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Targeted Disruption of the Galectin-3 Gene Results
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Galectin-3 is a member of a growing family of f3-gal-
actoside-binding animal lectins. Previous studies have
demonstrated a variety of biological activities for this
protein in vitro, including activation of cells, modu-
lation of cell adhesion, induction of pre-mRNA splic-
ing, and regulation of apoptosis. To assist in fully
elucidating the physiological and pathological func-
tions of this protein, we have generated galectin-3-
deficient (gal3~’/") mice by targeted interruption of
the galectin-3 gene. Gal3™/~ mice consistently devel-
oped fewer inflammatory cell infiltrations in the peri-
toneal cavities than the wild-type (gal3*/*) mice in
response to thioglycollate broth treatment, mainly
due to lower numbers of macrophages. Also, when
compared to cells from gal3*/* mice, thioglycollate-
elicited inflammatory cells from gal3~’~ mice exhib-
ited significantly lower levels of NF-«B response. In
addition, dramatically different cell-spreading pheno-
types were observed in cultured macrophages from
the two genotypes. Whereas macrophages from
gal3*’/* mice exhibited well spread out morphology,
those from gal3~/~ mice were often spindle-shaped.
Finally, we found that peritoneal macrophages from
gal3™/~ mice were more prone to undergo apoptosis
than those from gal3*/* mice when treated with ap-
optotic stimuli, suggesting that expression of galec-
tin-3 in inflammatory cells may lead to longer cell
survival, thus prolonging inflammation. These results
strongly support galectin-3 as a positive regulator of
inflammatory responses in the peritoneal cavity.
(Am_J Pathbol 2000, 156:1073—1083)

Galectins are members of a recently identified family of
B-galactoside-binding animal lectins.” Presently more
than ten members have been identified, and additional
homologues are likely to be discovered. Existing informa-
tion suggests that they may be involved in a multitude of
biological processes including regulation of cell growth

and apoptosis, neoplastic transformation, and inflamma-
tory responses.?> One of the best characterized mem-
bers, galectin-3, is composed of a carboxyl-terminal lec-
tin domain connected to an amino-terminal nonlectin part
consisting primarily of short tandem repeats.®~® Galec-
tin-3 is widely distributed in tissues and is found in vari-
ous epithelial cells, dendritic cells, and inflammatory
cells.® The expression of this lectin is correlated with cell
proliferation,'©'" cell differentiation,'®'® and transactiva-
tion by viral proteins.™

A number of biological activities of galectin-3 have
been demonstrated in vitro. This lectin has been shown
to activate various cells, including mast cells,'®'® neutro-
phils,””  monocytes/imacrophages,'® and lymphocytes.'*'®
The effects of this lectin in cell adhesion have also been dem-
onstrated.'2" These extracellular functions suggest a
possible role for this protein in modulation of immune
reactions and inflammatory responses. In addition, evi-
dence for various intracellular activities of galectin-3 are
also available. It has been identified as a component of
hnRNP,?2 as well as a factor in pre-mRNA splicing,® and
shown to have anti-apoptotic activity, possibly through a
mechanism involving its interactions with Bcl-2 family
members, with which this lectin shares sequence similar-
ity.24'25

Galectin-3 has been found to be overexpressed in
certain pathological conditions, including human athero-
sclerotic lesions.?® The association of this lectin with neo-
plastic transformation has also been extensively docu-
mented. It is overexpressed in some types of cancer for
which the normal parental cells do not express the pro-
tein; the examples include specific types of lympho-
ma,'*2” thyroid carcinoma,?®2° and hepatocellular car-
cinoma.®° However, down-regulation of this lectin has
been observed in other kinds of neoplasms, including
colon,®'32 preast,>® ovarian,®* and uterine carcinoma,*®
although it has also been observed that galectin-3 ex-
pression correlates positively with the progression of co-
lon carcinoma.®®3” Studies of cells transfected with ga-
lectin-3 cDNA have indeed provided evidence for its role
in tumor transformation and metastasis.*®

