; Suzuki et al., 2003; Wang et al., 2018), suggesting
that, during antibody responses, B cells may not acquire exogenous PTEN from other cells
to mediate efficient CSR.

The N-terminus of PTEN binds phosphatidylinositol and the catalytic phosphatase domain
dephosphorylates PIP3 (Lee, Chen and Pandolfi, 2018). The C-terminus of PTEN regulates
PTEN’s activity and mediates protein-protein interaction. Phosphorylation of the C-terminus
inactivates PTEN and prevents it from binding membrane lipids so that PTEN cannot access
its targets. At the same time, phosphorylation of the C-terminus can also prevent PTEN from
interacting with other proteins such as ubiquitin ligases, thus preserving PTEN from
ubiquitination-mediated degradation (Lee, Chen and Pandolfi, 2018). Taken together, C-
terminal phosphorylation of PTEN maintains a cellular pool of PTEN in an inactive form.
Dephosphorylation of the C-terminus activates PTEN’s activity but also promotes
ubiquitination-mediated proteasomal degradation of PTEN (Lee, Chen and Pandolfi, 2018).
PTEN dephosphorylation facilitates its homo-dimerization to fully activate its PIP3 lipid
phosphatase activity (Papa et al., 2014) and allows PTEN to interact with p85a or other
proteins (e.g., ubiquitin ligases). Interacting with ubiquitin ligases promotes PTEN
degradation, while interacting with p85a stabilizes PTEN and enhances PTEN’s
phosphatase activity (Cheung et al., 2011; Cheung et al., 2015). Overall, the activity and
stability of PTEN protein are exquisitely regulated in an opposing direction to ensure that
PTEN is not over- or under-activated. Lastly, it remains to be elucidated whether p85a
mediates the synergy of the BCR with TLRs in inducing AID expression and CSR via
interacting with PTEN.

4.3 The opposing effects of PI3Ks and PTEN on CSR regulation

The role of PI3Ks in CSR appears to be complicated, probably due to the fact that B cells
express multiple isoforms of PI3Ks (Pauls et al., 2012). Up to date, only the roles of p110&
and p110a in CSR have been reported. Germline pZ105 KO B cells have no defects in CSR
to 1gG1 assessed by an /n vitro CSR culture assay (Janas et al., 2008). B cell-specific
deletion of p1106 mediated by CD19Cre has no significant effects on TD antigen-induced
antibody responses or GC formation, except that it strongly promotes antigen-specific IgE
production, implying specific dysregulation of IgE CSR (Rolf et al., 2010). Overall, genetic
deletion of p1106 does not significantly affect IgG1 CSR but strongly promotes IgE CSR. In
contrast, pharmaceutical inhibition of p110&in WT B cells robustly increases the percentage
of 1IgG1* and IgE™ B cells (Zhang et al., 2008). The discrepancy between these studies
regarding IgG1 CSR is probably attributed to the compensatory effects of other PI3K
isoforms in the p1108-deleted B cells. To avoid the complex effects of deleting one subunit
that may affect expression of other subunits, a knock-in allele was generated that carried an
inactive point mutation of p1106 (D910A) (Okkenhaug et al., 2002). p1108P910A (inactive)
mutant mice had reduced /n vivo Ab responses to TD and TI antigens (Okkenhaug et al.,
2002), likely due to poor B and T cell development in these mice. Indeed, p1108P910A
mutant B cells displayed an increased level of CSR to IgG1 and IgE in an /n vitro CSR assay
(Zhang et al., 2008), suggesting that p1106 normally suppresses CSR. It remains unknown
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whether other PI3K isoforms of catalytic subunit (p110a, B or -y) affect CSR. Prior studies
showed that p110a compensates for p1106 in B cell development (Ramadani et al., 2010).
Thus, we reason that other PI3K isoforms may also play a critical role in CSR that may
explain the inconsistent phenotypes caused by p1108 deletion versus point mutation.

