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Abstract

Aging impairs development of new B cells and diminishes the expression of protective antibodies.
Reduced numbers of B cell precursors generally occur in old (~2 yrs.) mice. At the pro-B to pre-B
cell transition, the pre-B cell receptor (preBCR) checkpoint directs pre-B cell expansion and
selection of the pre-B cell immunoglobulin (1g) Y heavy chain variable region repertoire. The
preBCR is comprised of Ig W heavy chain + surrogate light chains (SLC; A5/VpreB). In old B cell
precursors, SLC is decreased and fewer pre-B cells form the preBCR. In pro-B cells, SLC is
complexed with cadherin 17 to form a “pro-B cell receptor” whose signaling is postulated to
increase apoptotic sensitivity. We propose that inflammation in old mice, in part mediated by the
age-associated B cells (ABC), promotes apoptosis among pro-B cells, particularly those relatively
high in SLC. The remaining pro-B cells, with lower SLC, now generate pre-B cells with limited
capacity to form the preBCR. Ig  heavy chains vary in their capacity to associate with SLC and
form the preBCR. We speculate that limited SLC restricts formation of the preBCR to a subset of
Ig 1 heavy chains. This likely impacts the composition of the antibody repertoire among B cells.

B lymphocyte functions and B lymphopoiesis are compromised in old age

Old age is accompanied by decline in function in most organ systems and the immune
system is no exception (reviewed in Cancro, et al., 2009; Scholz, et al., 2013). Dysfunction
of the immune system is seen in elderly humans as well as in mouse models of aging.
Phenotypic and functional changes are observed in most of the cell types that constitute the
immune system, including T and B cells, NK cells, dendritic cells, as well as macrophages
and neutrophils. This results in impaired cellular and humoral immunity to a variety of
pathogens, complicates vaccine effectiveness, and may contribute to increased autoreactivity
(reviewed in Cancro, et al., 2009; Scholz, et al., 2013).
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This review will summarize our studies as to the mechanisms that alter the production,
activity, and antigenic specificity (antibody repertoire) of B lymphocytes in old age. In old
mice, the production of new B lymphocytes within the bone marrow is reduced (Riley, et al.,
1991; Stephan, et al., 1996; Labrie, et al., 2004). However, surprisingly, the numbers of
mature B cells in the spleens of old mice are roughly maintained, albeit the composition of
these B cells is markedly different from that seen in young adults (Hao, et al., 2011,
Rubtsov, et al., 2011; Ratliff, et al., 2013). In particular, the splenic B cells of old mice are
enriched for phenotypes that suggest prior antigen exposure (Johnson, et al., 2002a),
including “age-associated B cells” (ABC) (Hao, et al., 2011; Rubtsov, et al., 2011; Ratliff, et
al., 2013; reviewed in Naradikian, et al., 2016). The ABC have a characteristic
CD21/35/0w/neg cp23ned phenotype, expand numerically and proportionately (becoming up
to one-half of mature B cells) in the spleens of old mice, are biased to react with certain
apoptotic/oxidized lipid/bacterial antigens (phosphorylcholine; malondialdehyde) (Riley, et
al., 2017), and express somatic hypermutation consistent with chronic antigen exposure
(Russell Knode, et al., 2017). Typical follicular B2 B cells, which ordinarily make up the
major (~90%) pool of naive B cells in the spleen, decline by up to one-half in old mice
(Ratliff, et al., 2013). Marginal zone B cells, likely another antigen-experienced subset, are
increased in some strains (C57BL/6) and decreased in others (BALB/c) in old age (Johnson,
etal., 2002a; Frasca, et al., 2012; Birjandi, et al., 2011).

Itis likely that the differences in types of mature B cells populating the periphery in old
mice affects both B cell activity and the specificity of antibodies elicited in immune
responses. Analysis of anti-phosphorylcholine (PC) antibodies and their idiotypes have
proven to be a useful tool in assessing changes in antibody/B cell repertoires in old age
(Zharhary and Klinman, 1986; Riley, et al., 1989; Khomtchouck, et al., 2017). In particular,
the T15 (TEPC 15) idiotype dominates the B cell responses to PC in young adult BALB/c
mice (Zharhary and Klinman, 1986; Riley, et al., 1989), but is reduced as a percentage of the
total anti-PC response in old age. This is seen both among total splenic B cells (Zharhary
and Klinman, 1986; Riley, et al., 1989) and the B2 follicular splenic B cell subset
(Khomtchouck, et al., 2017). In old mice, this results mainly from a marked increase in anti-
PC B cells which are T15"9 in their idiotype (Zharhary and Klinman, 1986; Riley, et al.,
1989; Khomtchouk, et al., 2017). The T15 idiotype of anti-PC antibodies is required for
effective immunity to pneumococcal bacteria (Briles, et al., 1982; Mi, et al., 2000), but is
effectively “diluted” in old mice (Nicoletti, et al., 1993).

