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Summary
E2A-encoded proteins, key transcriptional regulators in B lineage specification and commitment,
have been shown to decrease in B cell precursors in old age. E2A regulates genes encoding the
surrogate light chain proteins λ5 and VpreB. In old age, B cell precursors express less surrogate light
chain and this results in compromised pre-B cell receptor function and diminished expansion of new
pre-B cells in senescence. Herein, we show that aged bone marrow has increased Hardy Fraction A
(CD19- B220+) cells, including NK cells, that can inhibit both E47 (E2A) protein and surrogate light
chain protein expression in B cell precursors. In vitro, NK associated inhibition of E47 protein is
contact independent and partially reversed by neutralization of TNFα. In vivo, depletion of NK cells
in aged mice by treatment with anti-asialo GM1 antibody led to restoration of surrogate light chain
protein levels to that typical of young B cell precursors. These studies suggest that NK cells, within
the CD19- B220+ bone marrow cell fraction, may contribute to a bone marrow microenvironment
that has the potential to negatively regulate E47 (E2A) as well as surrogate light chain levels in B
cell precursors in old age.
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Introduction
B lymphopoiesis is regulated by the sequential expression of a series of transcriptional
regulators, including E2A, EBF, and Pax-5 (Zhuang, et. al., 1994, Zhuang, et. al., 1996,
Busslinger & Urbanek 1995, Kee, et. al., 2000, Kee & Murre 1998, O'Riordan & Grosschedl
1999). Early specification of cells into the lymphoid pathway involves E2A expression; EBF
and Pax-5 expression are associated with commitment to the B lineage pathway (Zhuang, et.
al., 1996, Busslinger & Urbanek 1995, Kee, et. al., 2000, Kee & Murre 1998, O'Riordan &
Grosschedl 1999). E2A encoded proteins have been observed to promote expression of
multiple B lineage genes, including IL-7Rα, EBF, RAGs, and the surrogate light chains λ5 and
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VpreB (Kee, et. al., 2000, Kee, et. al., 1998, O'Riordan & Grosschedl 1999, Sigvardsson, et.
al., 1997). Reduced expression of E2A, and in particular E47, results in dramatic inhibition of
B lymphopoiesis (Zhuang, et. al., 1994, Zhuang, et. al., 1996, O'Riordan & Grosschedl
1999). Although expression and function of E2A proteins are of key importance to normal B
lymphopoiesis within the bone marrow, local mechanisms that regulate E2A expression and
that of E2A targets, e.g., surrogate light chains, are only beginning to be elucidated.

An important function of E2A is to promote the expression of the surrogate light chains and
facilitate formation of the pre-B cell receptor (preBCR). We have previously demonstrated
reduced expression of the surrogate light chains in B cell precursors from aged mice as well
as diminished numbers of B cell precursors (Riley, et. al., 1991; Sherwood, et. al., 1998;
Sherwood, et. al., 2000; Alter-Wolf, et. al., 2009). This coincides with reduced E2A encoded
proteins in developing B cell precursors (Sherwood, et. al., 2000, Frasca, et. al., 2003, Van der
Put, et. al., 2003). While E2A is important in the regulation of surrogate light chain expression,
as described above, Early B cell Factor (EBF) also is critical to surrogate light chain expression
and other transcription factors, e.g., interferon regulatory factors 4 and 8 acting via induction
of Ikaros and Aiolos, act to down-regulate surrogate light chains and consequently preBCR
signaling in B lineage precursors (Ma, et. al., 2008).

The mechanisms that regulate events at the preBCR checkpoint are important to the
proliferative expansion of pre-B cells, the selection of the μ Ig heavy chain variable region
repertoire (Ten Boekel, et. al., 1997), and the antibody specificity of new B cells. In senescent
mice, compromise of the preBCR checkpoint, associated with down-regulation of surrogate
light chain, likely contributes to diminished B lyimphopoiesis as well as changes in the read-
out of the nascent B cell antibody repertoires (Alter-Wolf, et. al., 2009). To date, it is not known
whether particular bone marrow cell elements influence the expression of key regulatory
molecules (e.g., E2A, surrogate light chains) necessary for normal maintenance of B
lymphopoiesis or cause the abnormal B lymphopoiesis seen in old age.

That the bone marrow microenvironment may play an important role in the deficiency of B
lymphopoiesis in old age is suggested by the studies of Stephan, et al., (1997) who have shown
that the stromal cells within the bone marrow microenvironment of aged mice are less capable
of supporting B lineage development in vitro. In particular, Labrie, et al., (2004, 2005) have
demonstrated that the senescent bone marrow microenvironment plays an important role in
limiting RAG enzyme expression and Ig variable gene recombination in B cell precursors.
However, it is also likely that intrinsic deficits in hematopoietic stem cell function may
contribute to deficiencies in aged mice, (Rossi, et. al., 2005; Guerrettaz, et. al., 2008).

NK cells in the periphery have been shown to interact with B cells, e.g., by initiating class
switch recombination (Yuan, 2004; Gao, et. al., 2005). NK cells also function as a barrier to
allogeneic bone marrow transplant engraftment (George, et. al., 1997) and in “hybrid
resistance” in bone marrow transplantation (Kumar, et. al., 1997). However, participation of
NK cells in a regulatory fashion during normal B lymphopoiesis, and alterations commiserate
with old age, have not been reported. In assessing the stages of B lineage development altered
in old age, we have previously noted that, while numbers of pro-B and pre-B cells are reduced,
Hardy Fraction A is increased (Van der Put, et. al., 2003). This heterogeneous bone marrow
cell fraction includes NK lineage cells, both precursors and mature cells, in addition to early
B cell precursors (Hardy 2003).