Consistent with our hypothesis, we discovered that p110a hyper-activation strongly inhibits
CSR, in contrast, its genetic deletion or pharmacological inhibition promotes CSR (Chen et
al., 2015). Thus, our recent studies identify an important role of p110a. in CSR regulation,
which has not been recognized previously. Furthermore, we show that p110a.-or p1106-
specific inhibitor promotes CSR individually, and combined treatment of both inhibitors
promotes CSR additively, especially for IgE CSR (Chen et al., 2015). Our findings are
consistent with the drastically increased serum IgE level in p110a/p1106 double KO mice
(Ramadani et al., 2010). Thus, we conclude that p110a. and p1108 act coordinately to
suppress CSR (Chen et al., 2015). Our results are also in line with previous reports showing
that p1106 pharmacological blockade or p1108P910A point mutation resulted in a higher
level of CSR (Zhang et al., 2008). Notably, our kinetic studies also show that the deletion of
p1108 gene in CH12F3 cells indeed promotes CSR at early time points; however, such
promoting effects diminish at later time points, resulting in a comparable CSR level between
WT and p1106 deficient cells (Chen et al., 2015). These results are consistent with the
possibility that p110a might exert its compensatory effects in p1105 deficient B cells,
especially at later time points, to suppress CSR. Another possibility is that, at later time
points, cellular proliferation is arrested and CSR level is saturated. In addition, our data
suggest the importance of kinetic analysis of CSR efficiency. Taken together, our study may
explain the lack of CSR phenotypes in pZ108 deletion mutant and clarify the discrepancy
between genetic and pharmacological blockade data. We conclude that p110a and p1108 act
cooperatively to antagonize PTEN’s activity to control the efficiency and kinetics of CSR
(Chen et al., 2015). In line with our data, recent studies show that hyper-activation of p110a
specifically in GC B cells also leads to significantly reduced antibody responses and CSR
(Sander et al., 2015). In conclusion, different isoforms of PI3Ks negatively regulate CSR.

Prior studies showed that CD19Cre-mediated Pren deficiency in B cells results in a reduced
level of CSR in vivo and in vitro (Omori et al., 2006; Suzuki et al., 2003). However, since
CD19Cre mediates efficient deletion at pre-B cell developmental stage (Rickert, Roes and
Rajewsky, 1997), it remains formally possible that CD19Cre-mediated deletion of Pfen may
affect B cell development that subsequently impairs CSR. Moreover, CD19Cre-mediated
Pten deletion results in the expansion of B1 and marginal zone B cells (Anzelon, Wu and
Rickert, 2003; Suzuki et al., 2003), which may also affect the ability of B cells to undergo
CSR. Addressing the unresolved question of PTEN’s effect on CSR requires a better
controlled model system. In a recent study, we took an advantage of a newly developed
genetic model in which the Pfen gene was deleted in mature B cells acutely, with a narrow
time window, namely, a few days apart from genetic deletion to CSR assay, thereby
unequivocally excluding the indirect effects of Pren deletion (Chen et al., 2015). Consistent
with prior studies using CD19Cre (Omori et al., 2006; Suzuki et al., 2003), our studies show
that acute deletion of Pten drastically reduces IgG1 CSR induced by engaging CD40 in a
mature B cell autonomous manner (Chen et al., 2015). Prior studies have not evaluated the
effects of Prendeletion on IgE CSR, which requires a much more complicated procedure for
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detection. Based on a previous study (Erazo et al., 2007), we developed a reliable method to
readily monitor the percentage of IgE switched B cells (Chen et al., 2015). Our data clearly
demonstrate that PTEN is required for a normal level of IgE CSR induced by anti-CD40/
IL-4 (Chen et al., 2015). In addition, we employed a newly developed transgenic model in
which PTEN protein is subtly over-expressed in a mature B cell autonomous manner (Chen
et al., 2015). Our results show that even such a modest upregulation of PTEN protein can
enhance the level of CSR significantly (Chen et al., 2015). Therefore, we conclude that
PTEN directly regulates CSR signaling per se, instead of influencing CSR via modulating B
cell development or differentiation of B cell subsets (Chen et al., 2015).