Therefore, functions of galectin-3 appear to be multi-
faceted, extending to both intracellular and extracellular
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Figure 1. Vector construction and homologous
recombination in the galectin-3 gene. A: The
targeting vector was constructed by replacing
the 0.5-kb Xbal-Xbal segment at the intron
4-exon 5 junction with the Neo cassette from the
PpMCINeoPLA vector. B: The homologous re-
combinant galectin-3 gene shown with various
DNA segments used as probes. C: Predicted
DNA sizes from wild-type and homologous
recombinant genes in Southern blotting using
HindIll and Xbal and the specific flanking probe
1. D: Southern blot of two homologous recom-
binant clones after digestion with Hindlll (H)
and Xbal (X) and detection with probe 1. The
upper band in both lanes for clones 4A2 and 9A4
were detected using probe 4, specific for the
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compartments. Because of its wide tissue distribution
and pleiotropic effects in many systems, galectin-3 is
likely to be involved in a variety of physiological and
pathological processes. In an attempt to elucidate more
definitively the biological functions of galectin-3, we have
generated a mouse model in which this gene is inacti-
vated through homologous recombination. We initially
focused on the study of inflammatory responses in these
mice and have found that the galectin-3 deficiency re-
sults in significantly altered inflammation elicited in the
peritoneal cavity by thioglycollate broth.

Materials and Methods

Generation of Galectin-3-Null Mice

A vector used for homologous recombination was con-
structed from the cloned galectin-3 genomic DNA.2° As
shown in Figure 1, a segment from exon 4 to exon 5 within
the mouse galectin-3 gene was inserted into pMC1Neo
(Stratagene, La Jolla, CA) upstream of the thymidine
kinase promoter-Neo cassette. Another segment from
exon 5 to exon 6 followed downstream from the Neo
cassette. Thus, exon 5 is interrupted by the Neo gene in
this vector construct. Murine stem cells, D3, were elec-
troporated with this vector, using procedures previously
described.*® G418 resistant cells were screened for ho-
mologous recombination by polymerase chain reaction
(PCR) and Southern blotting, using procedures de-
scribed below. Screening of 894 clones resulted in two
with successful homologous recombination.

One clone was propagated and injected into 3.5-day-
old blastocysts from C57BL/6 mice and the injected blas-
tocysts were implanted into pseudo-pregnant CD1 moth-
ers. Male chimeric mice were bred to C57BL/6 females to
produce mice hemizygous for the galectin-3 null mutant
(gal3*/7). Interbreeding gal3*/~ mice resulted in mice
homozygous for the galectin-3-null condition (gal3~/").
Gal3™/~ mice were viable and fertile. For experimenta-
tion, wild-type (gal3*/*) mice produced by gal3*/~ inter-

4.6
4.2

breeding were carried in a separate lineage as controls.
Both gal3*™/" and gal3~/~ mice were propagated and
maintained in standard specific-pathogen-free environ-
ments.

Polymerase Chain Reaction and Southern Blot
Analysis

Polymerase chain reactions were performed under stan-
dard conditions using Tag DNA polymerase (Promega,
Madison, WI) on a Perkin-Elmer 9600 or Ericomp EZ
cycler. Southern blotting analyses were performed by
capillary transfer of DNA to charged nylon membranes
(BioRad, Richmond, CA or Amersham, Arlington Heights,
IL). Membranes were probed with an intron 3 fragment
corresponding to probe 1, or probe 4 corresponding to
the Neo cassette, to determine homologous recombina-
tion, as shown in Figure 1B, radiolabeled by random
priming with [32P]-dATP.

Immunoblot Analysis

Tissues were extracted with 20 mmol/L Tris-HCI, pH 7.5
containing 10 mmol/L EDTA, 0.15 mol/L NaCl, 1% Triton
X-100 (v/v) and protease inhibitors 0.24 u/ml Aprotinin, 1
pg/ml pepstatin, 1 png/ml leupeptin, 1 mmol/L phenyl-
methylsulfonyl fluoride, and 100 wg protein from each
extract was then adsorbed with lactosyl-Sepharose 4B."
The bound proteins were eluted, separated by sodium
dodecyl! sulfate-polyacrylamide gel electrophoresis, and
analyzed by immunoblotting using specific rabbit anti-
bodies as described.?