Our observations indicate that a subset of Hardy Fraction A cells, with characteristics of
activated NK cells, found in young adult bone marrow and with increased frequency in aged
bone marrow, can affect the expression of E47 (E2A) as well as surrogate light chain proteins
in B cell precursors. This is underscored by the finding that depletion of NK cells in vivo
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increased levels of surrogate light chain proteins among pro-B cells of young adult mice and,
importantly, restored the suppressed levels of surrogate light chain in aged B cell precursors
back to young adult levels. These findings suggest that the bone marrow microenvironment of
aged mice possesses increased populations of NK cells that contribute to negatively regulate
expression of key molecules (E2A; surrogate light chains) that control the expression and
function of the preBCR during B lymphopoiesis.

Results
Aged bone marrow has increased frequencies of CD19- B220+ NK cells

Hardy (2003) determined that early B cell progenitors were present in a heterogenous bone
marrow population termed Fraction A. This population was characterized by expression of
surface CD43 and CD45R (B220) (Hardy 2003). Further studies indicated that Fraction A cells
did not express the pan-B lineage surface protein CD19, and in addition to having B cell
progenitors, also contained NK cell precursors expandable in IL-2 (Rolink, et. al., 1996). NK
cells have also been shown to be capable of B220 expression; B220 levels increase during NK
cell activation (Vosshenrich, et. al., 2007).

As shown in Figure 1, Fraction A CD19- B220+ cells were increased in the bone marrow of
aged BALB/c mice by both number (Fig 1A) and percent (Fig 1C). In contrast, Fraction D
(IgM- CD43- B220+) late-stage pre-B cells were decreased in aged mice, as expected (Van der
Put 2003). Fraction A possessed a large population of plasmacytoid dendritic cells (pDC)
characterized by surface CD11c, B220, Ly6C and lacking CD19 and DX5 expression (Figs.
1B and 1C). While the proportions of pDC in Fraction A from young adult and aged BALB/c
mice remained relatively constant (e.g., ∼65%), the numbers of pDC in the bone marrow was
elevated in aged mice by about twofold (Fig. 1B).

Further analysis indicated that Fraction A cells, in both young adult and aged BALB/c bone
marrow, contained a subset of cells staining for both DX5 and CD11c surface antigens in
addition to B220 (Fig. 1C). Typically, the Fraction A population accounted for 2% (young) or
4% (aged) of bone marrow cells and within this fraction the CD19- B220+ CD11c+ DX5+ cells
were 10-15%. In analogous studies with C57BL/6 mice, CD19- B220+ CD11c+ DX5+ cells
also stained uniformly for NK1.1 antigen and in BALB/c young and aged mice, were
Ly6C low/- (data not shown). Therefore, these cells have a phenotype consistent both with NK
cells and a recently described NK-like cell type, the interferon producing killer dendritic cells
(IKDC). The latter have been suggested to be activated NK cells (Vosshenrich, et. al., 2007);
we will include these in our classification as NK cells.

CD19- B220+ bone marrow cells negatively regulate E47 protein levels in B cell precursors
in vitro

Since we have previously observed that E47 protein levels are reduced in aged B cell precursors
and that this correlated with reduced surrogate light chain levels in B cell precursors (Sherwood,
et. al., 2000; Frasca, et. al., 2003; Van der Put, et. al., 2004), we asked whether Fraction A
CD19- B220+ bone marrow cells from young adult and aged mice would affect the amount of
E47 protein in B cell precursors in vitro. Co-culture of CD19+ bone marrow B lineage cells
with freshly isolated bone marrow CD19- B220+ cells from young adult BALB/c mice resulted
in at least a two-fold reduction in E47 protein levels by B cell precursors (Fig. 2). Similar results
were also obtained when CD19- B220+ cells were isolated from aged BALB/c mice and co-
cultured with young B cell precursors (Fig. 2). Aged B cell precursors were also inhibited in
E47 protein levels when co-cultured with either young or aged CD19- B220+ cells (Fig. 2).
Note that the aged mice utilized had moderate to severe deficits in B lymphopoiesis as measured
by a decline in pre-B cells (6-10% of young control pre-B levels) (data not shown, Van der
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Put, et. al., 2003). Typically, these aged mice have B cell precursors with ∼50-70% reduction
in E47 protein level (Sherwood, et. al., 2000; Van der Put, et. al., 2004).

Importantly, the cell populations harvested after the co-culture were predominantly (∼95%)
CD19+ pro-B/pre-B cells (<5% surface IgM+ B cells), indicating that the reduction seen in E47
protein levels in the cultured cells was not the result of dilution due to the added CD19-

B220+ cells. Input CD19- B220+ cells were also observed in numbers similar to those at
inception of culture suggesting that these cells did not expand significantly during the culture
period.

As indicated above and in Figures 1 and 2, the Fraction A cells from young and aged mice
were similar in both cell composition and, importantly, both young and aged Fraction A cells
were comparable in their capacities to inhibit E47 levels in B cell precursors. The spectrum of
aged phenotypes, from young-like B lymphopoiesis to poor B lymphopoiesis (Van der Put, et.
al., 2003), presented a challenge to sorting the required NK containing bone marrow
populations from old mice. In order to further define the mechanisms by which Fraction A
cells accomplished this regulation, we utilized young adult mice, thereby circumventing the
often extensive mouse-to-mouse variability seen in aged mice.