Consistent with our findings, Cy1Cre-mediated deletion of PTEN or hyper activation of
p110a reduces the percentage of IgG1* or IgA™ B cells in PP GC B cells or antigen-
immunized splenocytes (Sander et al., 2015). Another independent study also showed that
Cy1Cre-mediated deletion of PTEN resulted in the reduced 1gG1 B cells in GCs (Wang et
al., 2018). Mechanistically, gain-of-function of PI3K or loss-of-function of PTEN enhances
AKT activation (Chen et al., 2015; Janas et al., 2008; Omori et al., 2006; Suzuki et al.,
2003). Reversely, loss-of-function of PI3K (Chen et al., 2015; Janas et al., 2008) or gain-of-
function of PTEN (Chen et al., 2015) reduces AKT activity. AKT activation likely inhibits
CSR via regulating the expression or activity of transcription factors BLIMP-1 or FOXO1
(Dengler et al., 2008; Omori et al., 2006). Blimp-1~/~ B cells show elevated CSR in response
to LPS or LPS/IL-4 stimulation, demonstrating a negative role of BLIMP-1 in regulating
CSR (Omori et al., 2006). In contrast, CD21Cre-mediated deletion of foxoZ in B cells
reduced IgG CSR in response to LPS/IL-4 stimulation (Dengler et al., 2008). Consistently,
Cy1Cre-mediated deletion of foxo1 specifically in GC B cells also drastically reduced CSR
(Dominguez-Sola et al., 2015; Sander et al., 2015). Taken together, we conclude that a
signaling balance between PTEN and PI3K isoforms is essential to maintain a normal level
of CSR and antibody response.

Mutations in the components of PI3K pathway (e.g., p1106 and p85a.) predispose to human
immunodeficiency (Angulo et al., 2013; Crank et al., 2014; Deau et al., 2014; Lucas et al.,
2014a; Lucas et al., 2014b). A recent review extensively summarized the progress in human
patients with autosomal dominant gain-of-function (GOF) mutations in Pik3cdand Pik3r1
genes, encoding p1108 and p85a., or loss-of-function mutations in PTEN (Jhamnani et al.,
2018). These patients develop combined immunodeficiencies and present with CSR/HIGM
syndromes (Jhamnani et al., 2018). To further test how PI3K hyperactivation affects B cell
development and function, CRISPR/Cas9 gene editing was employed to introduce a
heterozygous GOF mutation (E1020K) in Pik3cd in the germline of C57BL/6 mice (Avery
et al., 2018). Consistent with prior studies, Pik3ca®°F mouse B cells exhibited significantly
reduced CSR to multiple IgG isotypes, in response to various stimuli including anti-CD40/
IL-4 in vitro (Avery et al., 2018). These results demonstrate that patient-derived PI3K
mutations affect the CSR process in a B cell intrinsic manner. Taken together, patient data
further support the notion that the signaling balance between PTEN and PI3K pathway plays
a crucial role in regulating CSR and antibody deficiency.
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4.4 PI3Ks negatively and PTEN positively regulates AID expression