Induction of Peritoneal Inflammation

Mice were injected with 1 ml of autoclaved Brewer’s
thioglycollate broth as described.*? At various intervals,
peritoneal cells were harvested by lavage with minimum
essential medium containing Earle’s salts (MEM). Cells
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Figure 2. Confirmation of the inactivated galectin-3 gene in homologous recombinant mice. A: Southern blot analysis of DNA fragments from homozygous
(gal3™/~ and gal3*/™) and hemizygous (gal3™/ ™) mice digested with HindIll and Xbal, and analyzed using probe 1, as described in Figure 1D. The positions
of DNA markers (kb) are shown at the left margin. B: Immunoblot of organ extracts from gal3*/* and gal3™/~ mice adsorbed with lactosyl-Sepharose and probed
with a specific rabbit anti-galectin-3 antiserum. Each lane represents galectin-3 from 100 pg total protein. Lu, lung; Li, liver; S, spleen; T, thymus. The positions

of protein Mr standards (X 1073) are shown at the left margin.

were washed once with culture medium before subse-
quent manipulations. For quantitation of leukocyte sub-
populations, the cells in the lavage fluid were allowed to
attach to glass slides by cytospin, treated with soluble
Wright's stain (Leukostat, Fisher Scientific, Pittsburgh,
PA) and identified as macrophages, eosinophils, neutro-
phils, and lymphocytes by standard morphology. Cell
counts were obtained in triplicate for each sample from
100-200 cells using a 100X oil immersion objective.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts were prepared by a previously de-
scribed method*® with slight modifications** and EMSA
was performed as described.*® Briefly, the nuclear ex-
tracts (2.5 ug protein) in 12 wl of binding buffer (5 mmol/L
HEPES, pH 7.8, 5 mmol/L MgCl,, 50 mmol/L KCI, 0.5
mmol/L dithiothreitol, 0.4 mg/ml poly(dl-dC) (Pharmacia,
Piscataway, NJ), 0.1 mg/ml sonicated double-stranded
salmon sperm DNA, and 10% glycerol) were incubated
for 10 minutes at room temperature. Subsequently, ap-
proximately 20 to 50 fmoles of *2P-labeled NF-«B-spe-
cific oligonucleotide probe (30,000-50,000 cpm) were
added and the reaction mixture was incubated for 10
minutes at room temperature. The samples were ana-
lyzed on 6% polyacrylamide gels in 50 mmol/L Tris-bo-
rate buffer containing 1 mmol/L EDTA or 50 mmol/L Tris/
380 mmol/L glycine/2 mmol/L EDTA, at 12 V/cm for 2 to
2.5 hours. Radioactivities were detected by exposure to
X-ray film or phosphorimager plates.

Culture and Measurement of Adhesion Areas of
Peritoneal Macrophages

Peritoneal macrophages were enriched by adherence
onto tissue culture-treated plates in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 2 mmol/L
glutamine and 10% (v/v) fetal bovine serum, at 37°C in an

atmosphere of 7.5% CO,. After two hours of incubation,
wells were gently pipetted to remove nonadherent cells.
More than 90% of the adherent cells were macrophages
as evaluated morphologically after processing with
Wright's stain. Initially nonadherent cells were obtained
after two serial adherence procedures in tissue culture
flasks. Culturing of these cells resulted in additional ad-
herent macrophages. The morphology of adherent mac-
rophages cultured for various periods were imaged from
three fields of each well using a Hamamatsu XC-77 CCD
camera attached to a Nikon microscope with an inverted
stage. Image-1 from Universal Imaging Corporation was
used to acquire and enhance image contrast, and NIH
Image software was used to measure cell attachment
areas from three random fields.

Induction of Apoptosis of Peritoneal
Macrophages in Vitro

Inflammatory peritoneal macrophages were obtained
from mice treated with 1 ml thioglycollate broth for 3 days
by lavage, and cultured in RPMI/10% fetal bovine serum
(RP10F) for 1 hour. Adherent cells were cultured in the
presence of 10 wg/ml lipopolysaccharide (LPS, Esche-
richia coli 0111:B4 List Biologicals, Campbell, CA) and 10
U/ml interferon-y (IFN-y, Boehringer/Roche, Indianapolis,
IN), and cell viability was measured by the MTT (3-(4,5-
Dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide)
assay?® at regular intervals. Alternatively, inflammatory
macrophages obtained from peritoneal cavities of mice 4
days after 2 ml thioglycollate treatment, were cultured for 30
minutes in RPMI 1640. The adherent cells were exposed to
0to 60 U/ml IFN-y in RP10F for 6 hours washed with RP10F,
and then 1 ug/ml LPS in RP10F for 24 hours.*” The cells
were washed with phosphate-buffered saline, pH 7.2, fixed
in 5% formaldehyde/phosphate-buffered saline, and
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stained with 0.05% crystal violet in 20% EtOH. Absorbance
at 550 nm in methanol due to the stained adherent cells was
measured after the wells were extensively washed with
deionized water.