When the CD19- B220+ cells from young mice were further restricted by cell sorting to those
that expressed CD11c (e.g., pDCs and NKs), again marked loss of E47 protein levels was
apparent upon co-culture with CD19+ B lineage cells (Fig. 3A,B). Importantly, similar results
were obtained when CD19- B220+ CD11c+ cells were cultured with CD19+ B lineage cells,
but separated by a semi-permeable membrane (Fig. 3B open symbols). This precluded cell-
cell contact during the experiment; the comparable inhibition seen in the absence of cell-cell
contact implicates soluble factors in the regulatory mechanism.

DX5+ bone marrow cells inhibit E47 protein expression in B cell precursors
As indicated above, the majority of CD19- B220+ cells were plasmacytoid dendritic cells (pDC)
and a minority had NK/IKDC phenotypes. Both pDC and total dendritic cell populations (e.g.,
DX5- CD11c+ B220+ pDC and DX5- CD11c+ myeloid dendritic cells plus pDCs) were sorted
from bone marrow and their capacities to affect E47 protein expression in B cell precursors
were tested. Neither pDC nor total dendritic cells altered E47 protein levels in cultured B cell
precursors (Fig. 4 A,C). In contrast, when DX5+ NK cells were isolated from bone marrow,
these cells consistently reduced E47 protein expression in B cell precursors (Fig. 4 B,C). DX5
can be expressed by some T cells, including NK-T cells; however, CD19- B220+ cells contained
very low proportions of CD3+ cells (<3%). Co-culture of CD19+ B cell precursors with isolated
CD4+/CD8+ Thy1hi DX5+ cells at levels comparable to those CD3+ contaminants failed to
inhibit E47 levels (data not shown). Furthermore, isolation of CD3- CD19- B220+ DX5+ cells,
devoid of T cells, resulted in inhibition of E47 expression by B cell precursors (see below).
Therefore, the reduction of E47 seen in B cell precursors is likely induced by the NK population
in Fraction A.

We have previously described that activation of the Ras-MEK-Erk MAPK pathway is
associated with increased turnover of E47 protein in cultured B cell precursors (King, et. al.,
2007). Therefore, we tested whether activation of this MAPK pathway was affected in B cell
precursors upon co-culture with DX5+ bone marrow cells. As shown in Figure 4 A, D, culture
of B lineage cells with DX5+ bone marrow cells, but not dendritic cells, caused reduction in
E47 protein levels in B cell precursors; reciprocally, this was associated with 2-3-fold increases
in the activated, phosphorylated form of Erk proteins (Fig. 4 B,D). Since these experiments
used B lineage cells separated from the DX5+ bone marrow cells by semi-permeable
membranes, both the loss of E47 and rise in phospho-Erk levels in B cell precursors resulted
from soluble factors secreted by the DX5+ bone marrow cells.
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A unique population of DX5+ cells has been recently described in bone marrow that protects
immature B cells from B cell receptor induced apoptosis (Sandel, et. al., 2001). However,
unlike the DX5+ cells we describe that inhibit E47 protein expression in B cell precursors, the
anti-apoptotic DX5+ cells in bone marrow fail to express either B220 or CD11c. Moreover,
they are retained in the bone marrow from either RAG knockout or IL2Rγ knockout mice, the
former devoid of T, NK-T, and B cells and the latter devoid of NK and likely IKDC cells
(Ranson, et. al., 2003; Vosshenrich, et. al., 2005). Bone marrow CD19- B220+ Fraction A cells
from double defective RAG-2/γc knockout mice showed significantly reduced capacity to
inhibit E47 protein expression in B cell precursors (BCP) (70% + 12% E47 protein reduction
in BCP co-cultured with wild-type C57BL/6 CD19- B220+ cells vs. 30% + 10% E47 protein
reduction in BCR co-cultured with RAG-2/γc KO CD19- B220+ cells, p<0.05, data not shown).
This is consistent with a role for bone marrow NK cells in reducing E47 protein expression in
B cell precursors.

Isolated stromal cells and macrophages do not alter E47 levels of CD19+ B lineage cells
Bone marrow contains a variety of other cell types that may affect B lymphopoiesis, including
macrophages and stromal cells. Therefore, we also tested these cell types for effects on E47
expression by B cell precursors. Unfractionated bone marrow, when placed in culture,
establishes an adherent cell layer comprised primarily of macrophages (∼70%) and fibroblastic
stromal cells (∼20%) (Witte et. al., 1993, Witte et. al., 1987). Adherent macrophages
(CD45+) and stromal cells (CD45-) were isolated from established one week old cultures of
unfractionated bone marrow by magnetic bead sorting for the leukocyte common antigen
CD45; separated macrophages and stromal cells were grown in culture for an additional 3 days
and purity assessed by morphology (data not shown). Co-culture of isolated bone marrow
CD19+ B lineage cells on either adherent macrophages or stromal cell monolayers, with added
IL-7, did not result in significant reduction in E47 protein in the B cell precursors (Fig. 5).

Inhibition of E47 protein expression in B cell precursors is dependent upon TNFα
The negative effects of Fr. A CD19- B220+ cells on E47 protein levels in B cell precursors
were shown to be mediated by soluble factors and did not require cell-cell contact. The
involvement of NK lineage cells in this regulation suggested that cytokines associated with
these cell types might be candidates for the inhibitory activity. NK cells produce a variety of
cytokines, including TNFα and IFNγ (Welner et. al., 2007). When CD19- B220+ cells or further
fractionated and T cell depleted CD3- CD19- B220+ DX5+ cells were co-cultured with B
lineage cells in transwells in the presence of neutralizing antibodies to TNFα, the reduction in
B cell precursor E47 levels was largely ameliorated (Fig. 6). In contrast, inclusion of
neutralizing antibodies to IFNγ had no effect on E47 inhibitory capacity (Fig. 6). Therefore,
TNFα secretion by cells within the CD19- B220+ and NK cell subpopulations is necessary for
optimal inhibition of E47 protein expression in B cell precursors.

