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Age-dependent increase of peritoneal B-1b B cells in SCID mice
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SUMMARY

The impact of increasing age upon immunoglobulin production and B-lymphocyte
generation in ‘leaky’ severe combined immune-defective (SCID) mice was examined by
enzyme-linked immunosorbent assay and flow cytometry. By 1 year of age, the mice had
normal numbers of B cells in their peritoneal cavity, while their spleen had very few
immunoglobulin M-positive (IgM™) cells. The majority of B cells expressed the CD11b
marker characteristic of the B-1b subset. B-1a (CD5™) cells were present at a lower frequency
and B-2 cells were absent. The frequency of mice producing detectable immunoglobulin
increased with age, and isotype diversity within individual mice was variable. IgM production
was most frequently observed followed by IgG3 and IgG2a, then IgGl, and finally IgA.
The selective persistence of the B-1 B-cell subset in the peritoneal cavity of aging SCID mice is
a natural model for the study of those genetic and environmental influences that determine

lymphocyte longevity.

INTRODUCTION

Severe combined immune-defective (SCID) mice have
markedly reduced numbers of mature lymphocytes due
to a defective rearrangement of antigen receptor genes.'™
Reports of ‘leakiness’, where 10-25% of young, adult mice
have detectable levels of oligoclonal serum immunoglobulin
production, followed initial descriptions of this mutant.* ¢
The variability in these reports of mature lymphocyte
generation reflected differences among animal colonies and
strains of mice bearing the scid mutation.” Regardless of
strain or colony, the frequency of mice exhibiting the leaky
SCID phenotype was observed to increase with age.>°
Immunoglobulin gene rearrangement in the B lympho-
cytes of leaky SCID mice was found to be normal '
Hybridomas made from these cells had specificity for host
cell nuclei, erythrocytes and enteric pathogens,'? indicating
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that B-cell survival in these mice depended upon a low
frequency of normal gene rearrangement and subsequent
activation of these clones based on their specificity for
self-antigens and microflora. The presence of T helper
cells was found to enhance B-cell differentiation — regardless
of the age of SCID recipients, the adoptive transfer of
syngeneic, self-reactive T helper cells rescued immuno-
globulin production in all mice.'*"?

In contrast to the considerable serological evidence for
B-cell function in SCID mice, physical detection of their
B cells has been rare. A single study reported the presence
of small numbers of immunoglobulin M-positive (IgM™)
B2207" cells in the peritoneal cavity of older SCID mice.’
These peritoneal cavity B cells expressed the CD5 antigen
characteristic of the B-1 B-cell subset.>'® Subsequent studies
revealed that CD5" B cells in the peritoneal cavity are
a subset (designated B-1a) of CD11b* B cells (designated
B-1b)."”"” The normal biology of these subsets is of par-
ticular interest due to their production of the natural anti-
bodies associated with innate immunity, their production
of autoantibodies, and their being the cellular origin of
B chronic lymphocytic leukaemia®®?!.

In this report, the B cells found in aging SCID mice are
characterized. As noted for normal mice,?' an increased
frequency of B-1 B cells was observed with aging. These
cells expressed the CD11b antigen distinctive of the B-1b
subset;'® CD5% B-la B cells were present at a lower fre-
quency. These observations are discussed with respect to
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the roles of microenvironments and selective pressure in
the survival of B-cell subsets.

MATERIALS AND METHODS

Mice

C.B-17 scidlscid (SCID) and C.B-17 mice, bred and main-
tained at Rider University, were studied between the ages of
1 and 18 months. Aged mice with overt pathology were
excluded from the study. All mice were handled in accord
with National Institutes of Health and Animal Welfare Act
guidelines.

Preparation of cell suspensions

Spleen cell suspensions were obtained by gentle disruption
of the organ between the frosted ends of sterile glass slides.
Red blood cells were depleted by treatment by hypertonic
lysis. Peritoneal cavity cells were collected by flushing the
peritoneum with 10 ml of warm (37°) Hanks’ balanced salt
solution supplemented with 3% fetal bovine serum. Viable
cell counts were determined by Trypan blue exclusion.

