Glycobiology vol. 23 no. 7 pp. 893-903, 2013
doi:10.1093/glycob/cwt026
Advance Access publication on April 1, 2013

Lack of galectin-1 or galectin-3 alters B cell deletion
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Members of the galectin family of proteins have been
shown to regulate the development and the function of
immune cells. We previously identified the increased ex-
pression of galectin-1 and galectin-3 mRNA and protein in
anergic B cells relative to their naive counterparts. To in-
vestigate the role of these galectins in maintaining B cell
tolerance, we crossed mice deficient in galectin-1 or
galectin-3 with mice bearing a lupus autoantigen-binding
transgenic (Tg) B cell receptor, using a model with a
well-characterized B cell tolerance phenotype of deletion,
receptor editing and anergy. Here, we present data
showing that the global knockout of galectin-1 or galectin-
3 yields subtle alterations in B cell fate in autoantibody Tg
mice. The absence of galectin-3 leads to a significant in-
crease in the number of Tg spleen B cells, with the re-
covery of anti-laminin antibodies from a subset of mice.
The B cell number increases further in antibody Tg mice
with the dual deficiency of both galectin-1 and galectin-3.
Isolated galectin-1 deficiency significantly enhances the
proliferation of Tg B cells in response to lipopolysacchar-
ide stimulation. These findings add to the growing body of
evidence indicating a role for the various galectin family
members, and for galectins 1 and 3 in particular, in the
regulation of autoimmunity.

Keywords: autoimmunity / CD86 / CD62L / humoral
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Introduction

Autoimmune diseases such as systemic lupus erythematosus
are, at their core, the result of failed immunologic tolerance.
The dysregulation of autoreactive B cells and/or T cells leads
to aberrantly secreted autoantibodies and myriad clinical man-
ifestations. Recent studies have revealed that galectin family
members are involved in the development, functional
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regulation and apoptosis of immune cells (reviewed in van
Kooyk and Rabinovich 2008; Rabinovich and Toscano 2009;
Rabinovich et al. 2012). Galectin-1 and galectin-3 are impli-
cated in autoimmune disease regulation or pathogenesis,
including lupus, and have been proposed as agents or targets,
respectively, for therapeutic intervention (Jiang et al. 2009;
Kang et al. 2009; Liu et al. 2011). Some insight into the
underlying tolerance defects in B and T cells, and the roles
for galectin family members in these processes, is emerging
from studies in mouse and man, yet much remains to be dis-
covered to assist the rational design of specific, targeted
therapies.

To explore the normal fate of autoreactive B cells and to
examine molecular events regulating their development in
vivo, we previously generated and characterized an immuno-
globulin (Ig) transgenic (Tg) murine model. Developing B
cells express a Tg Ig heavy chain, LamH, that in conjunction
with diverse endogenous Ig light chains binds to laminin, a
lupus nephritis-associated self-antigen (Amital et al. 2007,
Hanrotel-Saliou et al. 2011). Our studies revealed that LamH
Ig Tg B cells are tightly regulated in vivo by three mechan-
isms: (i) central deletion, due to the induced apoptosis of
developing autoreactive B cells in the bone marrow, (ii) recep-
tor editing, the recombination of additional endogenous heavy
or light chain gene loci in attempts to generate a non-
autoreactive B cell receptor, and (iii) anergy, the functional in-
activation of autoreactive cells. These mechanisms to silence
autoreactivity are effective in LamH Ig Tg mice, such that
serum anti-laminin autoreactivity is rarely recovered (Rudolph
et al. 2002; Brady et al. 2004).

Studies using representational difference analysis, micro-
array and protein blotting further revealed that LamH Ig Tg
anergic B cells express higher levels of mRNA and protein
for the galactose-binding lectins galectin-1 and galectin-3
relative to their naive B cell counterparts (Clark et al. 2007).
Galectin-1 was also recently demonstrated to be significantly
up-regulated in a subset of human anergic B cells (Charles
et al. 2011). This led us to hypothesize that galectin-1 and
galectin-3 play a role in the induction and/or the maintenance
of B cell tolerance. To investigate this possibility, we gener-
ated LamH Ig Tg mice genetically deficient (—/-) in
galectin-1 and/or galectin-3 and assessed the in vivo fate
of resultant Ig Tg B cells.

Here, we present evidence that the global knockout of
galectin-1 and/or galectin-3 does not precipitate overt failure
of either central deletion or anergy of autoreactive LamH Ig
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Tg B cells. However, Tg B cells from mice lacking galectin-1
demonstrate enhanced proliferation in response to lipopolysac-
charide (LPS) stimulation ex vivo and altered expression of
surface CD86. The knockout of galectin-3 prevents the deple-
tion of spleen Tg B cell numbers to the levels observed in
galectin-3-sufficient subjects, a finding further exacerbated by
the dual deficiency of both galectin-3 and galectin-1, and
permits the spontaneous generation of anti-laminin antibodies
by Tg B cells in a fraction of subjects. Our results suggest
that the genetic loss of galectin-3 and/or galectin-1 in combin-
ation with environmental or epigenetic factors can lead to tol-
erance failure.

Results

Expression of the LamH transgene

The LamH Ig transgene is distinguished from endogenous
IgM by IgM-a allotype reagents; endogenous B6 mice are
IgM-b allotype. Expression of the transgene was detected on
the surface of the majority of B cells from LamH Ig Tg+
mice regardless of galectin status (Table I and Figure 1). Tg
IgM-a was also detected in the serum of all Tg+ mice, though
at low levels relative to total circulating IgM, similar to the
phenotype previously reported for LamH Ig Tg+ B6 mice
(Rudolph et al. 2002). Serum Tg IgM-a levels did not differ
significantly with the knockout of either galectin-1 or
galectin-3 (data not shown).

