o Macmiiian Jowrnais Lid., 19583

Demonstration of B-cell maturation
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CBA/N mice carrying the X-linked immune deficiency gene
(xid) have fewer splenic B cells than normal CBA mice and
are unresponsive to a certain class of antigens’. Studies of B-cell
surface-marker expression’ and immune responsiveness® have
led to the commonly accepted idea that the B cells in adult xid
mice are immature and resemble the B celis of young (1-3
week old) normal mice. That is, like young animals, xid mice
lack ceils in the most numerous of three igM/IgD B-ceil sub-
populations (designated I in Fig. 1a, b) present in aduit
spleen®. We now report, however, that this picture is an
oversimpliification and that in fact the B cells in aduit xid mice
differ from those present in either aduit or young normai mice.
Using quantitative three-colour flucrescence-activated cell sor-
ter (FACS) analyses, we have compared the correlated
expression of IgM, IgD and a newly discovered B-lymphocyte
antigen (BLA-1) on splenic B cells in normal and xid mice.
We show here (1) that most B cells in adult xid mice (as in
normais) are BLA-1" whereas all B cells in young animals are
BLA-17; (2) that the major difference in the igM/IgD B-cell
subpopuiations found between xid and normal mice is limited
to the BLA-1" ceils; and (3) that xid mice have increased
numbers of BLA-1" popuiation III B cells.

All IgM-bearing cells in the spleens of 2-week-old animals
express BLA-1 (recognized by rat monoclonal antibody 53-
10.1)%, whereas less than half of the IgM-bearing spieen cells
in adults carry this antigen (Fig. 2). BLA-1 therefore appears
to be absent from the late-developing more "mature’ population
of B cells that normally predominates in adult animals. The
BLA-1 antigen is also found on IgM~ cells, particularly in the
spleens of young mice (Fig. 2) and in adult bone marrow (data
not shown): however. it is absent from Thv-1" celis in spieen
or thymus (data not shown) and thus among lymphocytes is
expressed only on a subpopulation of B cells (in preparation).

The decreased expression of BLA-1 on ‘mature’ B cells intro-
duces a new approach for testing the validity of the current
paradigm of B-cell development: that the B cells in CBA/N
mice are a 'less mature’ population of normal B cells and that
the inability of these cells to respond to certain antigens is a
result of this ‘immaturity’®. B cells in adult CBA/N mice have
been considered to be less mature because they lack a family
of seroiogically defined B-cell antigens (Lyb-3, 5, 7) which are
missing from all B cells in normal neonatal animals, but are
present on most B cells in the normal adult’™®. If it is correct
that ‘mature’ B cells fail to develop in xid mice. then all B cells
in adult xid mice should express BLA-1 since this antigen is a
marker of immature B cells. We find this not to be the case.

Two-colour analyses of normal and xid spleen cells for the
correlated expression of igM and BLA-1 show that whereas all
splenic B cells in young normal and xid mice bear BLA-1, a
considerable portion of B cells in aduit spleens from both types
of mouse do not express this antigen (Table 1). Thus. rather
than splenic B cells of aduit xid mice resembling B cells from
young xid (or normal) mice. they in fact (on the basis of BLA-1
expression) are more similar to normal adult B cells even though
they lack the major population of late-arising low-1gM high-IgD
B cells present in normal mice (population I).

To resolve the apparent contradiction between the similarity
of B cells in normal and xid adult animais (with respect to
BLA-1 expression) and the previous demonstration that the

presumably mature B cells in population I are missing from xid
spleen. we have developed three-colour immunofluorescence
techniques which allow measurement of the correlated cellular
expression of BLA-1. IgM and IgD. Previous work'® described
the use of a dve protein (called phycoerythrin. PE) derived from
certain strains of algae to obtain good-quality two-colour
immunofluorescence from a singie laser exciting the fluorescence
of fluorescein and PE at 488 nm. Electronic compensation'® for
the small overlaps of fluorescein fluorescence on the PE detector
and PE fluorescence on the fluorescein detector yield signals
essentially identical to those with either reagent used alone. We
have modified our standard two-iaser/two-colour setup'? to
allow use of the single-laser/two-colour system in conjunction
with the second laser (retuned to 615 nm) to excite a third
immunofluorescence from the dye protein. allophycocyanin
(APC). This system will be described in detail elsewhere (in
preparation).