The effects of TNFα directly on CD19+ B cell precursors was tested in vitro. TNFα was added
to IL-7 supplemented cultures of B cell precursors under various conditions, e.g., at
concentrations from 25-100ng/ml and either at inception of culture or added daily to insure
that concentrations critical to trimerization in solution were maintained. As shown in Figure
7A, TNFα treated CD19+ B cell precursors showed some reduction of E47 (E2A) protein levels
as revealed by fluorescent flow cytometry and confirmed by Western blots (data not shown).
However, more substantial loss was observed in λ5 protein (Fig. 7A).

Given that NK cells, in a TNFα dependent manner, reduced E47 protein in B cell precursors
(see above), it was surprising that recombinant TNFα produced less evident changes in E47
protein levels in B cell precursors. However, we also noted that TNFα altered the composition
of B cell precursors in vitro. In particular, pro-B cells (CD2-) were reduced by approximately
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one-half in cultures while early pre-B cells (CD2+) were less affected (Fig. 7B). This served
to increase the relative proportions of pre-B cells in culture. Similar effects of TNFα were also
seen in the culture of B cell precursors from aged mice (Fig. 7B). Pro-B cells have been shown
to have increased levels of E47 and λ5 protein relative to early pre-B cells (Quong et al.,
2004). Consequently, the lower levels of E47 proteins in B cell precursors co-cultured with
TNFα-producing NK cells may result primarily from changes in the cellular composition in
vitro. While loss of λ5 proteins in B cell precursors co-cultured with NK cells could result from
a similar mechanism, it is notable that, as shown in Fig. 7C, TNFα also inhibited λ5 protein
levels in CD2- pro-B cells from young and aged mice in culture. Therefore, loss of λ5 protein
in TNFα treated B cell precursors resulted from both direct and indirect effects.

NK cells inhibit surrogate light chain expression in B cell precursors in vivo
While NK cells within Hardy Fraction A were capable of inhibiting E47 protein expression in
B cell precursors in vitro, it remained necessary to demonstrate a role for NK cells in regulating
B lymphopoiesis in vivo, particularly in aged mice. In addressing this issue, we treated aged
and young adult BALB/c mice with rabbit antibodies to asialo-GM1, a procedure that has been
used successfully in a variety of protocols to selectively deplete NK cells in vivo over the last
two decades (Alba, et. al., 2008; Winkler-Pickett, et. al., 2008; Yang, et. al., 1986). While the
neutral glycosphingolipid asialo-GM1 is present on multiple cells, including macrophages and
T cells, it is expressed at particularly high levels on NK cell surfaces and in vivo administration
of anti-asialo-GM1 reduces NK activity while having no effect on either cytotoxic
macrophages or cytotoxic T cell functions (Wiltrout, et. al., 1985; Stein-Streilein and Guffe,
1986).

We have previously reported that mice of comparable chronologic old age demonstrated
heterogeneity in B lymphopoiesis as well as E47 and λ5 expression (Van der Put, et. al.,
2003; Sherwood, et. al., 1998; Sherwood, et. al., 2000; Frasca, et. al, 2003). Therefore, for
these in vivo studies, it was necessary to ensure that both control and anti-asialo GM1 treated
old mouse groups would be comparably compromised in B lymphopoiesis prior to in vivo NK
depletion. This was accomplished by measuring the proportions of immature B lineage cells
(AA4.1+ IgD- CD19+) within the total B lineage cell compartment in peripheral blood (Alter-
Wolf, S., Frasca, D., Blomberg, B.B., and Riley, R.L., manuscript in preparation). This assay
proved capable of identifying BALB/c aged mice with poor B lymphopoiesis, but was less
reliable for aged C57BL/6 mice, possibly due to the lower B cell precursor levels normally
seen in this strain.

The aged BALB/c mice chosen for inclusion in either the NK depleted or control groups had
levels of immature B lineage cells in peripheral blood that were comparable and predicted
levels of pre-B/immature B cells that were at least 70% lower than young adult controls. As
we have previously reported, this extent of compromised B lymphopoiesis is associated with
significant reductions in the surrogate light chain protein λ5 (Sherwood, et. al., 2000).

Treatment of young adult mice with rabbit asialo-GM1 antibodies, but not control rabbit IgG,
resulted in partial depletion of NK cells as measured in spleen (∼ 80% depletion) and bone
marrow (∼ 50% depletion). Overall proportions and numbers of pro-B and pre-B cells did not
change in young adult bone marrow and were not increased in the normally pro-B/pre-B cell
deficient bone marrow of aged mice upon NK cell depletion (data not shown). This likely
reflects the relatively short time of NK depletion (e.g., 7 days maximum) in these aged mice;
whether longer periods of NK depletion can restore B lymphopoiesis remains to be determined.

Importantly, however, NK cell depletion resulted in a small, but significant increase in
expression of the λ5 surrogate light chain by pro-B cells in young adult mice as determined by
cytoplasmic fluorescent flow cytometry (Fig. 8A,C). E47 protein levels were not significantly
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altered (data not shown); this may reflect maintenance of pro-B/pre-B cell ratios in the bone
marrow or the more limited capacity of fluorescence flow cytometry to assess quantitative
differences as compared to Western blot. The latter method was impractical due to the low
numbers of pro-B cells (1-3%) present in the bone marrow of individual aged mice.