Markers of B cell receptor editing in LamH Ig Tg+ mice
did not differ with galectin status. The frequency of coexpres-
sion of endogenous heavy chain (b-allotype IgM), indicating
the secondary rearrangement at the endogenous loci despite
the presence of the rearranged Tg H chain, did not differ in
LamH Ig Tg+ subjects with and without galectin deficiency
(Figure 1 and Table I). Similarly, the frequency of lambda
light chain expression, which suggests multiple attempts at
light chain rearrangement to replace an autoreactive receptor,
did not differ between Tg+ groups (Table I). LamH Ig Tg+
galectin-3—/— mice had a significantly larger proportion of
lambda+ B cells when compared with their non-Tg galectin-3
—/— counterparts, similar to the previously reported phenotype
in galectin-sufficient LamH Ig Tg+ B6 mice (shown in
Table I and in Brady et al. 2004), suggesting enhanced editing
of LamH Ig Tg+ cells in these strains.

Deletion of Tg B cells

A significant reduction in the number of splenic B cells was
seen in all LamH Ig Tg+ groups compared with their respect-
ive non-Tg controls, regardless of the presence or the knock-
out of either galectin-1 or galectin-3 (Figure 1C).

The B cell count in Ig Tg+ galectin-3—/— mice was signifi-
cantly higher (71% increase) than in Tg+ galectin+ subjects
(Figure 1C and Table I). A significant increase in spleen weight
was also noted in Tg+ galectin-3—/— vs Tg+ galectint mice
(Table I). No significant differences were observed between
non-Tg galectint and galectin—/— mice, although there was a
trend in the increased B cell count in non-Tg galectin-3—/—
mice vs the non-Tg galectin+ group (P=0.0523).

The overall decrease in B cells in LamH Ig Tg+ mice is
also evident in the central compartment as a reduction in the
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percentage of bone marrow B220+ lymphocytes and of IgM+
bone marrow B cells in LamH Ig Tg+ mice relative to non-Tg
mice of the same galectin status (Table I and Figure 1B).

To investigate whether galectin-3 impacts the survival of
LamH Ig Tg B cells, which could alter the total B cell
number as seen in LamH Ig Tg+ galectin-3—/— subjects, we
examined whether addition of exogenous galectin-3 to over-
night cultures of LamH Ig Tg+ galectin3—/— B cells impacted
cell survival. Figure 2A and B shows that addition of recom-
binant mouse galectin-3 did not consistently increase the per-
centage of live B cells in culture, either in the presence or in
the absence of LPS.

Another potential mechanism by which galectin-3 could
impact B cell number is via interaction in vivo with either
laminin or laminin-specific B cell receptors. Galectin-3 has
been shown to bind to laminin (our data not shown, and
Barboni et al. 1999).To investigate whether galectin-3 and
lupus anti-laminin autoantibodies bind the same epitope(s) on
laminin, two laminin-reactive antibodies, IgG H50-9 (Foster
et al. 1993) and IgM A10C (Fitzsimons et al. 2000), were
incubated with various concentrations of galectin-3 prior to
assay for laminin binding. Addition of exogenous galectin-3
did not inhibit the binding of either antibody to laminin
(Figure 2C). Rather, increasing amounts of galectin-3
enhanced Ig binding to laminin, suggesting that galectin-3/
laminin interactions facilitate the exposure of distinct laminin
epitopes recognized by anti-laminin Ig. Anti-Ig detection
reagent did not identify deposited Ig in control wells incu-
bated with galectin-3 alone (not shown), ruling out physical
interaction between the anti-laminin Ig and the galectin-3.

Serum anti-laminin autoreactivity

We previously reported strict regulation of the LamH Ig Tg B
cells in the B6 background, such that spontaneous serum
anti-laminin autoreactivity is rarely recovered (Rudolph et al.
2002; Brady et al. 2004). Superimposition of galectin-1—/— or
galectin-3—/— mutations onto LamH Ig Tg+ B6 mice did not
alter this phenotype in the majority of mice studied. However,
one of 13 LamH Ig Tg+ galectin-3—/— mice had high serum
levels of anti-laminin autoreactivity (Figure 3A).

B cell response to stimulus

When purified B cells were stimulated in culture with LPS,
anti-laminin IgM antibodies were occasionally generated.
Shown in Figure 3B, anti-laminin autoreactivity was detected
in supernatants of mitogen-stimulated B cells from 2 of 11
(18%) LamH Ig Tgt+ galectint mice. Three of six (50%)
LamH Ig Tg+ galectin 3—/— B cell culture supernatants also
contained laminin autoreactivity, whereas none of the LamH
Ig Tg+ galectin-1—/— cultures generated substantial levels of
anti-laminin reactivity. Similar results were observed when
whole splenocytes were cultured with mitogen (not shown).
To assess proliferation, purified B cells were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) and
cultured in the presence of either LPS or B cell receptor cross-
linker anti-IgM F(ab’),. Following 2.5 days of stimulation,
proliferation was assessed by flow cytometry. In response to
LPS stimulation, a significantly higher percentage of B cells
from LamH Ig Tg+ galectin-1—/— mice proliferated compared
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Table 1. B cell profile and receptor expression®

B cell tolerance with galectin-1 or galectin-3 knockout

Non-Tg

LamH Ig Tg+

Galectin+

Galectin-1-/—

Galectin-3—/—

Galectint+

Galectin-1-/—

Galectin-3—/—

Spleen

Spleen weight (mg)
Splenocyte count (millions)

0.068+0.011 (16)

94.0+22.3 (13)

0.075+0.008 (5)
102.0+14.2 (4)

0.073+0.007 (4)

100.7+39.0 (4)