As expected from two-colour analyses with IgM and BLA-1,
three-colour studies with IgM, IgD and BLA-1 show that all
splenic B (IgM-bearing) cells are BLA-1 positive in both normal
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Fig. 1 CBA/N mice lack a popuiation of B celis characterized
by high levels of IgD and intermediate to low levels of IgM
{two-colour analyses). IgM/IgD-stained spleen cells are shown
from: a. CBA. 3 months old; b, CBA/N, 3 months oid; ¢, CBA,
2 weeks old: and d, CBA/N, 2 weeks old. The boundaries of the
three previously described B-cell populations™® are drawn on the
contour plots.

Methods: Spleen cells from which the ervthrocvtes had been lysed
by 0.165 M ammonium chloride were stained in a two-step protocol
in microtitre wells as described previousiv'*. Green fluorescence:
fluorescein-conjugated rat monoclonal anti-IgM*? in the first incu-
bation. Red fluorescence: biotinated mouse monocional anti-IgD
(specific for the a allotype)®® in the first incubation foliowed by
Texas-red-labelled avidin in the second incubation. Stained cells
were analvsed on a dual-laser fluorescence activated ceil sorter
FACS equipped with logarithmic amptifiers (for the fluorescence
channels) to measure light scatter (size) and the amounts of sets
of fluorochrome-labetled monocional reagents bound to individual
cells'?. Individual measurements on 30.000 (live) cells were collec-
ted and stored as list mode data on a VAX-11/780 computer for
later analysis. Data are presented as contour plots that can be
viewed as representations of three-dimensional surfaces in which
the levels of green and red fluorescence per ceil define the location
of cells on a (64x64) grid and the frequency of cells at each
location defines the elevation at that location. After smoothing
this surface. contour lines are drawn such that equal numbers of
cells (typicaily 10% of the total) fall between each pair of adjacent
contour lines. Regions with more contours thus have greater

numbers of ceils.



Fig. 2 AllIgM~ cells in the spleens

of young animais are BLA-17 while

only a portion of [gM™ spleen celis

in adults are BLA-17 (two-colour

analyses). Spleen cells were from:

CBA., 2 week old (a) and 2 month

old (b) mice. See Table 1 for numeri-

cal data. =

Methods: Spieen-ceil suspensions -

were treated and stained as described

in Fig. 1 legend. Green fiuorescence:

fluorescein-labelled rat monocional

anti-BLA-1 antibody®. Red fluores-

cence: biotin-labelled rat mono-

clonal anti-IgM foilowed by Texas-
red-labelled avidin. 0.4
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and xid animals at 2 weeks of age. Also, as our two-colour
studies showed, the correlated expression of IgM and IgD in
the two types of mouse at this age is comparable. Surprisingly,
we find in analyses of spleen celis from adult animals (Fig. 3)
that BLA-1-positive cells have a similar IgM/IgD pattern in
both normal and xid mice, and that the major difference in the
IgM/IgD pattern between normal and xid B cells**** is limited
to the BLA-1-negative B cells. In CBA (normal) mice, BLA-1"
cells are low-IgM/high-IgD (popuiation I) whereas in CBA/N
(xid) mice BLA-1" cells have high leveis of both IgM and IgD
(designated population II in ‘normal’ strains).

Note that although the IgM/IgD pattern of BLA-1" cells is
qualitatively similar for both normal and xid splenic B cells, xid
mice have more ceils in population III (high-IgM/low-IgD) than
normal mice. In general, cells in population IIl express low
levels of Ly-1°'3, previously considered to be a pan-T-cell
antigen; xid mice have normal numbers of Ly-1" B cells'¢,
however, so the increase in population III comes from cells that
lack Ly-1. Thus. xid B cells are not simply a subset of the B
cells found in normal mice. That is, their BLA-1" cells are
concentrated in population II rather than in population I (as in
normals), and their BLA-1" cells include cells in population 111
for which we have not yet found a counterpart in normal adult
mice.