While B2 B cells may produce anti-PC antibodies bearing T15 as described above, the B1 B
cell subset, which is generated primarily during fetal/neonatal life and is is maintained in
adults via self-renewal (reviewed in Hardy, 2006), generally produces most of the T15 anti-
PC antibodies during bacterial exposures (Masmoudi, et al., 1990; Martin, et al., 2001).
However, in old mice, the B1 B cell repertoire may also undergo change. Typically, B1 B
cells of fetal/neonatal origin have minimal N region nucleotide addition in their Ig heavy
chain H-CDR3 sequences (reviewed in Hardy, 2006). This is a consequence of the poor
expression of the enzyme terminal deoxynucleotidyl transferase (Tdt) at this point in
ontogeny. In contast, peritoneal B1 B cells in old mice display increased N region addition
in the H-CDR3 regions (Holodick, et al., 2016). This would mitigate against expression of
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the T15 idiotype which requires VS107.1, with a germ-line encoded H-CDR3 Ig variable
region sequence, paired with the VVx22 light chain (Perlmutter, et al., 1984).

It may be that an increasing number of B1 B cells in old mice are derived from the bone
marrow where, due to Tdt expression, N region additions are prevalent within H-CDR3
(Holodick, et al., 2015). This would be expected to impair the normal expression of the
germ-line T15 idiotype within the B1 B cell pool. Notably, a limited pool of progenitors that
generate B1 B cells is found in adult bone marrow (reviewed in Montecino-Rodriguez and
Dorschkind, 2012). In old mice, these B1 progenitors may be maintained (Alter-Wolf, et al.,
2009). Maintenance of a bone marrow pathway of B1 B cell generation in old mice,
particularly with diminished B2 B lymphopoiesis, may contribute to alterations in B cell
composition and antibody repertoires. Further studies to address these issues appear
warranted.

While much remains to be determined regarding the alterations in development of various
subsets of B cells during old age, it has been demonstrated that B cells in old mice reactive
with PC express greater diversity of Vi and V|_ gene usage, lower affinity, extensive self-
reactivity/polyreactivity, reduced T15 idiotype, and poor protection against microbial
pathogens (Nicoletti, et al., 1993; Zharhary and Klinman, 1986; Riley, et al., 1989;
Khomtchouk, et al., 2017).

The activation of B cells in germinal centers, leading to both Ig isotype switching and
somatic hypermutation, is impaired in old age and consequently this diminishes memory B
cell responses (Yang, et al., 1996; Zheng, et al., 1997). This both reflects poor availability of
T cell help, but also intrinsic B cell defects affecting expression of activation induced
cytidine deaminase (AID) (Frasca, et al., 2008), important to both the processes of Ig isotype
switching and somatic mutation of Ig variable region genes.

It is reasonable to hypothesize that changes in the peripheral B cell compartments in old age
may, in part, reflect altered patterns of B cell development within the bone marrow. Indeed,
the reduced expression of the T15 idiotype among splenic B cells reactive to PC is also seen
among newly derived B cells in the bone marrow of old BALB/c mice (Zharhary and
Klinman, 1986; Riley, et al., 1989). This supports the view that altered patterns of B
lymphopoiesis in old age may contribute to peripheral B cell dysfunctions. In this review, we
will focus primarily on the pro-B and pre-B cell stages of development in the aged mouse
(Fig. 1). However, earlier progenitor cells, e.g., common lymphoid progenitors (Miller and
Allman, 2003; Min, et al., 2006; Lescale, et al., 2010) and hematopoietic stem cells
(reviewed in Van Zant and Liang, 2012; Pang, et al., 2017) also show limitations in
development of lymphocytes in old age.