Immunofluorescence staining and flow cytometric analyses
Spleen cells were stained with fluorescein isothiocyanate
(FITC)-labelled rat anti-mouse B220 (CD45R) (Pharmingen,
La Jolla, CA) monoclonal antibody (mAb), FITC-
labelled, affinity-purified goat anti-mouse IgM (Southern
Biotechnology, Birmingham, AL), or FITC-labelled rat
anti-mouse CD8a mAb concurrent with phycoerythrin
(PE)-labelled rat anti-mouse CD4 mAb (Pharmingen).
Peritoneal cavity cells were stained using titred amounts
of FITC-labelled, affinity-purified goat anti-mouse IgM
concurrent with either PE-labelled rat anti-mouse CD5 mAb
or PE-labelled rat anti-mouse CD11b mAb (Pharmingen).
The percentage of lymphocytes co-expressing CDS5 or
CD11b with IgM were determined via multiparameter flow
cytometric analyses on a FACSCalibur flow cytometer
(Becton Dickinson Immunocytometry Systems, San Jose,
CA) by forward-scatter/side scatter gating of the lympho-
cyte population. Age-matched, C.B-17 control mice were
used in all staining experiments.

Isotype-specific enzyme-linked immunosorbent assay
(ELISA)

Serum IgM, 1gG3, IgG1, 1gG2a and IgA levels were deter-
mined by ELISA employing polyvinylchloride plates coated
with affinity-purified, goat anti-mouse isotype-specific
reagents (Southern Biotechnology). Rabbit anti-mouse
F(ab’),-specific horseradish peroxidase conjugate (Jackson
ImmunoResearch, West Grove, PA) in conjunction
with o-phenylenediamine substrate was used for detec-
tion. Immunoglobulin isotype standards (Southern
Biotechnology) were used to generate standard curves.
The protocol and data analyses conducted were identical
to those previously described.'?
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RESULTS

Increased frequency of peritoneal cavity B-1b B cells in
aging SCID mice

Where initial reports of the SCID mutant focused upon
the biology of their immune system, subsequent studies
emphasized their utility as adoptive recipients of a variety
of lymphoid tissues.””> All of these studies employed
SCID mice less than 1 year of age. Interest in studying
the impact of lymphoid microenvironments and aging upon
B-cell subset composition led to our accumulating SCID
mice over 1 year of age. These mice were included in a flow
cytometric comparison of B- and T-cell composition in 1- to
18-month-old SCID and normal mice.

Regardless of age, the spleens of SCID mice rarely
contained more than 10 B (B220* or IgM™) cells or either
T-cell (CD4% or CD8") subset (Fig. 1). These values
were consistently 10-fold lower than age-matched, C.B-17
(normal) control mice. With advancing age, there were
marginal increases in B-cell number and decreases in the
numbers of both T-cell subsets in the spleens of SCID mice.
In contrast to the low numbers of B and T lymphocytes
in the spleen, B cells were evident in the peritoneal cavity of
SCID mice and their numbers increased with age (Fig. 2).
Both the B-1b (IgM* CD11b") and B-la (IgM" CD5™")
subsets increased with age. By 12 months of age however,
only the B-1b subset was present in numbers comparable
to those found in age-matched, normal mice. Representative
flow cytometric data of peritoneal cavity cells from age-
matched (11 months) C.B-17 and SCID mice indicate the
absence of the B-la subset in SCID mice and the relative
homogeneity of their B-cell pool (Fig. 3). This limited B-cell
diversity was further evidenced in older (17 months) SCID
mice (Fig. 4). It is significant to note that, unlike normal
mice (Fig. 2), young, adult SCID mice have very few B cells
in their peritoneal cavity (Fig. 4). The number of T cells in
the peritoneal cavity was consistently very low in SCID mice
(<005 x 10°% not shown).

Serum immunoglobulin production in aging SCID mice

Concurrent with the flow cytometric studies of B-cell subsets
in aging SCID mice, sera were collected for immunoglobulin
isotype assessment by ELISA. The results of these analyses
indicated that serum immunoglobulin production in SCID
mice varies markedly between individual mice (Fig. 5).
Although the slopes of the curves for serum IgM and IgA
production (Fig. 5) and isotype diversity (Fig. 6) indicate an
increase with aging, the randomness of immunoglobulin
production in SCID mice generated no correlation for these
curves. Serum IgM was most often (66% of mice) detected,
followed by IgG3 and IgG2a (49%), IgG1 (37%), and IgA
(26%). The majority of SCID mice over 12 months of age
had detectable levels of IgM and many of these sera also
contained the IgG3 and IgG2a isotypes. Rarely were any
isotypes present at levels comparable to those found in
normal mice.® These results reinforce prior reports of
the variability of serum immunoglobulin production in
leaky SCID mice>®'*!° and are consistent with the flow
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Figure 1. Flow cytometric analyses of spleen cells from SCID and normal mice. Spleen cells, obtained from SCID (open
symbols) and normal (closed symbols) mice at the ages indicated, were subjected to flow cytometric analyses as described in the
Materials and Methods. The numbers of cells bearing IgM, B220, CD4 and CDS were determined by multiplying the viable cell
count by the percentage of cells bearing the marker. Horizontal lines represent linear curve-fitting for all the data points.
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Figure 2. Flow cytometric analyses of peritoneal cavity cells from SCID and normal mice. Peritoneal cavity cells, obtained
from SCID (open symbols) and normal (closed symbols) mice at the ages indicated, were subjected to flow cytometric analyses
as described in the Materials and Methods. The numbers of cells co-expressing IgM and CDS5 or IgM and CDI11b were
determined by multiplying the viable cell count by the percentage of cells bearing the marker. The lines represent linear curve
fitting for all of the data points.
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Figure 3. Flow cytometric analyses of peritoneal cavity cells from age-matched C.B-17 and SCID mice. Peritoneal cavity cells
from 11-month-old C.B-17 and SCID mice were stained and analysed as described in the Materials and Methods. The box

