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Immunogiobulin-bearing B cells reconstitute and
maintain the murine Ly-1 B cell lineage*

Previous reconstitution studies in irradiated mice distinguished Ly-1 B from other B
cells. The predominant B cell populations in spleen and lvmph node are readily
reconstituted from progenitors present in aduit bone marrow. Ly-1 B cells, in con-

trast, are reconstituted from cells in peritoneum rather than bone marrow. Further
studies, presented here, demonstrate that Ly-1 B populations are reconstituted from
peritoneal cells that already express both surface immunoglobulin (IgM) and Ly-1,
that is, Ly-1 B. Such cells reconstitute and maintain the Ly-1 B population in irradi-
ated recipients for at least 6 months.

1 Introduction

Ly-1 bearing B cells (Ly-1 B) express the Ly-1 surface giyco-
protein in conjunction with characteristic amounts of classical
B cell surface moiecules such as IgM, IgD, and Ia. These
unique lymphocytes are rare (1-2%) in spleen and undetect-
able in lvmph nodes and Peyer’s patches [1, 2]. In contrast to
this low frequency in adult lymphoid tissues, Ly-1 B constitute
a large fraction of surface IgM™ B cells in early development:
almost one-third of surface IgM™* B cells in neonatal mice are
Ly-1 B [1-3]. Curiously, whereas the relative frequency of Ly-
1 B rapidly decreases as mice age, these cells constitute a large
proportion of the B cells found in peritoneum even in the adult
[2, 6]. In addition, their representation is increased among B
cells from both spleen and peritoneum of certain autoimmune
strains, e.g. NZB [1] and Motheaten mice {4]. This increase
appears to be related to the observation that Ly-1 B are cap-
able of producing most of the commoniy studied murine IgM
autoantibodies [5]. One autoantibody in particular, found in
most strains and reactive with bromelain-treated mouse red
blood cells. is closely correlated with the level of Ly-1 B [2, 5].

In a previous report [6} we showed that Ly-1 B. distinct from
other B cells by a variety of criteria, constitute a distinct devel-
opmental lineage. These experiments were based on protocols
in which cells from various progenitor sources were trans-
ferred into lethally irradiated allotype (Igh)-congenic recip-
ients. The resultant B cell populations were characterized both
by fluorescence-activated cell sorter (FACS) and functional
analyses 1 to 6 months later using monoclonal antibodies
specific for immunoglobulin allotype.

Results from these earlier studies established (a) that liver and
spleen from mice less than 1 week old or bone marrow (BM)
from donors under 6 weeks of age reconstitute all B cells: and
(b) that progenitor activity segregates in aduits such that BM
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selectively reconstitutes the predominant splenic or lymph
node B cell popuiations while peritoneal cells (PerC) seiec-
tively reconstitute Ly-1 B. Although we have found that the
lack of Ly-1 B progenitors in adult BM is not absolute (since
Ly-1 B generation from adult BM has occasionally been
observed in a subsequent transfer experiment {7]), the finding
of segregated B cell generation strongly suggests that the pro-
genitors for Ly-1 B are independently maintained from those
for other B cells.

We report here on studies of the cells responsible for recon-
stituting Ly-1 B. We show that the cells capable of generating
and maintaining Ly-1 B from adult animals are surface Ig* Ly-
1 B and that surface Ig™ cells from adult peritoneum lack B cell
precursor activity. In addition, we find that surface Ig~ precur-
sors for Ly-1 B do exist in spleens from young mice.

2 Materials and methods
2.1 Mice

CBA mice congenic for Ig allotype (CBA-Igh®) were estab-
lished by Dr. H. S. Micklem (University of Edinburgh, Scot-
land) and were his generous gift. CBA/N mice were also
obtained from Dr. Micklem and bred in our animal facility.
BALB/cN and BAB/25 mice were raised in our colony.