The extent to which B lymphopoiesis is compromised varies with the individual mouse, but
this can be quite profound with up to 2-fold decrease in pro-B cells and up to 90% decline in
pre-B cells observed (Van der Put, et al., 2003). Overall there is a continuing decline in new
B lymphocyte generation roughly beginning in “middle-age” (e.g., ~10-13 months old) and
becoming more pronounced in advanced old age (~24-27 months old) (Miller and Allman,
2003; Riley, et al., 1991; Stephan, et al., 1996; Van der Put, et al., 2003). In particular, the
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reductions seen in newly generated (immature) bone marrow B cells, both in proportion and
number, generally correlate with the losses seen in earlier precursors, e.g., the pre-B and pro-
B cell stages (Van der Put, et al., 2003). The diminution seen in pro-B, pre-B, and immature
B cell stages in old mice coincide with decreased rates of production as revealed by BrdU
labeling studies (Kling, et al., 1999; Johnson, et al., 2002b; Labrie, et al., 2004).

The reductions seen in B lineage cells in old mice may result from a variety of reported
changes in growth and differentiation acting in synergy. These include reduced responses to
the growth factor IL-7 (Stephan, et al., 1997; Lescale, et al., 2010), as evidenced by
diminished activation of Stat5 (Lescale, et al., 2010), and reduced bioavailability of IL-7
produced by bone marrow stromal cells (Stephan, et al., 1998); increased susceptibility to
apoptosis due to diminished expression of the Bcl-x;_survival factor (Kirman, et al., 1998;
Sherwood, et al., 2003); and reduced crucial B lineage transcription factors (e.g., E47/E2A;
EBF1) (Sherwood, et al., 2000; Frasca, et al., 2003; Lescale, et al., 2010). Poor E47/E2A
expression is particularly important as this factor regulates transcription of the surrogate
light chains (SLC) A5 and VpreB, components of the pre-B cell receptor, and RAG1/2
enzymes that direct Ig variable region gene recombination. Notably, SLC proteins are
reduced in old pro-B cells (Sherwood, et al., 1998; Sherwood, et al., 2000; Alter-Wolf, et al.,
2009; Ratliff, et al. 2015; Khomtchouk, et al., 2017) (Fig. 1) and RAG1/2 proteins are also
lower (Labrie, et al., 2004). E47/E2A operates together with the EBF1 transcription factor to
regulate SLC and RAG1/2 expression (Sigvardsson, et al., 1997). E47/E2A promotes the
expression of Early B cell Factor (EBF); in addition to E47/E2A, levels of EBF1 also are
lower in pro-B cells in aged mice (Lescale, et al., 2010; Riley, 2013).

The SLC proteins form signaling complexes at the pro-B and pre-B cell stages (reviewed in
Melchers, 2005; Martensson, et al., 2007) (Fig. 1). In pre-B cells, the SLC forms complexes
with the Ig p heavy chain to form the pre-B cell receptor (preBCR). In pro-B cells the SLC
forms a different complex, associating with the non-classical cadherin, cadherin 17, to form
a “pro-B cell receptor” (Ohnishi, et al., 2000). In pro-B cells from old mice, we hypothesize
that reduced SLC proteins result in reduced “pro-B cell receptors” (cadherin 17 + SLC) and
fewer preBCR in pre-B cells. This contributes to limit new B cell formation and alters the
normal expression of the Ig antibody repertoire.

In old mice, there is a preferential loss of those pro-B cells that have higher

levels of SLC proteins and this promotes an “SLC!°” B cell developmental

pathway

The signaling that occurs via the preBCR has been the subject of extensive experimentation.
It is generally thought that aggregation of the preBCR on the early pre-B cell surface results
in signaling and this requires a basic aminio acid motif in the non-immunoglobulin tail of
SLC A5 (reviewed in Clark, et al., 2014). While not yet clear, signaling via the preBCR may
occur by either self-association mediated by the SLC proteins (reviewed in Vettermann, et
al., 2010) or through binding to stromal cell/extracellular matrix ligands (e.g., galectin-1;
heparin sulfate [Gautheir, et al., 2002; Bradl, et al., 2003]).
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PreBCR signaling is complex. While preBCR signaling synergizes with IL-7 to promote
proliferation at the pro-B to pre-B cell transition (Marshall, et al., 1998; Fleming and Paige,
2001), this is limited to 4-5 divisions (reviewed in Clark, et al., 2014). Continued preBCR
signaling leads to down-regulation of pre-B cell proliferation (reviewed in Clark, et al.,
2014). This is coincident with increased expression of the transcription factor Aiolos which
is dependent upon RAS-MEK-ERK activation (Iritani, et al., 1997; Heng, et al., 2008;
Yasuda, et al., 2008; reviewed in Clark, et al., 2014). Aiolos acts as a repressor of Myc30
and Ccnd3 gene transcription and, consequently, this decreases proliferation, increases
survival, promotes Ig light chain rearrangement and furthers differentiation to the immature
B cell stages (reviewed in Clark, et al., 2014).