%B220+ of lymphocytes 48.8+11.9 (15) 49.3+£13.3 (5) 56.3+4.6 (4)
B cell count (millions) 27.0£11.5 (12) 36.6+£20.7 (4) 45.6+£17.3 (4)
%IgMa 2.1+£1.8 (14) 1.9+1.2 (4) 42+554)
%IgMb 87.9+7.6 (14) 923+344) 87.8+8.9 (4)
%lambda 5.7+1.0(11) 6.5+1.3 (3) 6.0+1.4(3)
Bone marrow
%B220 40.4+11.1 (15) 35.1+4.1(5) 48.0£6.3 (4)
%IgM 50.9+10.4 (14) 54.0+10.9 (5) 59.5£9.9 4)

B cell markers of antigen contact
Surface Ig MFI°

1.00£0.12 (11)

0.97+0.29 (3)

CD62L MFI 1.00£0.03 (14)  1.13+0.08" (4)
%CD62L of B220+ 443+28.1(12)  458+372(2)
MHCII MFI 1.00+0.04 (14) 1.12+0.108 (4)

%MHCII of B220+

94.5+2.6 (14)

95.1+1.7 (4)

1.05+0.09 (3)
1.16+0.19 (4)
69.6+12.3 (3)
1.04+0.17 (4)
94.9+3.8 (4)

0.032+0.013* (20)

24.7+10.7% (19)
15.6+3.9% (20)
24412+ (18)
69.2+ 14.6% (18)
30.7+17.5% (18)
10.3£4.3% (15)

16.3 +6.4% (19)
20.2+8.9% (18)

0.61£0.27* (13)
1.12+0.30 (17)
36.6+16.9 (13)
1.12+0.19 (17)
85.945.8% (17)

0.042+0.023* (11)
35.0+21.0% (10)
14.8 £4.2% (10)

3.0£2.1% (9)
75.7+10.0* (10)
26.9+19.0% (10)

82+2.4 (8)

18.5=7.1% (10)
16.5+8.1% (10)

0.43+0.30 (7)
1.11+0.24 (9)
2024132 (7)
0.99+0.16 (9)
86.5+4.9% (9)

0.042 +£0.008*" (8)

30.7£7.4* (6)
20.2£5.8%% (8)
4.1+1.0% (6)
64.6 +8.9% (6)
33.5+13.6* (6)
12.2+ 1.4* (6)

20.146.5% (8)
22.1+3.2* (6)

0.62+0.11* (6)
1.22+0.34 (8)
55.7+£9.8% (6)
1.2240.21 (8)
83.6+£8.5% (8)

IgMa, IgMb, lambda and IgM data are shown as the percentage of B220+ gated cells. IgM-a is the allotype of the LamH Ig Tg; any positivity in non-Tg mice

reflects background staining.
IShown are the mean = SD, with the number of subjects in parenthesis.

®MFI=mean fluorescence intensity, normalized per experiment to the non-Tg galectin+ subject(s). All MFI data are lymphocyte gated by forward and side light
scatter properties and B cell gated by the B220 marker. Surface Ig=IgM plus IgD expression.

*P<0.05 vs non-Tg group with identical galectin status.
§P <0.05 vs galectint group with same LamH Ig Tg status.

with B cells from either non-Tg or Tg+ galectint mice
(Figure 4A and B). There was a trend to higher LPS-induced
proliferation of LamH Ig Tg+ galectin-1—/— when compared
with LamH Ig Tg+ galectin-3—/— B cells (P =0.0588). No dif-
ference in response to receptor cross-linking was detected.

To investigate whether the enhanced LPS-induced prolifer-
ation of LamH Ig Tg+ galectin-1-/— B cells could be reversed
by addition of exogenous galectin-1, proliferation assays were
performed with LPS +/— 10 pg/mL recombinant galectin-1.
Addition of galectin-1 had only a minor and non-uniform
effect on the percent of divided cells (Figure 4C).

Conversely, to investigate whether the level of LPS-induced
proliferation of LamH Ig Tgt+ galectint B cells could be
increased by blocking exogenous galectin binding, prolifer-
ation assays were performed with LPS +/— 10 uM lactose.
Addition of lactose failed to enhance B cell proliferation
(Figure 4D).

Laminin immunization of galectin-1-deficient Tg+ mice
Because spontaneous anti-laminin autoreactivity was not
recovered from serum- or mitogen-stimulated B cells of any
LamH Ig Tgt+ galectin-1—/— mice, three Tg+ mice with
galectin-1 deficiency were immunized with laminin in com-
plete Freund’s adjuvant in an attempt to induce an anti-
laminin response. Seventeen days following immunization,
little to no Tg anti-laminin autoreactivity was recovered from
the serum of any of the three subjects. However, in contrast
to results using B cells from unimmunized mice anti-laminin
Tg Ig were detected in supernatants of mitogen-stimulated
B cells from two of three immunized Tg+ galectin-1—/— mice
(Table 1I).

Surface marker expression

A number of B cell surface markers that were previously deter-
mined to have altered expression on LamH Ig Tg+ anergic B
cells relative to their naive B cells counterparts were examined.
These differences included increased surface expression of
CD86, decreased percentages of CD62L- and MHCII-positive
cells and decreased total surface Ig density on LamH Ig Tg+ B
cells (Brady et al. 2004). In this study, the expression of mul-
tiple markers was altered on B cells of LamH Ig Tg+ mice
with deficiency of either galectin-1 or galectin-3 in a pattern
similar to that reported previously (Table I), suggesting that the
anergic phenotype was intact. This includes a trend toward
decreased total surface Ig in LamH Ig Tg+ galectin-1—/— rela-
tive to non-Tg galectin-1—/— mice (P =0.053).