While the increases seen in λ5 protein in young pro-B cells after NK depletion were minimal,
anti-asialo-GM1 treatment of aged BALB/c mice resulted in a marked increase in λ5 surrogate
light chain expression among pro-B cells in the bone marrow (Fig. 8B,C). The levels of λ5
surrogate light chain detected in pro-B cells from NK depleted aged mice were now similar to
those seen in young adult mice.

Discussion
The regulation of specification, commitment, proliferation, and developmental maturation of
cells of the B lineage is highly complex. Within the bone marrow, it is clear that the B lineage
developmental program is regulated by a hierarchy of transcription factors, including E2A,
EBF, and Pax-5 (Zhuang et. al., 1996, Busslinger & Urbanek 1995, Kee et. al., 2000, Kee &
Murre 1998, O'Riordan & Grosschedl 1999). A key event in B lineage development is
expression of the preBCR, comprised of Ig μ heavy chain in association with the surrogate
light chains λ5 and VpreB. This provides an efficient checkpoint governing both selection and
clonal expansion of pre-B cells, the immediate precursors of new B cells. Although it is
generally assumed that microenvironmental cues are involved in initiating these processes, the
nature of such signals and the cells and soluble mediators involved remain to be elucidated. In
this regard, our studies indicate that cells within the bone marrow of both young adult and aged
mice, in particular NK cells, can have a significant impact on key molecules involved in this
process, including E2A and the surrogate light chains. B lineage differentiation is likely
modulated by the activities of a variety of cell subsets, in addition to those described herein
with NK character, within the bone marrow microenvironment.

NK cells have been shown to affect B cell functions and, under allogeneic transplant conditions,
bone marrow cell reconstitution (Yuan 2004; Gao N, et. al., 2005; George, et. al., 1997). In the
former, NK cells, via cytokine production, can affect immunoglobulin isotype switch; in the
latter, murine NK cells can reject allogeneic bone marrow cells. NK cells of F1 mice reject
parental bone marrow cells, accounting for the phenomena of hybrid resistance (George, et.
al., 1997). However, although NK cells are present in low numbers naturally in the bone
marrow, their role (if any) in the regulation of normal B lymphopoiesis, in either young adults
or in senescence, has not, to our knowledge, been investigated. Therefore, our findings that
NK cells, in vitro and/or in vivo, can exert negative affects on the expression of key molecules
(e.g., E2A, λ5) involved in B lymphopoiesis suggests that NK cells may participate as part of
a regulatory cell/cytokine network within the bone marrow that affects development of new B
cells. Furthermore, our studies suggest that NK cells, elevated in aged bone marrow, may
contribute to impairment of the preBCR checkpoint by diminishing expression of surrogate
light chains.

The inhibition of E47 expression mediated by Fraction A NK cells occurs in a contact-
independent fashion, presumably mediated via soluble factors. TNFα, as well as IFNγ, are well
characterized as cytokines produced by NK cells and have markedly negative affects on the
proliferation and survival of B lineage precursors (Fernandez et. al., 2003, Sedger et. al.,
2002). In our studies, TNFα, but not IFNγ, was involved in the inhibition of E47 expression
in B cell precursors mediated by CD19- B220+ NK cells.

Although the cytokine neutralization experiments indicate that TNFα has an important role in
NK-associated down-regulation of E47 in B cell precursors, studies with recombinant TNFα
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indicated that this cytokine likely has a limited direct effect on E47 levels. In contrast, TNFα
altered the pro-B to pre-B cell ratio in vitro, favoring maintenance of early pre-B cells having
lower E47 levels (Quong, et. al., 2004). It is also conceivable that other NK cytokines may act
in synergy with TNFα to reduce E47 levels in B cell precursors and this will require further
investigation. It is, however, clear that TNFα has a direct effect on B cell precursors to lower
λ5 surrogate light chain levels. It remains to be seen whether TNFα-induced changes in
transcriptional regulators for surrogate light chains, e.g., E2A, EBF, IRF-4/8, Ikaros, and/or
Aiolos (Ma, et. al., 2008; Sigvardsson, et. al., 1997), either alone or in combination, are
responsible for altered surrogate light chain expression.

In the context of aging, it is of interest that previous studies have shown that the senescent
murine bone marrow microenvironment is not capable of supporting normal expression of
RAG enzymes and Ig recombination (Labrie et. al., 2005, Labrie et. al., 2004). As suggested
by Labrie, et. al., (2004, 2005) the down-regulation of RAG expression may, in part, result
from lower levels of E2A proteins in developing B cell precursors. However, the mechanisms
by which the bone marrow microenvironment may impact E2A expression in old age are not
understood. Our studies provide a demonstration that particular bone marrow cell subsets, e.g.,
NK cells, but not macrophages or stromal cells, can negatively regulate E2A protein levels in
B cell precursors in vitro. Moreover, in vivo depletion of NK cells, in aged mice, resulted in
increased expression of the λ5 protein. Significantly, pro-B cells from aged mice, where λ5
protein expression would be predictably reduced, were rendered normal in λ5 protein
expression by depletion of NK cells. These results, coupled with the finding that NK cells are
increased significantly in aged bone marrow, suggests a mechanism by which alterations in
the numbers of NK cells (and possibly other regulatory cells as well) within the marrow
microenvironment negatively impacts B lineage development, compromises preBCR-induced
pre-B cell selection and expansion, and, consequently, contributes to reduced B lymphopoiesis
in old age.