depicts the location of the B-la subset.

cytometric observation of the rarity of B cells in the
organized lymphoid tissue of SCID mice.

DISCUSSION

Lymphocyte heterogeneity, where subsets of cells are
resolved based on function and surface antigen expression,
is an essential feature of the immune system. Readily
demonstrable for T cells, heterogeneity has been less obvious
for B cells where debate continues regarding the origins of
particular B-cell subsets.”*° There are functional features
characteristic of distinct B-cell subpopulations, notably the
B-1 subset, which appears early in development, often has
specificity for self-antigen, is the predominant subset in the
peritoneal cavity, and contributes to natural immunity by
‘spontancous’ IgM production.!”?® Herein we show that,
with aging, SCID mice exclusively harbour this B-cell subset.
These results are consistent with reports that B-1 B-cell
specificity for self-antigens and microflora play a role in
their survival.!”!*333 This observation may be informative
regarding the events that precede monoclonal gammopathy
and the B-cell lymphoma generation inherent to normal
aging.”!
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Since immunoglobulin gene rearrangement is stochastic,
the specificity of each cell’s antigen receptors and their
density will dictate that particular cell’s fate.3*3! Self-
antigens play an essential role in both B- and T-lymphocyte
development, selecting for the survival of cells with mode-
rate affinity for self.*** The microenvironment in which
these selection events occur is also likely to have an impact
on lymphocyte survival. B-1 cells appear to be an early
B-cell subset essential for ‘housekeeping’ responsibilities in
the body, i.e. dealing with senescent red blood cells, oxidized
membrane lipids, the products of apoptosis and intestinal
microflora.'*¥3* The selective survival of the B-1 subset in
SCID mice is consistent with a role for self-antigens in
promoting their differentiation. The absence of B-2 B cells
is probably due to a combination of factors, including
their lack of self-reactivity, their reliance on T helper cell
interaction and their predominance in microenvironments
that, in the SCID mouse, lack essential survival signals. The
age-dependent increase in B-1 B-cell number observed in
all mice may reflect a concomitant increase in self-antigen
concentration. An additional, but not mutually exclusive,
hypothesis, is that this increase may represent an in vivo
correlate of prior studies of B-cell clonal outgrowth
in vitro.>
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Figure 4. Flow cytometric analyses of peritoneal cavity cells from young and old SCID mice. Peritoneal cavity cells from
4- and 17-month-old SCID mice were stained and analysed as described in the Materials and Methods.

Why are B-1b cells the predominant B-cell subset
in SCID mice? Distinctions noted for the B-1b subset,
including reconstitution after adult bone marrow trans-
fer, 27262829 increased expression of IgA transcripts,®
enhanced response to IL-9°7 and splenic natural antibody
production,® are not particularly revealing with respect to
the leaky SCID mouse. Mutations that alter B-cell receptor
signalling have been shown to have an impact on the
frequency of B-1 B-cell subsets.!” Study of the CD5 and
CD11b glycoproteins has provided some insight as to the
functional roles of these molecules. CD5 (Ly-1) is a negative
regulator of B-cell receptor signal transduction® and thus
has a role in maintaining tolerance in anergic B cells.*’
CD5-deficient mice have normal numbers of IgM™ perito-
neal cavity B cells and normal humoral immunity; the B-1b
subset was not studied in these mutants.*! The integrin B,
Mac-1 (CD11b/CD18, CR3) is expressed at varying levels
on granulocytes, macrophages, dendritic cells and natural
killer cells as well as B-1 cells, and binds both C3bi
and intercellular adhesion molecule-1 (CD54).**> CDI11b-
deficient mice have reduced function in, and numbers of,
peritoneal cavity resident mast cells.** Although peritoneal
cavity B-cell phenotype and function were not studied
in CD11b knockout mice, it is logical to assume that this
molecule plays a role in B-cell extravasation to, and function
within, the peritoneal cavity as well. The B-1b subset may
have different cytokine requirements, i.e. be less T- and