Detection of Apoptotic Macrophages by
Annexin-V Binding

Inflammatory peritoneal exudate cells (5 X 10%/ml) were
cultured in Teflon beakers in the presence of IFN-vy for 6
hours, washed, and then incubated with 1 wg/ml LPS as
described above. At various time points, cells were re-
moved and stained with annexin-V-fluorescein isothio-
cyanate (PharMingen, La Jolla, CA) according to manu-
facturer’s directions. Processed cells were analyzed by
flow cytometry on a Becton Dickinson (San Jose, CA)
Facscan.

Statistical Analysis

Comparison of data from gal3*/* and gal3~/~ mice were
performed with the statistical software Statview. Data
were subjected to the Mann-Whitney U test or analysis of
variance with Bonferroni-Dunn post hoc analysis.

Results

Homologous Recombination and Production of
gal3™"~ Mice

The genomic structure of galectin-3 contains six exons®®
(Figure 1A), with exons 2 and 3 coding for the amino-
terminal region and exons 4-6 coding for the carboxyl-
terminal carbohydrate-binding domain. Our strategy for
inactivating galectin-3 in mice was to interrupt the region
coding for the carbohydrate-binding domain with a neo-
mycin resistance gene. Specifically, a short intron 4-exon
5 segment (0.5 kb) was substituted with the antibiotic-
resistance gene (Neo). Figure 1B depicts the structure of
the homologous recombinant galectin-3 gene and Figure
1C predicts the restriction fragment profiles of both wild
type and homologous recombinants using the specific
probes shown in Figure 1B. The genomic Southern blot of
two homologous recombinant gal3*/~ mouse embryonic
stem cell clones is shown in Figure 1D, visualized with
probe 1. The upper band in each lane for clones 4A2 and
9A4 were detected with probe 4, but no bands were
observed in parent D3 (data not shown).

Figure 2A shows the Southern blot analysis of galec-
tin-3 gene from gal3~/~, gal3*/*, and gal3*™/~ mice. The
2.9-kb intron 3-exon 5 fragment of the galectin-3"/* gene
and the corresponding 4-kb homologous recombinant of
the galectin-37/~ are evident. Hemizygous mice are
characterized by the presence of both DNA fragments.
To demonstrate that the galectin-3 gene was indeed
inactivated in gal3~/~ mice, several organ extracts were
prepared and adsorbed with lactosyl-Sepharose 4B, and
the adsorbed proteins were analyzed by immunoblotting.
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Figure 3.Reduced peritoneal inflammatory responses are observed in
gal3™/~ mice when induced with thioglycollate broth. A: Mice matched by
sex and age were injected intraperitoneally with 1 ml of thioglycollate broth,
and inflammatory cells were harvested at various intervals. Viable leukocytes
determined by trypan blue exclusion were enumerated in duplicate from
individual mice. Means for each time point are shown with SE bars from 9
and 5 separate experiments, with a total of 22 and 14 mice for each genotype
for days 0 (untreated) and 1, respectively. The results from gal3*™* mice are
shown in closed circles and those from gal3™/~ mice are shown in open
circles. B: Inflammatory peritoneal cells obtained 1 day after thioglycollate
broth treatment were cytospun onto glass slides and stained with soluble
Wright's stain for differential identification of leukocytes by standard mor-
phologies. Between 100 and 200 total cells were enumerated from random
fields in triplicate using a 100X oil immersion objective. Comparisons be-
tween genotypes were tested for significance using the Mann-Whitney U test;
* indicates significant differences where P < 0.05. Data are means with SE
bars from 4 experiments of a total of 11 mice for each genotype.