Experimental Procedures
Mice

Young (2-5 mo.) and aged (19-28 mo.) BALB/c mice were purchased from the National
Institutes of Aging colony at Harlan Sprague Dawley, Indianapolis, IN. Mice with obvious
abdominal tumors and/or splenomegaly were eliminated from the studies.

Expansion of B cell precursors with IL-7 in vitro
Femur and tibia pairs were flushed to harvest cells from the bone marrow as previously
described (Sherwood et. al., 1998, Riley et. al., 1991). Red blood cells were removed by
treatment with ACK (0.15 M NH4CL, 1mM KHCO3, 0.1 mM EDTA) for 5 minutes at room
temperature followed by centrifugation to remove red cell debris. Bone marrow cells were
counted and resuspended at 1×106/ml in RPMI-1640 (Gibco Life Technologies, Grand Island,
NY), supplemented with 10% FCS (Sigma Aldrich, St. Louis, MO) plus 1% penicillin-
streptomycin, 1% L-glutamine and 2-mercaptoethanol at 2×10-5 M. Purified, recombinant
mouse IL-7 (rmIL-7, Biosource International, Camarillo, CA) was added at 5ng/ml and
remained in culture for 5-7 days after which non-adherent cells were harvested and used for
analysis. In some experiments, CD19+ and CD19- B220+ bone marrow cells were isolated by
either magnetic sorting or by flow cytometry prior to mixing and culture with IL-7 (92-96%
purity).

Sorted CD19+ cells and potential regulatory cells were co-cultured in a transwell system
(Corning Inc., Corning, NY, pore size 0.4μM). CD19+ cells were plated at 1×106/ml in 12 or
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24 well plates with 5ng/ml IL-7. Sorted putative bone marrow regulatory cells were placed in
0.2ml transwells at a 1:5 or 1:10 ratio of regulatory cells to CD19+ cells.

In some experiments, anti-TNFα (5μg/ml) or anti-IFNγ (5μg/ml) polyclonal goat IgG
antibodies from Sigma Aldrich were used to neutralize TNFα or IFNγ production in vitro.
Normal goat IgG (5μg/ml) was used as a control (Jackson ImmunoResearch, West Grove, PA).
In certain studies, recombinant murine TNFα (R & D Systems, Minneapolis, MN) was used
at the concentrations and time periods indicated.

Magnetic cell separation of CD19+ cells and bone marrow adherent cells
CD19+ bone marrow cells were isolated by magnetic sorting prior to culture with IL-7. IL-7
cultured and expanded B cell precursors were also sorted for either CD19+ or CD19- cells by
magnetic bead separation prior to analysis. Cells were first surface stained with anti-CD19 PE
(1D3) (BD Bioscience, La Jolla, CA) and then secondary stained using anti-PE microbeads
according to the MiniMacs protocol (Miltenyi Biotec, Auburn, CA). CD19+ cells were
separated from CD19- cells on a magnetic column. From the CD19- cells, B220+ cells were
further magnetically sorted using anti-B220 magnetic beads from Miltenyi Biotec.

For stromal cell and macrophage isolations, bone marrow cells were first placed in culture with
IL-7 for 5-7 days. Non-adherent B cell precursors were harvested and used for other
experiments while adherent cells were grown for an additional 2-3 days in the absence of IL-7
before being harvested with trypsin/EDTA. The adherent cells were stained with anti-CD45
magnetic beads (Miltenyi) and sorted according to the MACS protocol. CD45+ (macrophages)
and CD45- (stromal) cells were sorted over a magnetic column. CD45+ and CD45- cells were
re-plated in fresh 12 well plates and cultured for 6 hours to allow reattachment. CD19+ cells
were harvested from the bone marrow, magnetic bead sorted and placed on monolayers of
either macrophages or stromal cells. B cell precursors (CD19+ cells) were grown on adherent
cell monolayers with 5ng/ml IL-7 for 5-7 days and before harvesting. Lysates were made from
harvested B cell precursor cells and Western blots performed to assess E47 protein levels.

Western blot
For total cell lysates, cells were harvested, counted and lysed with Mammalian Protein
Extraction Reagent (Pierce, Rockford, IL) at 10μl/106 cells. Protein Extraction reagent was
supplemented with Halt Protease Inhibitor Cocktail (Pierce) at 10μl/ml. For P-ERK analysis,
total cell lysates also contained 2mM Na3VO4. Extracts of IL-7-expanded pro-B/pre-B cells
were denatured by boiling for 4 min in sample buffer, subjected to reducing conditions, and
electrophoresed using SDS-PAGE 4-12% polyacrylamide gels for 50 minutes at 200V.
Proteins were run out on gels, then transferred onto nitrocellulose membranes for 90 minutes
at 100V. Nonspecific sites were blocked by incubation of the membranes with PBS-Tween 20
(1× PBS/0.05% Tween 20) containing 10% milk for 2 hrs at room temperature. Membranes
were incubated as required with purified mouse monoclonal anti-E47 (G127-32) (BD
Bioscience, La Jolla, CA); mouse monoclonal anti-actin (C-2), goat polyclonal anti-Ubc9
(N-15) (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal antibody anti-phospho-
p44/42 MAPK (197G2) (Cell Signaling Technology, Danvers, MA). Following overnight
incubation with the primary antibody, immunoblots were incubated with the appropriate HRP-
labeled secondary antibodies for 2 h at room temperature, developed by enzyme
chemiluminescence, and analyzed via an Alpha Innotech FluorChem Gel-doc system (San
Leandro, CA). For quantitation, in each experiment individual blots were scanned and analyzed
for desired proteins using densitometry. Densitometry values for desired proteins were
normalized to that of the loading controls Ubc9 or actin. In some experiments, normalized
values of experimental proteins (e.g., E47) were expressed relative to wild-type controls (set
to 100% or 1).
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Cell staining for flow cytometry and fluorescence activated cell sorting
For distinguishing B cell precursors, mouse bone marrow cells harvested ex vivo were stained
with fluorescent antibodies for surface B220 (RA3-6B2) and CD19 (1D3) (BD Bioscience).
For distinguishing plasmacytoid dendritic cells and NK-associated cells, bone marrow cells
were stained for B220 (RA3-6B2), CD19 (1D3), CD11c (Integrin aX), anti-mouse pan NK
marker (DX5) (e-Bioscience, San Diego, CA) and/or Ly6C (AL-21) (BD Biosciences, La Jolla,
CA).