CD19Cre-mediated deletion of PTEN significantly reduced AID expression in B cells
activated /n vitro (Suzuki et al., 2003). We also found that acute deletion of PTEN in mature
B cells also impaired AID expression in cytokine-activated B cells (Chen et al., 2015).
Consistently, inducible expression of a PTEN transgene elevated AID expression in B cells
activated by anti-CD40/IL-4 (Chen et al., 2015). In line with our study, C-y1Cre-mediated
deletion of Pren also markedly reduced AID expression in LPS/IL-4 stimulated B cells
(Wang et al., 2018). In addition, this study sorted out IgM-BCR expressing GC B cells to
exclude the potential contamination of isotype-switched GC B cells, and RT-PCR results
showed that IgM-BCR expressing GC B cells from Pren-deficient mice exhibited markedly
reduced AID transcripts (Wang et al., 2018). However, another independent study showed
that C-y1Cre-mediated Pfen deficiency did not impair AID expression in total GC B cells
(Sander et al., 2015). The discrepancy between these studies may be attributed to the specific
populations examined for AID expression. Wang et al. sorted IgM-BCR expressing GC B
cells, performed RT-PCR to detect AID, PTEN and Cvy1 transcripts, and found that IgM-
BCR* GC B cells had markedly reduced PTEN and AID transcripts in Ptenf/flCy1Cr¢/* mice
(Wang et al., 2018). Of note, a comparable level of C-y1 transcripts was detected in IgM-
BCR* GC B cells isolated from control and Ptenf/flCy1Cre/* mice, which explained the
occurrence of Cy1Cre-mediated PTEN deletion in IgM-BCR expressing GC B cells (Wang
et al., 2018). Sander et al. employed total GC B cells without further sorting IgM-expressing
cells and found that GC B cells from Ptenfl/flCy1Cre/* mice showed no defects in AID
transcription (Sander et al., 2015). It is likely that total GC B cells consist of isotype-
switched B cells (e.g., IlgG2a* or IgG3*) that may express a high level of AID, thereby
confounding the result of AID transcription analysis. Based on all the prior studies, we
conclude that PTEN is a positive regulator of AID expression.

Contrary to PTEN’s role in promoting AID expression, the PI3BK/AKT pathway inhibits AID
expression. Our studies showed that AID protein expression was drastically inhibited by
p110a hyperactivation in anti-CD40/IL-4 activated mouse B cells (Chen et al., 2015). We
found that pharmacological inhibition of AKT with GSK690693 markedly increased AID
protein expression in activated mouse B cells (Chen et al., 2015). Our results are consistent
with previous reports showing that p1108 pharmacological blockade or p1106P910A point
mutation resulted in a higher level of AID transcription in /n vitro activated B cells (Zhang et
al., 2008). Furthermore, Pik3ca®OF mouse B cells had a reduced level of AID transcripts in
response to anti-CD40/IL-4 stimulation (Avery et al., 2018). On the other hand, p110&
inhibitors enhance genomic instability in normal and neoplastic B cells via an AID-
dependent mechanism (Compagno et al., 2017). p1108 inhibitors increased AID expression
and translocation frequency to /g/ locus and AID off-target sites in human chronic
lymphocytic leukemia and mantle cell lymphoma cell lines (Compagno et al., 2017).
Patients treated with idelalisib, a p1108 inhibitor, had increased SHM in AID off-target
genes (Compagno et al., 2017). Overall, these studies collectively demonstrate that the
PI3K/AKT pathway inhibits AID expression.

Defective AID expression in PTEN deficient B cells can be partially rescued by genetic
deletion or pharmacological inhibition of p1108 (Janas et al., 2008; Omori et al., 2006),
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indicating that other isoforms of PI3Ks may also function to suppress AID expression.
Indeed, we showed that p110a can also inhibit AID expression and CSR (Chen et al., 2015).
Interestingly, ectopic expression of AID in PTEN deficient B cells only partially rescued
CSR (Omori et al., 2006), suggesting that PTEN or PI3Ks may also regulate the activity of
AID or affect other aspects of CSR process. In this regard, PTEN has been shown to
translocate into nucleus and nuclear PTEN is involved in DNA repair (Bassi et al., 2013;
Shen et al., 2007). While DNA repair is essential for completing CSR (Boboila, Alt and
Schwer, 2012), there is no direct evidence showing that PTEN participates in the DNA
repair process during CSR. PTEN can be phosphorylated in the nucleus by ATM, and ATM-
mediated PTEN phosphorylation promotes the turnover of nuclear PTEN (Bassi et al.,
2013). However, it remains unknown whether nuclear PTEN plays a role in regulating AID
expression or activity.