As shown in Figure 2B, although gal3*/* mice expressed
large amounts of galectin-3 in lung, spleen, and thymus
tissues, gal3~/~ mice were deficient in this protein in
these various organs, as expected. Gal3™/~ mice are
viable and fertile and do not exhibit any overt defects.
Various organs from gal3~/~ mice were further examined
histologically and no apparent alterations were detected.
Organs examined included adrenal gland, brain, colon,
duodenum, esophagus, gall bladder, heart, hypophysis,
kidney, knee joint, liver, lung, lymph nodes, mesentery,
ovary, pancreas, salivary glands, skeletal muscle, skin,
small intestine, stomach, spleen, testis, thymus, thyroid,
and urinary bladder. No significant differences were ob-
served in body weights and weights of major organs, and
no differences were found in blood cell counts and chem-
istry profiles between gal3~/~ and gal3*/* mice. Lym-
phocyte subpopulations of thymus, spleen, and lymph
node were also examined and total numbers of lympho-
cytes, ratios of CD4*/CD8™" cells, and numbers of CD3™"
cells, were comparable between gal3~/~ and gal3*/*
mice.
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Table 1. Peritoneal Cell Recoveries from Wild Type and Gal-3~/~ Mice Treated with Thioglycollate Broth
Genotype Day 0 Day 1 Day 2 Day 3 Day 4 Day 6
+/+ 0.98 +0.13 2.01 =0.29 257 +0.23 212 £0.19 1.79 £ 0.13 1.49 +0.17
-/- 0.72 £0.04 1.31 =0.14 216 £ 0.27 1.54 = 0.14 1.49 = 0.12 1.058 =+ 0.127
n 22 14 19 17 14 34
P 0.1879 0.0482 0.3578 0.0146 0.1979 0.0089

Inflammatory cells were obtained as described in Figure 3. Recoveries are expressed as cells X 1077 = SE. n, number of mice used for each
genotype at each day of inflammation; P, values obtained by Mann-Whitney U test comparison between genotypes. Untreated mice are represented

by Day O.

Gal3~’~ Mice Exhibit Decreased Levels of
Peritoneal Inflammation

As an initial approach to assess the effect of galectin-3
deficiency on inflammatory responses, we examined the
peritoneal inflammation induced by thioglycollate broth.
Untreated (Day 0) gal3~/~ mice consistently contained
fewer leukocytes in the peritoneal cavities, although the
differences were not statistically significant (P = 0.1879).
Although both types of mice mounted inflammatory re-
sponses to thioglycollate broth treatment, gal3~/~ mice
clearly exhibited reduced inflammation (Figure 3, Table
1). One day after thioglycollate broth stimulation, the
yields of inflammatory leukocytes in the peritoneal cavi-
ties of gal3~/~ mice were significantly lower (P < 0.05)
than that of gal3*/* mice (Figure 3). Similar trends were
observed 3 and 6 days after thioglycollate stimulation
(Table 1).

Differences between gal3™" and gal3™/~ mice were
also observed when the numbers of different leukocyte
populations were examined (Figure 3, Table 2). Although
minor differences were observed at day 0 (untreated mice),
the most striking difference is the substantially lower num-
bers of monocytes/macrophages and lymphocytes in
gal3™/~ mice 1 day after thioglycollate broth stimulation
(Figure 3). The numbers of monocytes/macrophages were
comparable between the two groups of mice, however, on
prolonged inflammation for several days (Table 2). In con-
trast, gal3~/~ mice continued to exhibit significantly lower
numbers of lymphocytes on days 2 and 4 (Table 2). On the
other hand, the numbers of neutrophils were comparable,
and there were consistently more eosinophils in gal3~/~
mice, 2 days after the stimulation. The difference between
the two groups of mice was also evident when the percent-
ages of various leukocytes in the peritoneal cavity were

compared (Table 2). When compared with gal3™* mice,
gal3~’~ mice have lower percentages of monocytes/mac-
rophages (day 1), lower percentages of lymphocytes (days
2 and 4), and higher percentages of eosinophils (days 1, 2,
and 4).

Peritoneal Inflammatory Cells from gal3~'~ Mice
Consistently Show Decreased NF-«B
Responses

The results reported above suggest that gal3™/~ mice
develop a lower inflammatory response to thioglycollate
stimulation compared with gal3*/* mice. To substantiate
this conclusion, we examined the NF-«B response in the
peritoneal inflammatory cells in these mice. NF-«kB is a
transcription factor commonly activated in various inflam-
matory conditions and plays an important role in the
transcription of genes for many inflammatory factors.*®
Nuclear extracts were prepared from peritoneal leuko-
cytes obtained from untreated mice and mice treated
with thioglycollate broth, and the kB binding activity was
examined by EMSA. Resting peritoneal leukocytes from
untreated mice of both genotypes showed low levels of
kB binding activity. However, on stimulation with thiogly-
collate broth, leukocytes from gal3*/* mice responded
with robust kB binding activities. In contrast, leukocytes
from gal3~/~ mice responded weakly (Figure 4A).