Bone marrow cells isolated from tibia and femur pairs of young and aged mice and were sorted
for NK, plasmacytoid DC (pDC) and total DCs. Cells were stained for surface CD19, CD11c,
CD3e, and/or DX5 (BD Biosciences and e-Biosciences) and sorted for CD19+ (B-lineage)
cells, CD19- DX5+ or CD19- B220+ CD3- DX5+ (NK cells), CD19- DX5- B220+ CD11c+

(plasmacytoid DCs), or CD19- DX5- CD11c+ (total DCs) by fluorescence flow cytometry using
a FACS Aria cell sorter (BD Immunocytometry, San Jose, CA) with purity ranging between
96-99%.

Pro-B and pre-B cell populations were identified based on differential staining for CD19, B220,
IgM, CD43, CD2, and AA4.1 as previously described (Alter-Wolf, et. al., 2009; King, et. al.,
2007). Levels of cytoplasmic λ5 and E47 proteins were determined by staining as previously
described (Alter-Wolf, et. al., 2009). In some experiments, live cells only were analyzed by
gating out cells that stained positive with Annexin V.

Depletion of NK cells in vivo
Both young adult and aged BALB/c mice were treated with rabbit anti-asialo GM1 antibody
(Wako Chemicals, Richmond, VA) to deplete NK cells or with control rabbit antibody. In brief,
mice were administered 200μg of antibody in PBS i.p. on each of 5 successive days. Two days
later (day 7), mice were sacrificed and assayed for NK cells, B lineage precursors, and E47
and λ5 protein expression as described above.
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Figure 1. CD19- B220+ cells are increased in aged mice and subsets include plamacytoid dendritic
cells and NK lineage cells
A, Bone marrow from young and aged BALB/c mice were harvested and surface stained for
CD19, B220, analyzed by flow cytometry and numbers of CD19- B220+ cells were calculated
based on total bone marrow cell numbers. Additionally, bone marrow from young and aged
Balb/c mice was surface stained for B220, CD43 and IgM and analyzed by flow cytometry.
Numbers of Fraction D early pre-B cells (B220+ CD43- IgM-) were calculated based on total
bone marrow cell numbers. (n=10) *p≤0.05 by Student's t-test. B, Bone marrow from young
and aged BALB/c mice were harvested and surface stained for CD19, B220, CD11c, Ly6C
and DX5 and cell numbers of CD19- B220+ CD11c+ DX5+ (NK cells, n=4) and CD19-

B220+ CD11c+ Ly6C+ (pDCs, n=10) in the bone marrow were calculated based on total bone
marrow cell number *p≤0.05 by Student's t-test for young vs. aged groups. C, Freshly isolated
bone marrow cells from young and aged BALB/c were surface stained for CD19, B220, CD11c,
and DX5 and analyzed by flow cytometry (a: NK cells, b: pDCs). Data are representative of 4
individual pairs of young and aged mice.
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Figure 2. CD19- B220+ cells from young and aged mice inhibit E47 protein in CD19+ B cell
precursors from young and aged mice
CD19+ cells were magnetically bead separated from bone marrow of young BALB/c mice and
co-cultured with magnetically sorted CD19- B220+ cells from young and aged mice at a 1:10
ratio (CD19- B220+:CD19+ cells) with IL-7 for 7 days. Non-adherent cells were harvested and
E47 and actin proteins detected by Western blot. Shown in the graph below are cumulative
data from 3 experiments where young and aged CD19+ cells were co-cultured with CD19-