To further assess the impact of galectin deficiency on
surface markers, LamH Ig Tg+ B cells from galectin-deficient
and galectin+ mice were compared. For the most part, these
groups were similar in surface marker expression (Table I).
However, two differences were noted: LamH Ig Tg+
galectin-1—/— B cells are unique in that they do not show the
increase in the surface density of CD86 that is observed on
anergic LamH Ig Tg+ B cells from mice with an intact
galectin-1 gene (Figure 5). Additionally, LamH Ig Tg+
galectin-3—/— mice have a higher percentage of CD62L+ B
cells than LamH Ig Tg+ galectin+ controls (Table I).

Effect of galectin-1 or galectin-3 knockout on B cells from
non-Tg B6 mice

Overall, the examination of non-Tg mice with a broad poly-
clonal B cell repertoire revealed that relatively few variables
measured in this study were altered in mice with the knockout
of galectin-1 or galectin-3 compared with galectin-sufficient
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Fig. 1. B cell profiles. Representative flow cytometry plots of (A) splenocytes and (B) bone marrow from anti-laminin Ig transgene (LamH Tg+) galectin
knockout (—/—) mice and non-Tg or galectin sufficient (+) controls. Cells were gated on lymphocytes based on FSC and SSC properties, with further gating on
B220+ B cells when indicated. IgM-a, transgene-encoded IgM; IgM-b, endogenous IgM; IgM, total IgM (IgM-a + IgM-b). (C) Total splenic B cell count, in
millions, by genotype for galectin knockout mice (—), with (+) or without (—) the LamH Ig Tg, and galectin-sufficient controls (+). *P<0.05 for pairwise

comparison as noted.

mice (Table I). There were no significant differences in the
total splenocyte count, B cell surface Ig expression or serum
total IgM levels (data not shown). Table I shows the few
surface markers for which differential expression was noted:
spleen B cell CD62L and MHCII surface density were signifi-
cantly increased with the knockout of galectin-1 in non-Tg
mice. Additionally, the surface density of CD86 was signifi-
cantly decreased in non-Tg galectin-3—/— mice relative to
non-Tg galectin-3+ (mean normalized mean fluorescence in-
tensity (MFI) of 0.73+£0.24, n=3, vs 0.99+0.14, n=13,
respectively, P <0.05).
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Phenotype of LamH Ig Tg+ galectin-1—/— galectin-3—/—
double-knockout mice

Functional redundancy among galectin family members is
common. To elucidate phenotypic changes that might be exa-
cerbated by loss of both galectin-1 and galectin-3, the effect
of galectin-1—/— galectin-3—/— double knockout on the in vivo
fate of LamH Ig Tg+ B cells was examined. The total splenic
B cell count of LamH Ig Tg+ galectin-1-/— galectin-3—/—
double-knockout subjects was significantly higher than con-
currently assayed Tg+ galectin-3—/— single-knockout subjects
(Table III). Normalized CD86 MFI levels did not differ
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Fig. 2. Galectin-3 effects on cell survival and autoantibody laminin binding. (A and B) Purified B cells from 4 Tg+ galectin-3—/— mice (one of which was
galectin-1+/—) were cultured for 24 h in the presence of media alone (A) or LPS (B) and the indicated amount of recombinant mouse galectin-3. Shown are the
% live cells, which are Annexin-V negative and 7-AAD negative, from lymphocyte-gated CD19+ B cells. (C) Two anti-laminin autoantibodies, H50-9 and
A10C, were incubated with increasing concentrations of recombinant mouse galectin-3 then assayed for laminin binding as described, reported as ODyqs

for binding to laminin minus binding to diluent (PBS) only.

Fig. 3. Anti-laminin antibody in (A) serum or (B) LPS-stimulated supernatants of purified B cells from LamH Ig Tg+ mice cultured in the presence of LPS.
Laminin binding is shown as OD,gs for binding to laminin minus binding to diluent only. Line denotes arbitrary cutoff for laminin-binding positivity at an OD

of 0.050. Triangles represent subjects heterozygous (+/—) at the galectin+ locus.

significantly between groups. The Tg+ galectin-1—/—
galectin-3—/— double-knockout mice also had no detectable
spontaneous serum anti-laminin autoantibodies. No other sig-
nificant differences were noted between these groups in the
measured B cell parameters, though it is interesting that
double-knockout LamH Ig Tg+ B cells appear to hyperproli-
ferate to B cell receptor cross-linking (mean % divided,
70.4+6.9 vs 42.6 8.8 in LamH Ig Tg+ galectint+ mice, n=2

per group).

Discussion

We have shown that the global knockout of galectin-1 or
galectin-3 yields subtle alterations in the B cell fate in an
anti-laminin autoantibody Tg model. In LamH Ig Tg+ mice,

galectin-3 deficiency significantly increases the total number
of spleen Tg B cells and supports the secretion of anti-laminin
Ig, either spontaneously or after endotoxin stimulation,
whereas galectin-1 deficiency enhances B cell proliferation in
response to a Toll-like receptor (TLR)4 ligand. These findings
add to the growing body of evidence, indicating a role for the
various galectin family members, and for galectin-1 and
galectin-3 in particular, in the regulation of autoimmunity
(reviewed in van Kooyk and Rabinovich 2008; Rabinovich
and Toscano 2009; Rabinovich et al. 2012).

Systemic galectin-3 deficiency was previously shown to
lessen clinical manifestations of experimental autoimmune en-
cephalomyelitis, antigen-induced arthritis and concanavalin
A-induced hepatitis relative to disease in galectin-3 sufficient
controls (Jiang et al. 2009; Forsman et al. 2011; Volarevic
et al. 2012). In these models, galectin-3 promotes the
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Fig. 4. B cell proliferation. Purified B cells are loaded initially with non-toxic vital dye CFSE and cultured in the presence of 50 pg/mL of LPS. As the parent
cell divides, the stain is equally distributed between the daughter cells, such that each generation has a fluorescence peak approximately half that of the parents.
(A) The % of cells that divided +SD, as calculated using the FlowJo proliferation platform, n=4-9 subjects per group. *P <0.05 for indicated comparison.