Unlike the preBCR, the function of this “pro-B cell receptor” (cadherin 17/SLC) is not
known. Mice with cadherin 17 knocked out have partially reduced early B cell precursors
(Ohnishi, et al., 2005), suggesting an as yet ill-defined role of the pro-B cell receptor in
normal B lymphopoiesis. More recently we have shown that deficits in SLC expression in
pro-B cells renders them more susceptible to apoptosis induced by either TNFa or TGFp
cytokines (Ratliff, et al., 2015). Since most pro-B cells undergo aberrant Ig p heavy chain
rearrangements and cannot continue along the B cell developmental pathway, susceptibility
to apoptosis is likely a normal requirement to insure that pro-B cells which do not undergo
productive g VH gene rearrangements are rapidly removed. A possible function for the pro-
B cell receptor may be to insure appropriate sensitivity to apoptosis, facilitate the removal of
non-functional pro-B cells, and maintain normal pro-B cell homeostasis.

In old mice, pro-B cells in the bone marrow are often reduced numerically and generally
express lower levels of SLC proteins and hence, presumably, reduced pro-B cell receptors
(Sherwood, et al., 1998; Sherwood, et al., 2000; Alter-Wolf, et al., 2009; Ratliff, et al., 2015)
(Fig. 1). The reductions seen in pro-B cells in old mice may, in part, result from increased
“apoptotic stress” which increases apoptosis among the most susceptible (e.g., cadherin
17/SLCNigN pro-B cells. A source of increased “apoptotic stress” could be the chronic
inflammation seen in old mice (reviewed in Frasca and Blomberg, 2016). We will discuss
this and propose a basis for increased inflammation in old bone marrow below. Reduced
expression of bioactive IL-7 growth factor as well as diminished responsiveness to IL-7 may
also contribute to pro-B cell apoptosis and reduced growth in old age (Stephan, et al., 1997,
Stephan, et al., 1998). Pro-B cells in old mice are deficient in IL-7-mediated recruitment into
mitosis in vitro (Sherwood, et al., 2003) and show somewhat lower mitotic activity in vivo
(Sherwood, et al., 1998; Sherwood, et al., 2000; Khomtchouck, et al. 2017). Signer, et al.
(2008) have shown that B lineage precursors in aged mice have elevated levels of p16/nk4a
and Arf and that these proteins are critical in inhibiting cell cycle, and induce apoptosis in a
variety of aging and senescent cell types. Whether inflammation-associated signaling
pathways lead to the increased expression of p16'"k4a and Arf remains to be determined.
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Increased ERK MAPK activity: a common mechanism linking low SLC
expression and apoptotic resistance in old pro-B cells

SLC expression is governed by the transcription factors E47/E2A and EBF1 (Sigvardson, et
al., 1997) and SLC mRNA and protein levels are reduced in old pro-B cells (Sherwood, et
al., 1998; Sherwood, et al., 2000; Ratliff, et al., 2015; Khomtchouk, et al., 2017). Prior
studies by us (Sherwood, et al., 2000; Frasca, et al., 2003; Van der Put, et al., 2004; Riley,
2013) and others (Lescale, et al., 2010), have demonstrated that both E47/E2A and EBF1
expression are reduced in B cell precursors in old mice. The low expression of E47/E2A in
old B cell precursors reflects increased rates of proteasomal protein degradation (Van der
Put, et al., 2004). E47/E2A sits at the pinnacle of a hierarchy of key transcription factors that
govern the B lymphopoietic program (reviewed in Kee, et al., 2000). Not surprisingly, the
reduced levels of E47/E2A would be expected to impact further B lymphopoiesis in old
mice.