The lower levels of the NF-kB response in cells from
gal3™/~ mice are consistent with decreased levels of
activation. However, another possibility is an intrinsic def-
icit in the NF-kB response pathway as a result of the
galectin-3 deficiency. To differentiate these two possibil-
ities, we obtained resting as well as thioglycollate-elicited
peritoneal leukocytes from both genotypes, exposed

Table 2. Leukocyte Recoveries in Inflammatory Mouse Peritoneal Cells Induced with Thioglycollate Broth in Wild-Type and
Gal-37/" Mice
Days Macrophages Neutrophils Lymphocytes Eosinophils
]
+/+ 1.54 £ 0.29 (50 = 1) 1.10 = 0.24 (39 = 2) 0.047 = 0.011 (2 = 0.4) 0.26 £ 0.057 (8 = 1)
== 0.67 = 0.11* (33 = 2)* 0.89 *0.17 (61 = 2)* 0.020 + 0.0030* (0.9 = 0.2) 0.24 = 0.030 (14 = 2)*
2
+/+ 152 = 0.26 (72 £ 2) 0.25 *=0.081(12+2) 0.18 *0.026 (8 = 1) 0.15+0.040 (7 = 1)
-/= 1.36 £ 0.23(69 = 1) 0.24 *=0.031(13 = 0.8) 0.091 = 0.034* (4 = 1)* 0.26 = 0.049* (14 £ 0.8)*
4
+/+ 0.025 = 0.007 (3 £ 0.7) 0.20 *=0.085(11 = 1) 0.18 = 0.030 (9 = 0.8)

1
—-/- 1 0.084 = 0.041(3x=0.6

)

0.084 + 0.011* (6 = 0.6)* 0.19 + 0.040 (1 2 + 1y

Inflammatory cells were obtained as described in Figure 3. Recoveries are expressed as cells X 1077 = SE (percentage of cell population + SE).
*P < 0.05 by Mann-Whitney U test comparison between genotypes, n = 11 per genotype.
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Figure 4. Peritoneal inflammatory cells of gal3™'~ mice exhibit a reduced NF-kB response. Nuclear extracts were obtained from peritoneal inflammatory cells and
the kB binding activity was determined by EMSA. A: Peritoneal cells from gal3™/~ and gal3™'* mice were obtained 2 days after thioglycollate broth treatment.
Each lane represents results from a single mouse. Similar results were obtained from three separate experiments. B: Peritoneal cells from untreated or
thioglycollate-treated mice (1 or 2 days after the treatment) were obtained by lavage and cells from three mice for each group were pooled. They were incubated
in RPMI (5 X 10° cells/ml) at 37°C in the absence or presence of recombinant TNF-e (40 ng/ml) for 40 minutes. The arrowheads mark the positions of

DNA-protein complexes specific for NF-«kB.

them to tumor necrosis factor-a (TNF-«), and measured
the NF-kB response. As shown in Figure 4B, resting cells
from both genotypes exhibited nearly undetectable levels
of kB binding activity, but showed comparable levels of
activity on stimulation by TNFea. Similarly, while thiogly-
collate-elicited leukocytes from gal3~/~ mice exhibited
significantly reduced levels of kB binding activity com-
pared with gal3*/* mice, cells from both genotypes
showed comparable levels of activity after stimulation by
TNFa. Therefore, the gal3~/~ cells do not appear to have
an intrinsic defect in NF-kB response and the lower re-
sponse in the peritoneal cells of gal3~/~ mice following
thioglycollate treatment probably reflects the lower de-
gree of peritoneal inflammation in these mice.

Peritoneal Macrophages from gal3~'~ Mice
Show Decreased Areas of Adherence in Culture