2.2 Radiation and cell transfer

Four to 6-month-old recipients were irradiated with 750 rds
(for CBA or CBA/N) or 600 rds (for BALB/c) by X-ray 1 day
before cell transfer. Femur and tibia of 3-5 month-old (adult)
mice were used as sources of adult BM cells. Per C were
harvested from adult mice by injecting chilled medium as
described previously [6]. The irradiated mice received
5% 10° — 10 x 10° cells, usually injected i.v. For FACS sorting
experiments. cells corresponding to 5 x 10° — 10 X 10° unsepa-
rated cells (either adult PerC or neonatal spleen) from Igh-6b
mice were sorted and transferred together with
1x 10— 5 x 10° BM celis from adult mice of a different al-
lotvpe.

2.3 Cell staining and antibodies

Peritoneal cells and spleen cells from transferred mice were
examined for reconstitution at the various times specified.
Reconstitution of donor (Igh®)-derived B cells was determined
by immunofluorescence staining with monocional anti-Ig
allotype reagents, anti-Igh-6b (IgM°, AF6-78.25) [8] and anti-
Igh-5b (IgD®, AF6-122.2) [8]. The level of either donor- or
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recipient-derived B cell reconstitution was estimated by com-
parison of total B cells (stained with rat anti-mouse IgM.
331.12) [9] with anti-Igh-6b™ B cells. The frequency of Ly-1 B
was obtained from two-color staining of cells with fluorescein
(F1)-anti-IgM (or Igh-6b) und bimtinated (Bi)-anti-Ly-1 anu-
body (53-7.3) [10] together with Texas Red (TR)-avidin. Anti-
Lyt-2 antibody (53-6.7) [10], which is the same rat isotype as
anti-Ly-1, was used as a control in staining for Ly-1 B. Both
anti-Ly-1 and anti-Lyt-2 antibodies were employed as F(ab')
reagents. Light chain expression on B cells was determined by
using rat monoclonal antibody, anti-kappa (187.1) [11] and
goat anti-mouse lambda antibody kindly provided by Dr. A.
Radbruch. Univ. of Kéln [2]. Preparation of cells, detailed
staining procedure, purification of rat monoclonal antibodies.
F1, TR and biotin (Bi) labeling, and preparation of rat F(ab'),
antibodies have been described in previous reports {1, 5, 6}.

2.4 Staining data analysis

Two-color staining data were analyzed with a modified FACS
(FACS 1I; Becton Dickinson Immunocytometry Systems,
Inc., Mountain View, CA) and VAX computer system. Only
cells with forward and large angle scatter typical of lympho-
cytes are presented in the figures showing peritoneal recon-
stitution. In particular, granular cells that scatter large
amounts of light to the photodetector measuring light at large
angles are eliminated from these analyses [2, 6]. Tabulated
frequencies, however, represent percent of total recovered
cells (including granular cells).

3 Results

3.1 Ly-1 B progenitors in PerC are contained within the
FACS-sorted Ly-1 B cell population

The experimental protocols used here are similar to those used
in previous studies {6]. Peritoneal cells of Igh® allotype mice
(CBA-Igh®) were transferred into lethally irradiated allotype-
congenic recipients (CBA/N or CBA) and the resultant B cell
populations were characterized by FACS 1 to 6 months later.
Adult BM from mice with the same allotype as recipient
{CBA) was used to supplement other hemopoietic cells. Most
of the B cells in these recipients derive from traditionai B cell
progenitors in the BM and thus do not express the Igh®
allotype. The Ly-1 B, however, tend to be derived from
peritoneal progenitors and therefore mainly express the Igh®
allotype of the PerC donor, as clearly shown in PerC analysis
(Fig. 1. left panels).

Using FACS-sorted Ly-1 B from the peritoneum in place of
total peritoneal cells in these kinds of transfers yields similar
results. That is, Ly-1 B levels reached in irradiated recipients
of FACS-sorted IgM™, Ly-1" (Ly-1 B) cells supplemented
with recipient-type BM are equivalent to the Ly-1 B leveis
reached in animals restored with unsorted PerC (similarly sup-
plemented). Thus. FACS-sorted Ly-1 B from PerC contain
progenitors that fully and permanently reconstitute Ly-1 B in
irradiated recipients (Fig. 1, middle panelis).