Our studies focus on the basis for the increased turnover of E47/E2A proteins in old mice.
Notably, phosphorylation of E4A7/E2A proteins is increased in old B cell precursors and this
targets E47/E2A for ubiquitination and subsequent proteasomal degradation (King, et al.,
2007). Old pro-B cells have increased ERK MAPK activation that leads to E47/E2A protein
phosphorylation (King, et al., 2007). This also drives increased phosphorylation and
subsequent degradation of the pro-apoptotic protein Bim (Ratliff, M., Blomberg, B.B., Riley,
R.L., manuscript in preparation) and Bim is required for cytokine (TNFa)-induced apoptosis
in pro-B cells (Ratliff, et al., 2015). Of considerable interest, deficiency in SLC, and hence
the pro-B cell receptor, in either young adult A.5 hetereozygous or knock out mice or in old
mice, results in increased ERK MAPK activation, decreased E47/E2A levels and decreased
Bim levels (Ratliff, M., Blomberg, B.B., Riley, R.L., manuscript in preparation).

We propose, based on our preliminary studies, that the pro-B cell receptors (cadherin 17/
SLC), provide signals which inhibit the activation of ERK MAPK (Fig. 2). Lower
expression of SLC coincides with increased ERK MAPK activation in old pro-B cells (King,
et al., 2007). Moreover, in young pro-B cells from A5 knock out mice, ERK MAPK
activation is increased, indicating that this is a property associated with low SLC rather than
simply old age (Ratliff, M., Blomberg, B.B., Riley, R.L., manuscript in preparation). The
pro-B cell receptor complexes possibly cause signaling, as yet uncharacterized, which
dampen the activation of ERK MAPK in pro-B cells.

Reduced SLC in old mice may affect the B cell antibody repertoire

The reduced expression of SLC in old B cell precursors likely not only affects the
development of pre-B cells within the bone marrow of old mice, but also the repertoire of Ig
i heavy chains that are observed. The capacity of individual Ig p heavy chains to complex
with SLC to form the preBCR varies substantially and this coincides with preBCR function
(Kawano, et al., 2006). Some estimates indicate that only about one half of | heavy chains
may associate with SLC to form the preBCR (ten Boekel, et al., 1997). Possibly, low SLC
expression in pro-B cells in old age only allows for preBCR assembly and function in those
few pre-B cells whose Ig p heavy chains have relatively high affinity for SLC. Our previous
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results showed that the reduced pool of early pre-B cells at the preBCR checkpoint undergo
extensive proliferation consistent with preBCR signaling (Sherwood, et al., 1998;
Khomtchouk, et al., 2017).

Avre the Ig | heavy chains significantly different in their variable regions in old pre-B cells
compared to those in young adults? The answer to this question requires a comprehensive
analysis of variable region sequences from individual old mice. However, we and others
have shown that the recently generated immature B cells in old mice are enriched for
reactivity to the self-antigen/bacterial antigen phosphorylcholine (PC) (Zharhary and
Klinman, 1986; Riley, et al., 1989; Khomtchouk, et al., 2017). Moreover, immature B cells
from old bone marrow are enriched for conventional A light chain expression, are relatively
low in surface IgM expression, and are generally anergic to BCR signaling (Alter-Wolf,
et.al., 2009 and data not shown). We would like to speculate that these characteristics, taken
together, are consistent with a skewing of the immature B cell antibody repertoire possibly
to self-reactivity in old mice. Whether this is due to alteration in the preBCR checkpoint
remains to be determined. However, studies from Keenan, et al. (2008) suggested that
normal expression of the preBCR participates in establishment of self-tolerance.

As discussed above, a hallmark of old age in BALB/c mice is a decline in the incidence of
the T15 idiotype among anti-PC reactive B cells and their antibodies. In old BALB/c mice,
the extent of loss of pre-B cells and of reduced SLC also coincides with an increased
frequency of T15"€9 PC reactive B cells (Khomtchouk, et al., 2017). Furthermore, in young
adult mice, deficiency in SLC A5 protein not only partially blocks new B cell development,
but also can bias the PC reactive B cell repertoire in some mice in favor of T15M¢9
clonotypes (Khomtchouk, et al., 2017). Therefore, we suggest that low SLC expression not
only contributes to poor B lymphopoiesis in old age, but also alters the primary antibody
specificity repertoire in ways that may affect immunity to pathogens.