B220+ cells from young and aged mice. Aged CD19+ cells alone used in these experiments
exhibited a 57% loss in E47 protein levels relative to young control CD19+ cells (data not
shown). E47 values were normalized to their respective loading controls and then to young or
aged CD19+ values in each experiment with young or aged CD19+ E47 values each set to 1.
(*p≤0.05 by Student's t-test for all groups vs. young CD19+ cells alone based on loading control
normalized values).
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Figure 3. CD19- B220+ CD11c+ cells inhibit E47 protein in B cell precursors through a soluble
factor
A, Young CD19+ cells were sorted by magnetic beads and CD19-CD11c+ B220+ cells sorted
from bone marrow by fluorescence flow cytometry and mixed at a 1:10 effector:target ratio of
CD19- B220+ CD11c- to CD19+ cells, and cultured with IL-7 for 7 days. E47 and Ubc9 (loading
control) proteins were detected by Western blot. B, CD19+ cells were co-cultured at varying
ratios with CD19- B220+ CD11c+ cells, together with IL-7, for 7 days, either as cell mixtures
or separated via transwells. Relative E47 levels of CD19+ cells as E47 to Ubc9 ratios were
calculated.* p≤0.05 by Student's t-test for CD19+ only vs. CD19+ cells + inhibitory cells (n=5).
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Figure 4. DX5+ bone marrow cells, but not dendritic cells, inhibit E47 expression and increase
pERK expression in B cell precursors
A and B, B cell precursors (CD19+) from young BALB/c mice were sorted by flow cytometry
and co-cultured with the following sorted bone marrow cell subsets from young mice and
placed in transwells: total DC (CD19- CD11c+); pDCs (CD19- B220+ CD11c+); or NK cells
(DX5+) at 1:5 ratios. Cultures also contained 5ng/ml IL-7 and were harvested at 7 days and
Western blots performed for E47, pERK and the loading control Ubc9. Cumulative results for
E47 protein levels for 3 experiments are shown in C and for phospho-ERK protein in D
normalized to loading controls. * p≤0.05 by Student's t-test for CD19+ vs. CD19+ cells + NK,
tDC, or pDC groups. Data for E47 protein was normalized to loading control values [E47/Ubc9
ratio or pErk/Ubc9 ratio] in Western blots.
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Figure 5. Stromal cells and macrophages from young or aged bone marrow microenvironments do
not inhibit E47 expression in young CD19+ cells
Young and aged BALB/c bone marrow cells were cultured with IL-7 for 7 days. Following the
7 day culture, adherent cells were harvested after addition of trypsin and magnetically separated
based on expression of CD45. Once separated, stromal cells (CD45-) and macrophages
(CD45+) from young and aged mice were cultured separately for an additional 3 days.
Magnetically sorted young CD19+ B cell precursors (from separate mice) were then co-cultured
with either young or aged stromal cells (CD45-) or macrophages (CD45+) for 7 days with IL-7.
E47 protein was determined by Western blot and shown as E47 to Ubc9 signal ratios (n=4).
No groups differed from the CD19+ alone control at the p<0.05 level by Student's t test. Data
for E47 protein was normalized to loading control values [E47/Ubc9 ratio] in Western blots,
not relative to the CD19+ alone control group.
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Figure 6. TNFα is required for Fr. A/NK inhibition of E47 protein levels in B cell precursors
CD19+ cells were sorted from young BALB/c bone marrow and plated with CD19- B220+ (Fr.
A) bone marrow cells (1:5 effector:target ratio) or cell-sorted CD3-CD19- B220+ DX5+ bone
marrow cells (1:10 effector:target ratio) in transwells. Control antibody (goat IgG), anti-
IFNγ goat polyclonal antibody, or anti-TNFα goat polyclonal antibody were added at the
inception of culture at 5μg/ml. Post 7 days of culture with IL-7, the CD19+ cells were harvested
and E47 and Ubc9 and/or actin (loading control) proteins detected by Western blot. E47 values
were normalized to both loading controls and to values for CD19+ cells cultured alone.
Cumulative results are shown for 4 experiments. E47 values were normalized to their respective
loading controls and then to young CD19+ values in each experiment with CD19+ E47 values
each set to 1. (*p≤0.05 by Student's t-test for the anti-TNFα group vs. control Ab group; NS,
not significant for experimental anti-IFNγ group vs. control Ab group).
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Figure 7. TNFα impairs E47 and λ5 protein expression in B cell precursors and preferentially
results in loss of pro-B cells in vitro
A, CD19+ B cell precursors were co-cultured with recombinant murine TNFα (100ng/ml) added
daily. E47 and λ5 protein expression was determined by fluorescence flow cytometry at day 7
of culture. Proportions of cells with high λ5 levels, above that of the isotype control, are
indicated. B, Pro-B cells (CD2-) and pre-B cells (CD2+) from young and aged BALB/c mice
in IL-7 supplemented cultures were assessed at day 7 after TNFα (100ng/ml) treatment. Since
the expansion of B cell precursors differed in control cultures in individual experiments, the
data on pro-B and pre-B cell numbers has been normalized to that of the analogous cells in
control cultures in each experiment (control=100% expansion). TNFα effects on both young
and aged B cell precursors are shown for experiments using 12 young and 4 aged BALB/c
individuals. C, CD2- pro-B cells from young and aged mice were cultured with TNFα (100ng/
ml) and proportions of cells expressing high λ5 levels (above isotype control staining) are
indicated as determined by cytoplasmic fluorescence flow cytometry. In all fluorescence flow
cytometry analyses, only live cells were assayed as determined by lack of Annexin V staining.
*, p<0.05 for −TNFα vs. +TNFα groups in each panel.
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Figure 8. Depletion of NK cells in aged mice increases λ5 protein expression in pro-B cells in vivo
BALB/c young adult (3 mo.) and aged (24 mo.) mice were administered 200μg rabbit anti-
asialo GM1 antibody or control antibody i.p. daily for 5 days. On day 7, bone marrow pro-B
cells were enumerated as IgM- CD2- CD19+ B220+ cells and cytoplasmic λ5 protein levels
assessed by fluorescence flow cytometry.
A, Representative fluorescence histograms for λ5 staining of young pro-B cells from mice
treated with anti-asialo GM1 antibody or controls are shown. Proportions of λ5 high cells as
well as mean fluorescent intensities are indicated. B, Representative fluorescence histograms
for λ5 staining of aged pro-B cells from mice treated with anti-asialo GM1 antibody or control
are shown. Proportions indicated are pro-B cells having λ5 protein levels above isotype control
staining, designated “λ5Hi”. C, Cumulative data for 5-14 mice (n) used per group; abbreviations
are NK depleted (NK Dep) and control (Ctrl). P values calculated by Student's t-test for the
paired groups as indicated.
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