FACS-sorted IgM™ cells from PerC, in contrast, have no
detectable B cell progenitor activity. In general, co-transfer-
ring this Ig-depleted population together with recipient-type
BM is equivalent to transferring recipient-type BM alone. All
recipients develop fully reconstituted BM-derived B cell popu-
lations and nearly all lack substantial numbers of Ly-1 B cells.
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When detectable. Ly-1 B in these recipients (CBA) tend to be
most numerous several months after transfer and to express
the recipient allotype (data not shown). These cells may be
derived either from host cells that survive irradiation (Ly-1 B
are relatively radioresistant: [6]) or from progenitors that are
sporadically found in BM [7]. Favoring the former possibility,
CBA/N mice that normally lack peritoneal Ly-1 B never
develop this recipient allotype Ly-1 B population in such trans-
fer experiments. In any event, the immunogiobulin allotypes
they express show clearly that they are not derived from the
IgM™ peritoneal celi population.

Six months after transfer, recipients of FACS-purified Ly-1 B
cells (like recipients of unsorted PerC) still have normal num-
bers of PerC-derived Ly-1 B (10-25%). Furthermore, recip-
ients of FACS-purified Ig~ cells still lack PerC-derived Ly-1 B
(<1%). Thus, PerC contains self-renewing progenitors that
reconstitute and maintain the Ly-1 B population in irradiated
recipients and most or all of these progenitors are present in
the PerC Ly-1 B cell population itself, i.e., in the FACS-sorted
IgM™, Ly-1* population from PerC.

3.2 Progenitors that reconstitute peritoneal Ly-1 B cells also
reconstitute splenic Ly-1 B cells

There are normally fewer Ly-1 B cells in spleen than in
peritoneum; however, the splenic Ly-1 B population is clearly
detectable as a small group of cells with the typical Ly-1 B
surface phenotype (bright IgM, dull IgD and dull Ly-1) in
adult PerC transferred mice. Like the peritoneal Ly-1 B popu-
lation, this splenic Ly-1 B population is permanently reconsti-
tuted in recipients of FACS-sorted peritoneal Ly-1 B cells
(Fig. 2) but not in recipients of FACS-sorted Ig~ peritoneal
cells.

3.3 Neonatal spleen contains Ig~ progenitors for Ly-1 B

We have previously shown that in contrast to adult mice,
spleen and liver from neonatal mice are capable of reconstitut-
ing Ly-1 B [5]. Ly-1 B are. in fact. a major population among
surface IgM™ cells in neonatal mice. We next attempted to
examine whether such self-maintaing ability is also the case for
Ly-1 B present in early development.

FACS-sorted Ig* spleen cells from 2-7-day-oid animals recon-
stitute mostly Ly-1 B cells when transferred to allotype con-
genic recipients (lethally irradiated and supplemented with
syngeneic BM as in the preceeding experiments). The recon-
stitution per IgM* cell transferred is less efficient than the
reconstitution obtained by transferring IgM™ adult PerC: how-
ever. this relatively small Ly-1 B population contains typical
Ly-1 B (Fig. 3, left) and persists for at least 6 months in recip-
ients.

FACS-sorted Ig™ cells from neonatal spleen also contain pro-
genitors that reconstitute Ly-1 B (Fig. 3. right). Since adult
spleen does not repopulate Ly-1 B [6], these progenitors appa-
rently represent earlier Ly-1 B differentiation stage(s) that
tend to disappear or to become less functional with respect to
giving rise to Ly-1 B as the animal ages. As such, they repre-
sent a potential source for the wide variety of pre-B cell
tumors that carry the Ly-1 surface antigen, e.g. 70Z [12, 13},
NFS-5 [12, 13] and a series of nconatally derived tumors
induced with the Abelson virus (H. C. Morse III, personal