(B) Representative histograms of CFSE staining for Tg+ galectin+ (thin line) relative to Tg+ galectin-1—/— (thick line). The peak of undivided cells is noted with
an arrow. (C) B cells from four LamH Ig Tg+ galectin-1—/— subjects (three of whom were +/— at the galectin-3 locus) were cultured with LPS +/— the addition
of 10 ng/mL exogenous galectin-1. Each line represents the % of divided cells from an individual subject across both conditions. (D) B cells from four LamH Ig
Tg+ galectin+ subjects were cultured in the presence of LPS + 10 mM lactose. Each line represents the % of divided cells from an individual subject across both

conditions.

Table II. Anti-laminin Ig from LamH Ig Tg+ galectin-1—/— subjects with or
without immunization

Subject(s) Serum (ODy4os) B cell supernatant (ODygs)
Laminin immunization

Mouse 1 0.000 0.000

Mouse 2 0.002 0.249

Mouse 3 0.008 0.048

Unimmunized

Mean OD+SD (n=4-6)  0.016+0.019 0.019+0.011

Shown is ODyys for Ig binding on laminin-coated wells minus binding on
diluent-coated wells. Sera were assayed at 1:20 dilution, supernatants from
LPS-stimulated B cells were assayed undiluted for »=3 LamH Ig Tg+
galectin-1—/— galectin-3+/— mice. Summary values for unimmunized LamH
Ig Tg+ Gal-1—/— mice are shown for reference.

activation of T cells and the maturation of dendritic cells and
alters the inflammatory cytokine profile. Conversely, exogen-
ous galectin-1 administered parenterally or via genetically
engineered fibroblasts ameliorates disease in several models
of induced autoimmunity and in spontaneous BWF1 murine
lupus (Rabinovich et al. 1999; Santucci et al. 2000, 2003;
Baum et al. 2003; Liu et al. 2011). The therapeutic efficacy of
galectin-1 has been attributed at least in part to the induction
of apoptosis in activated T cells and altered cytokine
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secretion. In addition to their effects on cellular immunity,
galectin-1 and galectin-3 have been shown to modulate devel-
opment, localization and differentiation of B cells
(Acosta-Rodriguez et al. 2004; Clark et al. 2007; Oliveira
et al. 2009, 2011; Rabinovich and Toscano 2009; Tabrizi
et al. 2009; Mourcin et al. 2011; Tsai et al. 2011); however,
their involvement in the regulation of humoral autoimmunity
and the maintenance of B cell tolerance has not been previ-
ously well characterized.

Our results indicate that galectin-3 and galectin-1 both play
a role in promoting B cell tolerance, a finding previously sug-
gested by the discovery of their up-regulation in anergic B
cells (Clark et al. 2007; Charles et al. 2011). In our model
system, galectin-3 contributes to the control of autoreactive B
cell numbers and functional inactivation, such that its defi-
ciency can lead to overt loss of tolerance to laminin.
Knockout of galectin-3 in LamH Ig Tg+ mice was associated
with the presence of anti-laminin autoantibodies in the serum
of one mouse and in the supernatants of mitogen-stimulated B
cells from 50% of mice. In contrast, anti-laminin Ig rarely
appear in the serum or B cell culture supernatants in
galectin-3-sufficient B6 LamH Ig Tg+ mice (herein and
Rudolph et al. 2002). In the context of the concurrent signifi-
cantly increased number of peripheral B cells observed in
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Fig. 5. B cell surface expression of CD86. (A) Expression is shown as the mean + SD for normalized mean fluorescence intensity as determined by flow
cytometry. Raw CD86 MFI data for each subject were normalized to the MFI of non-Tg galectin+ subjects from the same experiment to account for
cross-experimental differences in staining intensity. The value for the non-Tg galectint subject (or the mean in cases where multiple non-Tg galectint subjects
were used) was set to 1.0. *P <0.05. (B) Representative histogram of CD86 MFI for B220+ gated B cells. Shown are LamH Ig Tg+ galectin+ (thin line) relative

to LamH Ig Tg+ galectin-1—/— (thick line).

Table III. Phenotype of LamH Ig Tg+ galectin-1-/— galectin-3—/—
double-knockout mice®

LamH Ig Tg+

Galectin-1+/— Galectin-3—/— Galectin-1—/— Galectin-3—/—

B cell count 35+1.3(5) 6.5+3.3*% (5)
(millions)
%IlgMa of B220  71.6+2.4 (5) 73.1+7.4 (5)

%IgMb of B220  28.2+22.5 (5)
Surface Ig MFI®  0.59+0.05 (3)
CD86 MFI® 12402 (3)
Serum autoAb 0.0+0.0 (4)

17.9+12.9 (5)
0.77+0.16 (4)
1.1+0.1 (4)
0.0+0.0 (4)

aShown are the mean =+ SD, with the number of subjects in parenthesis.
"MFI=mean fluorescence intensity, normalized per experiment to the non-Tg
galectint subject(s). All MFI data are lymphocyte gated by forward and side
light scatter properties and B cell gated by the B220 marker.