Age-associated B cells (ABC) increase in old mice, are pro-inflammatory,

and promote pro-B cell loss

The down-regulation of SLC in old mice likely affects both the production of B cell
precursors and new B cells within the bone marrow and also may modify the repertoire of
antibody specificities. But what causes the reductions in SLC seen in old B cell precursors?
As discussed above, increased apoptosis, preferentially targeting those pro-B cells with
relatively higher levels of SLC, contributes to the low SLC expression characteristic of the
diminished pro-B cell pool in old mice. We have reported that B cells in old mice often are
pro-inflammatory and secrete TNFa (Frasca, et al., 2012; Ratliff, et al., 2013). This includes
the CD21/35/0W/neg CD23Me9 age-associated B cells (ABC) (Frasca, et al., 2012; Ratliff, et
al., 2013).

We have shown that the numbers of ABC within the bone marrow of individual old mice
correlates with reductions in B cell precursors (Ratliff, et al., 2013; Ratliff, et al., 2015).
Moreover, adoptive transfer of ABC into young adult RAG-2 knockout mice results in
diminished numbers of pro-B cells within the bone marrow and a skew to lower SLC
expression among the remaining pro-B cells similar to what is seen in old mice (Ratliff, et
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al., 2013). It is notable that depletion of all mature B cells in old mice leads to restoration of
B lymphopoiesis, indicating the importance of B cells to the mechanisms of impaired B cell
development observed in old age (Keren, et al., 2011a; Keren, et al., 2011b). We would
suggest that pro-inflammatory B cells, in particular ABC, may compromise B lymphopoiesis
in old mice.

In addition to ABC, other cells within the bone marrow may also contribute to increased
inflammation and down-regulate B lymphopoiesis in old age. Recently, Kennedy and Knight
(2015; 2017) have determined that inflammation, mediated by adipocyte activation of
myeloid suppressor cells, can inhibit early B cell precursors. Natural Killer (NK) cells from
old mice can secrete TNFa (King, et al., 2009). NK cells are normally maintained or
modestly increased in old bone marrow (King, et al., 2009; Fang, et al., 2010; Beli, et al.,
2014), albeit in old bone marrow there is a bias to immature NK cells and the production of
more mature NK cells is impaired (Fang, et al., 2010; Beli, et al., 2014). These studies
suggest that possibly pro-inflammatory ABC and NK cells (and likely other cell types) may
contribute to the loss of relatively SLC" pro-B cells in old bone marrow and skew the
remaining pro-B cells to lower SLC expression.

A model for reduced B lymphopoiesis in old age and how this affects the

primary B cell antibody repertoire

It is clear that, in mouse models of old age, B lymphopoiesis is impaired and the antibody
repertoire of B cells is altered (Riley, et al., 1991; Stephan, et al., 1996; Zharhary and
Klinman, 1986; Riley, et al., 1989; Khomtchouk, et al., 2017). However, the cellular and
molecular mechanisms responsible for these alterations in B cell development and function
remain to be fully elucidated. We suggest a hypothesis (see Fig. 3) in which the
inflammatory bone marrow microenvironment in old mice promotes the apoptosis of early B
cell precursors. Our results suggest that apoptotic susceptibility in pro-B cells may be
determined, in part, by levels of SLC (as the cadherin 17/SLC complex) (Ratliff, et al.,
2015). Consequently, heightened “apoptotic stress” in old bone marrow likely preferentially
eliminates those pro-B cells with relatively higher levels of SLC and leaves a residual pro-B
cell pool with lower SLC levels. If so, this would also likely affect the preBCR checkpoint
and has implications for the selection of p heavy chains that are utilized to form antibodies
in new B cells. We have identified ABC as capable of TNFa secretion and inhibition of B
lymphopoiesis in old mice (Ratliff, et al., 2013; Ratliff, et al., 2015). Additional cells,
including NK cells, likely also are involved in this process (King, et al., 2009). We note that
the generation of particular B cells (anti-PC/T15"€9) is increased in old mice even as overall
B cell production is reduced (Khomtchouk, et al., 2017). Whether this paradigm extends to
other antibody specificities remains to be tested.