. communication).
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Figure 1. Reconstituted Ly-1 B
in PerC are derived from Ly-1 B.
Peritoneal cells from adult CBA-
Igh® mice were stained with Fl-
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anti-IlgM  and  Bi-anti-Ly-1
(+ TR-avidin). Unsorted stained
cells, sorted Ly-1 B (Ly-17/
IgM*) and sorted IgM™ cells
(mostly free of Ly-1 bright T
cells) were injected into. irradi-
ated CBA/N mice together with
5% 10° adult CBA BM cells. All
sorted cells fell within the typical
lymphocyte range for both for-
ward and obtuse light scatter

Total B cells

(eliminating granular cells). One
x 107 unseparated PerC cells and
corresponding numbers of sorted
cells (2x10° Ly-1 B cells,
0.5x 10° IgM~ cells) were in-
jected per mouse. Analyses one
month after transfer are pre-
sented in this figure. The recon-
stitution of donor allotype Ly-1
B by unseparated PerC, Ly-1 B,

Donor-derived B cells

and IgM~ cells was 14%, 10%. aqd < 1%, respectively (see populations in lower panels). Ly-1~ B cells found almost equally (10-20%) in each
group of transferred mice shown in the upper panels are predominantly BM detived (not 'b’ allotype; compare with lower panels). Six months
after transfer. the relative composition of PerC B cells in each reconstituted group was similar to this one month result.

The relationship of these neonatal splenic Ig™ progenitors of
Ly-1 B to the B cell progenitors that give rise to the predomi-
nant B cell populations in spleen and lymph nodes (Ly-17/IgD
high B cells) has yet to be determined. They appear to be
different since (as we have indicated) adult spleen contains
ample progenitors that reconstitute the predominant B cell
populations but do not detectably reconstitute Ly-1 B [6].
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Figure 2. Stable reconstitution of Ly-1 B in spieen by sorted PerC Ly-
1 B. Spleen cells from CBA/N mice that had been irradiated and
transferred with a mixture of sorted CBA-Igh® PerC Ly-1 B together
with adult CBA BM were stained for igM/IgD and IgM/Ly-1 expres-
sion 6 months after transfer. In addition to large numbers of BM-
derived Ly-1" B cells, Ly-1 B found in these reconstituted mice were
all ‘b’ allotype with a frequency (3%) in the range found one month
after reconstitution with unseparated PerC, implying that transferred
Ly-1 B are maintained stably in both spleen and peritoneum. This
long-term Ly-1 B population is marked in the figure.

3.4 Ig light chains (x or A) are present on Ly-1 B progenitors
in aduit PerC

Studies with a Ly-1 bearing tumor celi line (NFS-5) that differ-
entiates in vitro from Ig~ to Ig* with continuous expression of
Ly-1 reveal a stable differentiation stage in which ceils express
surface u (IgM) heavy chains without associated light chains
({12] and manuscript'in preparation by Hardy et al.). The
existence of this stage during the differentiation of the tumor
raises the possibility that the normal Ly-1 B development

aned

Ly-1

TR

Figure 3. Neonatal spleen contains surface Ig* and Ig™ progenitors
for Ly-1 B. Spleen cells pooled from three 3-6-day-old BAB/25 mice
were stained with Fl-anti-IgM and sorted into surface Ig* and Ig~
fractions. Five x 10° IgM* cells or 5 x 10° IgM~ cells were injected
into BALB/c mice together with 2 X 10° BALB/c BM. Three months
later. PerC B cells derived from transferred neonatal spleen were
determined by staining with Fl-anti-Igh-6b and Bi-anti-Ly-1 plus TR-
avidin. The regions used for the integration of Ly-1 B and B (Ly-17)
are boxed. Ly-1 B generated by the transfer of IgM* cells and IgM~
cells are 6% and 10%. respectively. In addition to Ly-1 B, sorted
surface IgM~ cells yielded 60% typicai Ly-1" B cells (which mostly
express a high level of IgD). There were 50% BALB/c BM-derived B
cells in the [gM" cell transferred mice: in contrast, most B cells recon-
stituted in the IgM~ cell transferred mice were Igh-6b".
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pathway includes a similar -developmental stage. However,
this does not appear to be the case. Cells at this stage do not
represent a major proportion of the sorted IgM™ cells shown
above to reconstitute Ly-1 B since virtually all Ly-1 B in
peritoneum have associated light chains (approximately 80
percent » and 20 percent A. [2]). Furthermore, as Table 1
shows, FACS-sorted light chain-bearing cells fully reconstitute
the Ly-1 B population. Thus, most (if not all) of the peritoneal
cells responsible for the long-term reconstitution of Ly-1 B
cells in irradiated recipients are Ly-1 B that have complete
surface Ig molecules.