*P<0.05 vs galectin-1+/— galectin-3—/— group.

galectin-3-deficient Tg mice, one possible explanation is de-
fective deletion of laminin-reactive B cells. Such a defect
could occur due to a requirement for galectin-3 for the induc-
tion of apoptosis in developing autoreactive B cells in the
bone marrow, a compartment in which galectin-3 is known to
be expressed (Oliveira et al. 2007). While galectin-3 is gener-
ally considered to be anti-apoptotic (Hernandez and Baum
2002; Hoyer et al. 2004; Liu and Rabinovich 2005), it has
been shown to induce apoptosis in activated T cells (Stillman
et al. 2006; Stowell et al. 2008); its expression and role in
apoptosis in developing B cells has not been well character-
ized. Alternatively, galectin-3 could facilitate B cell receptor
signaling after the engagement of self-antigen by developing
B cells, such that a signal threshold that triggers deletion is
surpassed. Support for this mechanism is garnered by our
finding that addition of galectin-3 increased, rather than inhib-
ited, binding of anti-laminin autoantibodies to self-antigen. In
this scenario, galectin-3 deficiency would permit the survival
of autoreactive cells that would otherwise not escape the bone
marrow. If fewer autoreactive B cells are deleted during devel-
opment, a heavier burden is placed on editing or maintenance
of anergy to prevent autoimmunity. Anergy can be

circumvented in some conditions of B cell culture (Hartley
et al. 1993), which could explain the increased rate of recov-
ery of laminin autoantibodies in galectin-3—/— B cell
supernatants.

It is possible that the effect of galectin-3 deficiency to
boost Tg B cell numbers is manifest primarily in the periph-
ery. Potential checkpoints for galectin-3 control of autoreac-
tive B cells include shortening the life span of anergic B
cells, excluding autoreactive cells from follicles or limiting
homeostatic proliferation or expansion of activated B cells,
such that galectin-3 deficiency permits autoreactive cells to
accumulate. These possibilities seem at odds with reports of a
role of galectin-3 in mediating IL-4 induced B cell survival
and differentiation (Acosta-Rodriguez et al. 2004), though
galectin-3 functions likely vary with cell subset or differentiation
state as well as galectin cellular localization. We found that ex-
ogenous galectin-3 did not alter survival of Tg+ galectin-3-
deficient B cells in culture. Other potential mechanisms for the
galectin-3 modulation of B cell numbers are suggested by obser-
vations in T cells. Galectin-3:glycan lattices limit T cell receptor
(TCR) clustering, decrease lateral movement across the cell
membrane and increase agonist thresholds for TCR signaling
(Demetriou et al. 2001). One predicts that galectin-3 deficiency
could thus lower activation thresholds in differentiated cells and
permit cell expansion. Galectin-3 lattices are also implicated in
maintaining murine cytolytic T cell anergy; lattices trap T cell
receptors and prevent their colocalization with CD8, whereas
galectin removal by competitive binding restores T cell function
(Demotte et al. 2008). Future studies can dissect if analogous
mechanisms are operative in B cells.

Tg B cells from galectin-1-deficient mice had a distinct tol-
erance phenotype. Neither serum nor LPS-stimulated B cells of
unimmunized LamH Ig Tg+ galectin-1—/— mice yielded
anti-laminin Ig, similar to previous results in LamH Ig Tg+ B6
galectin-sufficient mice (Rudolph et al. 2002). However, re-
sidual B cells from LamH Ig Tg+ galectin-1—/— mice hyperpro-
liferate in response to LPS, suggesting a role for galectin-1 in
dampening B cell TLR4 signaling or responses. This would
expand the role for galectin-1 in downmodulating LPS-induced
effects in immune cells, as galectin-1 has also been shown to
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reduce macrophage and dendritic cell responses to endotoxin
(Rabinovich et al. 2000; Santucci et al. 2000; Kuo et al. 2011).
Galectin-1 control of TLR-induced proliferative responses in B
cells may require intracellular actions of galectin-1, as in our
system supplementation of exogenous galectin-1 did not alter the
proliferation of galectin-deficient cells in culture. B cell receptor
(BCR)-stimulated proliferation was not altered in our galectin-1-
deficient Tg B cells, suggesting a complex role in antigen recep-
tor signaling, as exogenous galectin-1 was previously shown to
decrease mouse primary B cell proliferation in response to
anti-IlgM-mediated BCR cross-linking (Yu et al. 2000).

It is of note that Tg+ anti-laminin autoantibodies were
recovered in culture supernatants of LPS-stimulated B cells
derived from LamH Ig Tg+ galectin-1—/— mice that had previ-
ously been immunized with laminin in Complete Freund’s
adjuvant. This finding suggests that some anti-laminin B
cells do escape deletion in vivo and can be activated in
galectin-1—/— mice under certain conditions, possibly from en-
vironmental toxins or microbes. A role for key mechanisms
under the redundant control of galectin-1 and galectin-3
cannot be excluded by our data. B cell hyperproliferation to
endotoxin in the setting of galectin-1 deficiency could exacer-
bate autoreactivity in this setting.

Residual spleen B cells in LamH Ig Tg+ galectin-1—/—
mice are unique compared with their Tg+ counterparts in
galectin-sufficient and galectin-3-deficient mice in that they
do not express increased surface CD86 (B7.2). Up-regulation
of this costimulatory molecule is typically observed in antigen
experienced B cells, as a consequence of B cell receptor
cross-linking during either cell activation (Lenschow et al.
1994) or anergy induction in some settings (Brady et al.
2004; Terrier et al. 2011). Its normalization in the galectin-1-
deficient LamH Ig Tg+ B cells suggests either lack of prior
antigen contact, an unlikely circumstance given the evidence
of concurrent marked cell deletion, a shift in the residual B
cell repertoire to non-autoreactivity, presumably via receptor
editing or dependence on galectin-1 in the signaling networks
responsible for CD86 up-regulation. Some support for the
latter possibility comes from studies of galectin-1-induced
maturation of, and CD86 up-regulation on, human monocyte-
derived dendritic cells (Fulcher et al. 2006). CD86 on acti-
vated B cells promotes T cell activation via interactions with
CD28/CD152 (CTLA-4) (Damle et al. 1992; Freeman et al.
1993), germinal center formation and memory B cell develop-
ment (Borriello et al. 1997) and transgene-mediated restor-
ation of CD86 expression on anergic B cells with basal
down-regulated expression promotes B cell clonal expansion
and differentiation (Rathmell et al. 1998). Counteracting func-
tions are possible, however, as CD86 expressed on dendritic
cells is also required to maintain regulatory T cells (Ellestad
et al. 2009). It is tempting to speculate that reduced CD86 on
the galectin-1-deficient Tg B cells provides some protection
against autoimmunity; future experiments can determine if
this is sustained after antigen engagement analogous to the
persistent decrease in B cell CD86 expression associated with
the durable inhibition of antibody production in oral tolerance
to ovalbumin (Futata et al. 2000).