When resident or thioglycollate-elicited peritoneal macro-
phages from gal3~/~ mice and gal3*/* mice were cul-

tured under standard conditions, the adherent cells from
both sources exhibited spread-out morphology charac-
teristic of macrophages. However, we consistently ob-
served that cultured resident macrophages from gal3 =/~
mice exhibited a lower degree of spreading. Indeed,
when the cell surface areas were measured, statistically
significant differences were noted (178 = 2 vs. 151 £ 2
relative units for gal3*/* and gal3~/~ mice, respectively,
from a total of 5 experiments, 13 mice, and over 3300
cells from each genotype measured, P < 0.0001). When
thioglycollate-elicited peritoneal cells were cultured for 2
hours and initially nonadherent cells (containing mono-
cytes, lymphocytes, eosinophils, and neutrophils) were
further cultured, an additional macrophage population
could be obtained. When these cell populations were
compared, a dramatic difference in the degrees of
spreading was observed (Figure 5A). The average cell
area of adherent macrophages from gal3~/~ mice was
less than 40% of that of cells from gal3*/* mice (Figure
5B). The experiments were performed four times with
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Figure 5. Cell areas of adherent inflammatory peritoneal macrophages from
gal3™/~ mice are different from macrophages of gal3™/* mice. A: Represen-
tative phase photomicrographs of macrophages obtained from culturing
initially nonadherent cells from peritoneal cavities of thioglycollate-treated
gal3™/* and gal3™/~ mice. B: Mean cell areas of adherent macrophages. Cell
areas of adherent cells were measured from digitized files obtained from
three random fields of culture wells. Data are means from three separate
experiments and are expressed in an arbitrary unit. Over 400 individual cells
from each genotype were measured; a P value < 0.0001 was obtained by
Mann-Whitney U comparison.

cells from a total of eight mice for each genotype. Cells
from gal3~/~ mice often exhibited spindle-shaped mor-
phology in 22 out of 24 culture wells, while cells from
gal3™* mice showed more uniform spread-out morphol-
ogy in all 24 culture wells.

To determine whether the difference was due to the
effect of galectin-3 functioning extracellularly, we cul-
tured the cells in the presence or absence of lactose,
previously shown in many studies to inhibit galectin-3
activities.'®171° The difference in cell spreading were
unaffected by 25 mmol/L lactose (data not shown).
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Macrophages from gal3~"~ Mice Are More

Sensitive to Apoptotic Stimuli

Previously, we have shown that Jurkat cells transfected
with galectin-3 cDNA and expressing this lectin are more
resistant to apoptosis induced by anti-Fas antibodies and
staurosporine compared with control transfectant not ex-
pressing the lectin,®* and concluded that galectin-3 func-
tions as an anti-apoptotic protein. Therefore, it is possible
that the lower levels of peritoneal inflammatory cells in
gal3™/~ mice are at least partly attributable to the in-
creased cell death in these mice due to the lack of this
lectin. To test this possibility, we compared the rate of
apoptosis of peritoneal macrophages from gal3*/* and
gal3~/~ mice after treatment with IFN-y and LPS, a pro-
cedure known to induce apoptosis in these cells.*® We
focused on macrophages because these cells are known
to express galectin-3.5° The mice were injected intraperi-
toneally with thioglycollate, and harvested inflammatory
peritoneal macrophages were treated with 10 ug/ml LPS
and 10 U/ml IFN-+ for various periods. As shown in Figure
6A, viable cells decreased with time in culture. Gal3 ™/~
cells appeared to be more sensitive to this treatment and
resulted in significantly lower numbers of surviving cells.
With the alternative method of activation, where macro-
phages were pretreated with IFN-y for 6 hours before
LPS, significantly decreased numbers of cells were ob-
served for doses of IFN-y from 0.3 to 10 U/ml in a dose-
dependent manner (data not shown). Because LPS/IFN-
y-induced apoptosis occurs through a nitric oxide-
dependent pathway,®'~°2 levels of nitrite (a stable by-
product of nitric oxide) in culture supernatants were
measured. No significant differences were observed be-
tween gal3*/* and gal3~/~ macrophage cultures (data
not shown), suggesting that differential rate of cell death
was not due to differences in the capacity to produce
nitric oxide after LPS and IFN-y activation.

We then determined whether the lower recovery of
gal3~/~ cells is due to increased apoptosis as a result of
galectin-3 deficiency. Peritoneal macrophages from
gal3*/* and gal3~/~ mice were cultured in Teflon bea-
kers (to facilitate periodic retrieval of cells for measure-
ments) and activated with IFN-y and LPS as above to
induce apoptosis. As shown in Figure 6B, macrophages
from gal3~/~ mice demonstrated significantly higher levels
of apoptosis, as confirmed by higher annexin-V binding.