Among the unanswered questions are: 1) Does inflammation provide the major impetus for
diminished B lymphopoiesis in old age and can this be reversed therapeutically? 2) How
extensive are the changes in antibody repertoire that occur subsequent to down-regulation of
B lymphopoiesis in aged mice and does this reflect changes in preBCR mediated Vy
selection? 3) What is the global effect on immunity that occurs due to poor B lymphopoiesis
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in old mice? And 4) To what extent are the results obtained in old mice regarding reduced B
lymphopoiesis applicable to elderly humans? Only future experiments will illuminate these
questions and undoubtedly reveal new and exciting aspects of the regulation of B cell
immunity in the context of old age.
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Highlights

B lymphopoiesis is reduced in old mice, with losses seen in pro-B cells, pre-B
cells, and new B cells.

Pro-inflammatory age-associated B cells (ABC) can cause apoptosis in pro-B
cells in old mice and inhibit B lymphopoiesis.

In old mice, pro-B cells with relatively high surrogate light chain (SLC) levels
are more susceptible to apoptosis and are preferentially deleted within the
bone marrow. This leaves a reduced “SLC!°” pro-B cell pool for further B cell
development in old mice.

Low SLC expression in aged B cell precursors likely compromises the pre-B
cell receptor checkpoint and alters the expression of B cell specificities. This
is represented by the increased incidences of T15"®9/anti-phosphorylcholine B
cells in old mice and in young mice when SLC expression is low.
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Figure 1. Aging reduces pro-B and pre-B cells, decreases surrogate light chains, and impairs pro-
B cell receptor and pre-B cell receptor expression

Bone marrow pro-B cells and pre-B cells are reduced in old (~2 yrs) vs. young adult (~3
mo.) mice. Lower surrogate light chain proteins, A5 and VpreB, occur in old pro-B cells.
SLC protein losses likely affect both the “pro-B cell receptor” (cadherin 17 [Cadh 17] +
SLC) and the pre-B cell receptor (preBCR) (Ig 1 heavy chain + SLC). Three early pre-B
cells are shown which have different Ig p heavy chain V region sequences. These [ heavy
chains differ in their capacity to associate with SLC to form the preBCR (u1>p2 and p3). In
young adult mice, overall SLC is relatively high and all of these early pre-B cells express the
preBCR, proliferate, and produce late stage pre-B cells. We propose that in old age pro-B
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cells with higher SLC levels preferentially are depleted, leaving pro-B cells lower in SLC.
Under these conditions, only early pre-B cells with pl (higher binding to SLC) are capable
of forming the preBCR, proliferating, and undergoing further B cell maturation.
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Figure 2. In old pro-B cells with low surrogate light chain, increased ERK MAPK activity

reduces E47/E2A and Bim proteins

Old pro-B cells have lower SLC and active E47/E2A and Bim proteins. We hypothesize that
the “pro-B cell receptor” (cadherin 17 [Cadh 17] + SLC) in young adult pro-B cells inhibits
ERK MAPK activation, resulting in lower levels of phosphorylated (active) ERK MAPK.
This minimizes both phosphorylation and subsequent ubiquitination and degradation of
E47/E2A and Bim proteins. Therefore, in young pro-B cells, E47/E2A and Bim levels are
relatively high. In old SLC pro-B cells, cadherin 17/SLC complexes are reduced, signaling
via the “pro-B cell receptor” is diminished, and phosphorylated (active) ERK MAPK is
increased. Active ERK MAPK phosphorylates both E47/E2A and Bim proteins, targeting
them for further ubiquitination and proteosomal degradation. This results in reduced levels
of E47/E2A and Bim proteins in old SLC° pro-B cells.
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Figure 3. A hypothesis: Inflammatory ABC promote loss of B cell precursors in old mice,
diminish new B cell production, and alter antibody repertoires

In this model, ABC and likely other cell types (NK cells?) increase inflammation in old
bone marrow. This promotes apoptosis in B cell precursors and reduces B lymphopoiesis. B
cell precursors relatively high in surrogate light chain (SLC) are preferentially targeted for
apoptosis. Remaining B cell development continues on an “SLCL°" pathway and the lower
levels of SLC available may constrain preBCR assembly. As proposed in Figure 1, those p
heavy chains with greater capacity to form the preBCR under low SLC conditions will be
favored and this may alter the frequency of particular B cell specificities in old age. While
overall B cell production is reduced in old age (unfilled down arrow), the generation of the
antibody repertoire is altered with increased representation of particular clonotypes, e.g.,
T15M€d anti-PC (unfilled up arrow).
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