It is unclear if the observed effects of galectin-1 or
galectin-3 deficiency on the B cell fate are due to alterations

900

in B cell intrinsic galectin expression, and if so, the subcellu-
lar location of action, or if the effects are due to alterations in
galectin expression in other cell types or in certain body com-
partments. We did not observe significant effects on B cell
survival or proliferation ex vivo by the supplementation of
culture medium with exogenous galectin-1 or galectin-3, re-
spectively. Also unresolved is whether our findings are due to
direct effects of the galectins on B cell function or are
mediated indirectly by galectin actions on other cell types,
such as T cells, dendritic cells, monocytes or tissue parenchy-
mal cells. Further studies, including the use of the cell-
targeted deletion of galectin-1 or galectin-3, can address these
possibilities.

It is of note that in non-Tg B6 mice there are few differ-
ences in measured variables between galectin-deficient and
galectin-sufficient control mouse splenic B cells. Our findings
are consistent with earlier reports showing lack of overt B cell
phenotypes in galectin-1 (Espeli et al. 2009) or galectin-3
(Colnot et al. 1998; Hsu et al. 2000) knockout mice, a feature
attributed at least in part to redundancy within the galectin
family in both ligands and function. In this regard, redun-
dancy has been shown between galectin-1 and galectin-8
roles in B cell differentiation into plasma cells (Tsai et al.
2011), galectin-1 and galectin-3 have been shown to have
overlapping functions in mRNA splicing (Patterson et al.
2004), and both galectin-1 and galectin-3 are capable of
inducing T cell apoptosis (Stillman et al. 2006). Study of B
cells from autoantibody Tg mice genetically lacking both
galectin-1 and galectin-3 revealed a synergistic effect on the
control of spleen autoreactive B cell numbers. Whether this
reflects redundant effects on the control of B cell deletion or
apoptosis revealed only in the dual knockout or reflects addi-
tive independent effects on deletion and proliferation will
require further investigation.

We also observed an increase in the B cell surface expres-
sion of MHCII and CD62L (L-selectin) in non-Tg galectin-1
knockout mice, compared with their non-Tg galectin-
sufficient counterparts. MHCII and CD62L are constitutively
expressed on naive B cells; following antigen activation,
surface MHCII is normally up-regulated to facilitate antigen
presentation to T cells, whereas surface CD62L decreases to
modulate B cell adhesion and trafficking (Reichert et al.
1983). Their increased constitutive expression on resting B
cells could modify initiation of adaptive immune responses.
There is precedence for an influence of galectin-1 on the
biology of both molecules. Exogenous galectin-1 selectively
inhibits constitutive and interferon-induced MHCII expression
on human monocytes and mouse inflammatory macrophages,
resulting in decreased ability to stimulate T cells (Barrionuevo
et al. 2007). Conversely, galectin-1 exposure up-regulates
Human leukocyte antigen DR on immature human monocyte-
derived dendritic cells (Fulcher et al. 2006), suggesting that
MHCII modulation by galectin-1 is developmental or differ-
entiation stage-dependent. Inflammatory macrophages from
galectin-1—/— mice express increased surface MHCIIL, an
effect that has functional consequences and is largely revers-
ible with addition of recombinant galectin-1 (Barrionuevo
et al. 2007). Galectin-1 colocalizes with CD62L in mouse in-
flammatory neutrophils, and galectin-1 exposure modulates
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mouse neutrophil CD62L expression (Gil et al. 2011). Future
investigation of the role of increased B cell MHCII and
CD62L in galectin-1 deficiency could provide information
about their physiological significance.

Materials and methods
Animals

All studies and procedures were approved by the Duke
University and the Durham Veterans Affairs Medical Center
Animal Care and use Committees. Cloning of the anti-laminin
LamH Cp heavy chain construct and characterization of
LamH Tg mice is described in Foster and Fitzsimons (1998),
Rudolph et al. (2002) and Brady et al. (2004). Galectin-1
knockout (—/—) mice and galectin-3—/— mice were generously
provided via the Consortium for Functional Glycomics.
Description of the knockouts and initial phenotyping are
described in Poirier and Robertson (1993) for galectin-1—/—
and Hsu et al. (2000) for galectin-3—/—.

LamH Tg mice, previously backcrossed 12—14 generations
onto the C57BL/6J background (Jackson Labs, Bar Harbor,
ME), were bred with galectin-1—/— or galectin-3—/— breeders
and resulting progeny were interbred to generate the experi-
mental genotypes. There were 18 different possible genotypes:
LamH Ig Tg (+ or -), galectin-1 (+/+, +/— or —/— knockout)
and galectin-3 (+/+, +/— or —/— knockout). Data presented
herein are limited to the experimental genotypes LamH Tg+
galectin-1+/+  galectin-3—/— (“galectin-3—/-") and Tg+
galectin-1—-/—  galectin-3+/+ (“galectin-1-/~") and their
non-Tg counterparts, unless otherwise noted in the text. For
control (galectin-sufficient) groups, statistical analysis showed
no difference across galectin +/— and galectin +/+ groups in
the variables reported, with one exception, and these geno-
types are pooled to generate the “galectint” group. One vari-
able, %lambda+ of B220+, showed a heterozygote effect in
the control group, so only galectin-1+/+ galectin-3+/+ sub-
jects were included in presentation of % lambda+ data.