Our working hypothesis is that BLLA-1-positive B cells are
the precursors of BLA-1-negative B cells. Thus splenic B cells
from young animals consist mostly of immature BLA-1-positive
B cells whereas spleen cells from adult animals include these
cells (characterized by a very reproducible 1gM/IgD pattern)
and, in addition. have the more mature BLA-1-negative cells
(characterized by a distinctive 1gM/IgD pattern). We suggest
that these immature BLA-1-positive B cells may be the easily
tolerized cell type previously described in young animals'*-!7.
If B-cell tolerization plays an important part in seif-nonrespon-
siveness. then since B cells are continuously being derived from
stem ceils. there must be a considerable fraction of ‘tolerizable’
B cells even in the aduit animal and perhaps these are the
BLA-1-bearing B cells detectabie in the adult spleen. Regardless
of whether this hypothesis is correct, our data on B-cell sub-

Table 1 Expression of BLA-1 on B cells decreases from 100% in
2-week-old mice to <50% in adults

Strain Age [gM"/BLA-1" IgM™/BLA-1"
CBA 2 weeks <1 25
CBA/N 2 weeks <1 20
CBA 2 months 20 15
CBA/N 2 months 15 10

Cells were stained and analysed as described in Fig. 2 legend. Values
report per cent of total spleen ceils in each population.
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Fig. 3 [gM/IgD patterns for BLA-1" cells in aduit spleen are
similar for both normai and xid B celis. but very different for
BLA-17 cells. IgM/IgD contour plots are shown for: a, CBA
BLA-17 cells; b, CBA BLA-1" cells; ¢, CBA/N BLA-17 cells; d,
CBA/N BLA-1" cells.

Methods: Three-colour immunofluorescence staining procedures
were similar to the two-colour procedures described in Fig. 1
legend. Green fluorescence: fiuoresceinated anti-IgM in the first
incubation. Orange fluorescence: biotinated anti-IgD in the first
incubation followed by PE-labelied avidin in the second incubation.
Red fluorescence: APC-conjugated anti-BLA-1 antibody in the
first incubation. The PE-avidin conjugate was prepared by cross-

~linking the two_proteins with N-succinimidyl 3-(2-pyridyl-

dithio)propionate?! generously provided by Mr J. Kimura (B.D.
Monoclonal Center, California). APC, a gift of Dr A. N. Glazer
(University of California. Berkeley), was cross-linked to the 53~
10.1 immunogiobulin® by first labelling the dye protein with suc-
cinimidyl 4-(p-maleimidophenyi)butyrate>* and then reacting it
with mildly reduced (using 20 mM dithiocrythritol) 10.1 antibody.
Molecuiar-weight analysis by HPLC (TSK-250 column, Bio-Rad)
showed that the conjugate consists primarily of one dye protein
coupled to a single IgG. Stained cells were analysed on a dual-laser
FACS modified to detect and process the extra fluorescence signal.
Three-colour staining data is analysed by taking 'slices’ of the
histogram generated from one stain (for example BLA-1" cells)
and examining the correlated expression of the two other markers
(for example IgM and IgD) in this gated population. Such slices
are displayed as two-colour contour plots.



popuiations have important implications for functional studies
comparing B cells in normal and xid mice.

Many functional studies*® examining B-cell development and
responses rest on comparisons of resuits obtained using normal
B cells (Lyb-3, 5, 7 positive and negative) with those obtained
using xid B cells (Lyb-3, 5. 7 negative). This assumes that all
B cells in xid mice are equivalent to the Lyb-3, 5, 7-negative
subpopulation of B cells found in young or adult normal animals.
We have now shown, however. that B cells from adult CBA/N
(xid) mice are not equivalent to immature normal B cells and
cannot simply be regarded as Lyb-3. 5, 7-negative cells from
normal mice. Specifically, CBA/N mice have "aberrant’ BLA-1~
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cells (high-IgM/high-1gD) and further BLA-1" cells (high-
IgM/low-IgD/Ly-17). Thus we suggest that great caution
should be used in drawing conclusions from any study that
substitutes CBA/N B cells for immature normai B cells or for
normal Lyb-5" B celils.
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