In summary, multiple receptors expressed by B cells coordinately trigger activating signals
to promote CSR and allow B cells to produce IgG, IgE and IgA for effective humoral
immunity. Engaging these receptors also elicits inhibitory signals for negative feedback
regulation of AID expression and CSR. The activating and inhibitory signaling are
exquisitely balanced to ensure a proper level of humoral immune response that protects
against invading pathogens, yet does not cause collateral damages, such as AID-induced
genomic instability in B lymphocytes.
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CSR model for mouse IgG1
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Figure 1. CSR model for 1gG1 production at the mouse I gh locus.
Antigen-specific antibody responses are mediated by stimulating multiple receptors

expressed on B cells with their cognate ligands. The signals emanating from these receptors
can be categorized into three major types. Signal 1 is the initiating signal generated by BCR
upon recognizing antigen. Signal 2 is generated by co-receptors (CD40, TLRs, etc.) upon
recognizing their individual ligands. Signal 3 is generated by cytokine receptors (e.g.,
IL-4R) upon binding to specific cytokines. Signals originating from different receptors are
transduced through signaling cascade and eventually lead to activation of different
transcription factors (e.g., NF-xB, HoxC4 etc). The activated transcription factors induce the
expression of AID and the /gh GLT (e.g., Cyl GLT) that allows AID to access Sy1 region.
The genomic configuration of the rearranged mouse /g/ locus is shown. AID introduces
point mutations into variable (V) region exon during SHM (not depicted). During CSR, AID
initiates U:G mismatches in the donor Sy and the downstream acceptor Sy1 regions. AID-
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initiated U:G mismatches are processed and converted into DNA double strand breaks
(DSBs) by UNG and mismatch repair (MMR) pathways. Broken S regions are rejoined via
non-homologous end-joining (NHEJ), while intervening DNA is excised as a circle.
Transcription is required for both SHM/CSR with promoters delineated for both V and S
regions (arrows). Upon CSR, originally expressed Cy exons are replaced by Cy1 exons so
that naive IgM™* B cells switch to antigen experienced IgG1* B cells (See details in text).
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Figure 2. BCR signaling pathways.
BCR is activated by antigens. BCR’s adaptor Iga and Igp contain ITAM. Engaging BCR by

antigen recruits Src and Syk to phosphorylate Iga p ITAM. Phosphorylated ITAM recruits
BCAP to activate the PI3K/AKT signaling pathway. Src also phosphorylates ITIM of CD22
and CD72, which recruits signaling suppressors SHP1 and SHIP1 to enforce a negative
feedback regulation of BCR signaling. Signal transduction downstream of Syk can be
classified into three major pathways: (1): BTK—BLNK—PLC-y2—PKCp—CBM
complex—TRAF6/TRAF2—TAK1—NF-xB1; (2): Vav—Rac—Raf—IJNK—c-Jun/AP-1;
(3) BCAP—PI3K—AKT—Foxol/Blimp-1/1D2 (See details in text).
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CD40 signaling
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Figure 3. CD40 signaling pathways.
In resting B cells, NIK is constitutively degraded. Upon engagement by CD40L, monomers

of CD40 cluster to form CD40 trimers in membrane lipid rafts, which recruit downstream
signaling molecules including TRAF1, TRAF2, TRAF3, TRAF5 and TRAF6. TRAFs
transduce signals leading to activation of NF-xB1 and NF-xB2 as well as MAPK pathways
(See details in text).
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Figure 4. TLR4 signaling pathways.
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LPS binding protein (LBP) and MD2 facilitate the binding of LPS to CD14 and TLRA4.

TLR4 transduces signals via two pathways, namely, MyD88 dependent- and TRIF-

dependent pathways, to activate NF-xB, MAPK and IRF3. (See details in text).
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Figure5. Transcriptional Regulation of AID.
The Aicda gene locus contains 4 conserved regulatory regions (Region 1-4). The exon 1 and

2 of AID and transcription factors that potentially bind to these regions are shown.
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Figure 6. The signaling balance between PI3Ksand PTEN controls AID expression and CSR.
Signaling balance for CSR. PI3Ks catalyze the phosphorylation of P1(4,5)P, and converts it

into PIP3, whereas PTEN counteracts PI13Ks by converting PIP3 into PIP,. Increased PIP3
activates AKT which suppresses AID expression likely by regulating transcription factors

FOXO1 and BLIMP-1. Reduced AID expression leads to a decreased level of CSR.
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