In addition, as Table 1 aiso shows, the FACS-sorted =™ cells
selectively reconstitute »* Ly-1 B populations in transfer reci-
pients and, similarly, FACS-sorted %~ selectively reconstitute
AT Ly-1 B. Thus, Ly-1 B are reconstituted by peritoneal celis
carrying surface Ig molecules whose heavy and light chain
composition reflects the heavy and light chain composition of
the surface Ig of the reconstituted population.

Table 1. Reconstituting Ly-1 B express complete surface Ig molecules

a) PerC from BAB/25 mice were stained with Fl-anti-mouse kappa.

b) x* cells (1.5 X 10%) and x~ cells (0.7 x 10°, including T cells) cor-
responding to 5 X 10° unseparated PerC were sorted and trans-
ferred into BALB/c mice (with 1 x 10° BALB/c BM). Two months
after transfer. recipient mice were killed and examined for light
chain expression of reconstituted (donor-derived) PerC Ly-1 B.
PerC were stained with either Fl-anti-Igh-6b, Fl-anti-kappa or Fl-
anti-lambda together with Bi-anti-Ly-1 plus TR-avidin.

4 Discussion

The repopulation of lymphoid organs depleted by irradiation
or drug treatment has been studied extensively for over two
decades [14-17]. Not surprisingly, the consensus view of B cell
development is based largely on the properties of BM-derived
B cells (since these cells represent more than 95% of the total
B cell population in normal adult mice). By and large. there-
fore. IgM-bearing lymphocytes are treated as relatively
mature cells that have a limited capacity for self-renewal
(except when triggered by antigen) and must continually be
replenished from self-renewing Ig™ progenitors present in
spleen and BM in aduits {18-21}. This formulation accurately
reflects the developmental behavior of the BM-derived B celi
populations in mice; however. as we have shown here. ruies
for replenishing the murine Ly-1 B lincage are clearly
different.

Reconstitution studies in birds also challenge the generality of
the current B cell development paradigm. Pink and colleagues
have recently shown that B cell progenitors in the bursae of
young normal chickens carry surface IgM [22]. These pro-
genitors. which fully and permanently reconstitute B cells in
cyclophosphamide-treated neonatal chickens. disappear from
the bursa as the birds age so that the sole source of B cells in
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adult birds is a pool of self-renewing. IgM-bearing B cells with
the capacity to proliferate in peripheral organs (22, 23]. Thus.
the surprising reconstitution capability that we have demon-
strated for peritoneal Ly-1 B in mice may well reflect the
isolated use in mammals of a self-renewal capability that is
used generally to maintain B cell populations in birds (and
perhaps other phylogenetically primitive species).

Unfortunately, this conclusion must be tempered at present by
questions concerning the extent to which the transferred
murine Ly-1 B actually proliferate. The (estimated) number of
Ly-1 B present in the recipient 6 months after transfer is only
modestly higher than the number of Ig* peritoneal cells trans-
ferred [7]. Thus, if Ly-1 B are extremely long-lived cells and if
all transferred Ly-1 B are recovered, very little Ly-1 B prolif-
eration would have to occur to account for the reconstitution
of the recipient Ly-1 B population. Such longevity and recov-
ery seems unlikely; however, it is not beyond the realm of
possibility. Further studies are still required to ascertain
whether Ly-1 B actually represent the mammalian homolog of
a more primitive B cell population.
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