Subjects were genotyped by polymerase chain reaction
using the following primers.

LamH Tg:

5-AGC TGC AAC AGT CTG GAC CTG A-3" and
5-GGC CCC AGT AGT CAA AGG TAC CAT C-3'

Galectin-1—/—:

5-GAC CCC ATC CCT ACA CCC CAG-3'
5-AAA CTT CAG CCG GGA GAA AGG-3'
5'-CTATCA GGA CAT AGC GTT GG-3'

Galectin-3—/—:

5-GTA GGT GAG AGT CAC AAG CTG GAG GCC-3'
5'-CAC TCT CAA AGG GGA AGG CTG ACT GTC-3'
5-GGC TGA CCG CTT CCT CGT GCT TTA CGG-3'

Cell staining

Single-cell splenocyte and bone marrow suspensions were
stained for flow cytometry as described (Clark et al. 2011)
using the following fluorescent stains: anti-CD45R/B220-PE
and -PerCP, anti-IgD-fluorescein isothiocyanate (FITC),

B cell tolerance with galectin-1 or galectin-3 knockout

anti-IgMb-FTC, anti-IgMa-PE and anti-CD86-RPE (Becton
Dickinson-Pharmingen, San Jose, CA) and anti-IgM-FTC,
anti-lambda-FTC, anti-kappa-PE, anti-CD62L-FTC,
anti-CD19-FITC and anti-MHCII-FTC (Southern Biotech,
Birmingham, Alabama). Cells were analyzed on a FACSCalibur
(Becton Dickinson), and results analyzed using FlowJo
(Treestar, Ashland, OR). Lymphocytes were gated based on
forward scatter and side scatter properties. B cell counts were
determined as  %B220+x %  lymphocytes x number  of
splenocytes.

Ig concentration and laminin-binding enzyme-linked
immunosorbent assay (ELISA)

Quantitation of LamH Tg IgM-a in serum was as described
(Clark et al. 2011). To assay for laminin-binding activity,
Immulon II plates were coated overnight at 4°C with 10 pg/mL
of laminin Engelbreth-Holm-Swarm (Sigma, St. Louis, MO) in
phosphate buffered saline (PBS). Plates were blocked, rinsed,
incubated with mouse sera (diluted 1:20) or B cell supernatants
(undiluted) and detected using the alkaline phosphatase-
conjugated anti-IgM antibody (Southern Biotech). Control Ig is
anti-laminin mAb A10C supernatant (Foster and Fitzsimons
1998) and H50-9 antibody (Foster et al. 1993), which is
detected with a goat—anti-mouse IgG alkaline phosphatase con-
jugated antibody. Results were recorded as the mean sample
binding OD to laminin after the subtraction of mean OD on
diluent (PBS)-coated plates. In cases where binding to laminin
was lower than binding to diluent-coated plates, the reported
laminin-binding value was zero.

For laminin-binding assays in the presence of exogenous
galectin-3, the concentration of H50-9 and A10C control anti-
bodies that generated half-maximal binding (300 ng/mL for
H50-9, 1:2 dilution for AI10C supernatant) was assayed for
laminin binding in the presence of 0, 222 and 667 ng/mL of re-
combinant mouse galectin-3 (R&D Systems, Minneapolis, MN).

In vitro proliferation and differentiation assays

B cells were purified from single-cell RBC-lysed splenocyte
suspensions using CD43 microbead depletion of non-B cells
(Miltenyi Biotec, Auburn, CA). Purified B cells were plated
in proliferation media (Roswell Park Memorial Institute sup-
plemented with 10% fetal bovine serum, 2 mM L-glutamine,
beta-mercaptoethanol and 100 U/mL penicillin—streptomycin),
with and without 50 ug/mL of LPS stimulation (#L6386,
Sigma) at 1 x 10° cells/mL in 1 mL/well of a 24-well plate.
Mature supernatants harvested after 810 days of culture were
assayed, undiluted, for laminin binding by ELISA.

For cell proliferation assays, purified B cells were labeled
with 2.5-5.0 uM CFSE (Molecular Probes, Eugene, OR) as
per the manufacturer’s protocol. Labeled cells were cultured
at 1.25 x 10° cells/200 uL per well, in proliferation media as
defined above, in a 96-well plate £50 ug/mL of LPS (#L6386,
Sigma), 80 ug/mL of goat—anti-mouse IgM F(ab’), (Pierce/
Thermo Scientific, Rockford, IL) or LPS as above plus 10
mM lactose (Sigma) or 10 pg/mL recombinant mouse
galectin-1 (R&D Systems). Following 2.5 days in culture,
cells were collected and stained with B220-PE and assessed
by flow cytometry as detailed above. The percent of divided
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cells was calculated for the B220+ population using the
FlowlJo proliferation platform.

Viability assay

B cells were purified by negative selection and cultured over-
night in proliferation medium with and without 50 pg/mL of
LPS and/or 10 pg/mL of recombinant mouse galectin-3
(R&D Systems), at a concentration of 1 x 10° cells/mL in 200
uL/well of a 96-well plate. Following 24 h incubation, cells
were assayed for apoptosis/death using Annexin V-FITC and
7-Aminoactinomycin D (AAD) (BD Pharmingen, San Jose,
CA) as per the manufacturer’s protocol. The percentage of
live cells is determined as cells negative for both Annexin
V-FITC and 7-AAD.

Immunization

Three LamH Ig Tg+ galectin-1—/— galectin-3+/— mice were
immunized subcutaneously with 50 pg laminin EHS (Sigma)
in Complete Freund’s Adjuvant.

Statistical analysis

Statistical analysis was performed using JMP software (SAS
Institute, Cary, NC). Data are shown as mean values+ SD.
Comparisons between two groups were performed using the
non-parametric Wilcoxon test. A P-value of <0.05 is consid-
ered significant.
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