B-cell dependent or more macrophage-like than the B-la
subset.!”* Ligands for CD5 (CD72, CD5L) are expressed
on B cells and have critical roles in cognate T-B and B-B
interactions.***® An increased reliance upon innate immu-
nity in the scid mutant might promote B-1b differentiation.
As noted for leakiness in SCID mice,” differences in
B-1b and B-la representation may reflect mouse strain or
colony differences. Initial surveys have revealed variability
in B-la and B-1b B-cell representation amongst murine
strains (J.R., unpublished observations). Further evidence
for functional distinctions between B-1 B-cell subsets is
necessary to move beyond designations based primarily on
surface marker expression.

The limited complexity, age-dependent expansion, and
anatomic localization of the B-cell pool of SCID mice are
characteristics reminiscent of the quasimonoclonal (QM)
mouse.*”*® Whether scid B cells, like QM B cells, have the
ability to hypermutate and undergo secondary rearrange-
ments to diversify remains to be determined.*® Based on
evidence of secondary V(D)J recombination in the B-1 cells
of normal mice,* this would be possible unless the scid
defect reduces the success of this immunoglobulin diversi-
fication mechanism. Irrespective of their restricted specifi-
city, immunoglobulin isotype diversity is normal in the
QM mouse, consistent with their having a fully functional
T-cell compartment.*’ Significantly, limited immuno-
globulin diversity with normal isotype variety provides

© 2002 Blackwell Science Ltd, Immunology, 105, 196-203
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Figure 5. Serum immunoglobulin production in aging SCID mice. Serum IgM, IgG3, IgGl, IgG2a and IgA levels
were determined by ELISA as described in the Materials and Methods. Immunoglobulin levels (ug/ml) found in normal,
8-14-month-old mice were: IgM, 694+ 61; 1gG3, 289 +85; 1gG1, 262 +22; 1gG2a, 265 +45; IgA, 57 +6 [average ug/ml+SE
(n=28)]. The lines represent linear curve fitting for all the data points. Slope intercept formulae for each isotype were:
IgM, y=0-965x+129-539; IgG3, y=—2-32x+43-265; IgGl, y=—7-051x+140-078; IgG2a, y= —12-472x+205-580;

IgA, y=0-449x 4 0-140. r* for all curves =0-000.
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Figure 6. Variety of serum immunoglobulin isotypes produced
in SCID mice. The number of different immunoglobulin iso-
types produced in individual SCID mice were plotted versus
their age. The line is a linear curve fit for all the data points
(y=0-082x + 1-486; r>=0-000).
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effective antiviral immunity.®® The limited and highly
variable immunoglobulin isotype production of individual
SCID mice reflects their T-cell deficiency. Their hierarchy
of isotype production, where IgM was most prevalent fol-
lowed by equal frequencies of IgG2a and 1gG3, is similar to
that found in mice with deficient IgM secretion.>’ These
mutants also had increased frequencies of B-1 B cells. Prior
studies have shown that peritoneal cavity B cells express
mRNAs for the membrane-bound form of IgM but not the
secreted form.>2 This raises the question as to which cells are
actually producing the immunoglobulin found in scid sera.
Natural antibodies have been shown to be produced by
a Bl-b-like, Mac-1~ splenic B-cell population and not by
plasma or B-1a cells.*® Determination of exactly which cells
are producing immunoglobulin and where in leaky SCID
mice will require sensitive and comprehensive, i.e. full
body,>® analyses. Such studies could also be informative
regarding whether distinctive scid T-cell subsets arise with
aging.

In summary, aging SCID mice have increased numbers
of B-1b cells in their peritoneal cavity, eventually reaching
levels found in normal, adult mice. B-1 B cells appear to
be selected for longevity based on their reactivity with
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self-antigens and microflora available in the peritoneal
microenvironment. Unlike aging in normal mice, where
B-1 B cells become transformed and migrate into orga-
nized lymphoid tissue,”' scid B-1 cells never left the
peritoneal cavity. We are currently investigating what
signals are necessary to facilitate the malignant conversion
of B-1 B cells.
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