Discussion

We have demonstrated in this study that galectin-3 defi-
ciency results in significantly reduced peritoneal inflam-
matory responses to thioglycollate stimulation. First, there
are lower levels of monocyte/macrophage infiltration in
the first 24 hours following thioglycollate stimulation and
reduced numbers of lymphocytes throughout six days of
inflammation. Second, thioglycollate-elicited leukocytes
from gal3™/~ mice exhibit significantly lower levels of
NF-kB response. The results suggest that endogenous
galectin-3 plays a role in positively regulating peritoneal
inflammatory processes.
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Figure 6. Peritoneal macrophages from gal3~/~ mice are more sensitive to apoptotic stimuli than cells from gal3

Media 1.7 U/ml IFNy

*/* mice. A: Inflammatory macrophages obtained

from peritoneal cavities of mice 3 days after treatment with 1 ml thioglycollate were cultured as adherent cells with 10 wg/ml LPS and 10 U/ml IFN-vy for the
indicated periods. Surviving cells were measured by the MTT assay.*® Data are shown from one representative experiment as means *+ SE. Similar results were
obtained from five separate experiments, including experiments in which macrophages elicited with 2 ml thioglycollate broth for 4 days were cultured with various
amounts of IFN-y for 6 hours followed by 1 ug/ml LPS (data not shown). A significant difference between genotypes (P < 0.0001) was obtained by analysis of
variance at 5% significance with Bonferroni-Dunn post hoc analysis. B: Cells were cultured in Teflon beakers at 5 X 10° cells/ml and treated with 1.7 U/ml IFN-y
for 6 hours, washed, and then activated with 1 wg/ml LPS for 24 hours. The cells were stained with annexin-V-fluorescein isothiocyanate and analyzed by flow
cytometry. Percentages of cells positively stained, gated within region R2, were determined, as shown in representative histograms.

Results from a number of previous in vitro studies have
suggested that galectin-3 may be an amplifier of inflam-
matory responses. First, galectin-3 is present in extracel-
lular fluid and is capable of activating various cells.®>*

Thus, it may be envisaged that in inflammatory responses
in the peritoneal cavity, galectin-3 released from some of
the activated cells could activate additional cells. Sec-
ond, this lectin can mediate cell-cell and cell-extracellular



matrix protein interactions,'®?"%% as well as homotypic

cell-cell interactions,?® making it suited for promoting
inflammatory responses. Third, galectin-3 can inhibit pro-
grammed cell death, as demonstrated by using a human
T cell line transfected with galectin-3 cDNA.?* Therefore,
galectin-3 expression may lead to longer survival of in-
flammatory cells and thus to prolonged inflammation. The
results reported here, indeed, support the previous no-
tion that galectin-3 has a proinflammatory function. Fur-
thermore, at least one of the above mechanisms may be
contributory. Specifically, galectin-3 deficiency appears
to result in the peritoneal macrophages becoming more
sensitive to apoptotic stimuli, resulting in mice exhibiting
decreased levels of inflammation.

The finding that galectin-3 deficiency results in in-
creased tendency to apoptosis in macrophages in turn
supports the function of galectin-3 in inhibiting apoptosis.
Previously, we noted sequence similarity between galec-
tin-3 and a well-characterized anti-apoptotic protein,
Bcl-2, demonstrated binding of Bcl-2 by galectin-3, and
proposed that galectin-3 inhibits apoptosis, possibly
through a mechanism involving interaction with Bcl-2.
Although we do not have additional information on the
mechanism underlying the anti-apoptotic activity of ga-
lectin-3, we believe this molecule exerts this effect
through intracellular action. One piece of supporting
evidence for this notion is that recombinant galectin-3
added exogenously to cultured peritoneal macrophages
did not affect the cell survival (data not shown). This
finding is consistent with a previous report where galec-
tin-3 does not induce apoptosis of thymocytes when
added exogenously.®® The mechanism of galectin-3 for
regulating apoptosis is thus different from that of galec-
tin-1, which has been shown to induce apoptosis of thy-
mocytes through binding to cell surface glycoconju-
gates.57’58

We cannot exclude the possibility that galectin-3 also
affects the overall peritoneal inflammatory responses
through extracellular functions, especially because abun-
dant amounts of galectin-3 exist in the peritoneal exu-
date, and this protein is known to bind to cell surface
glycoconjugates through lectin-carbohydrate interac-
tions.®® We have attempted to use anti-galectin-3 anti-
bodies to further clarify the role of extracellular galectin-3
in the inflammatory responses. We have previously gen-
erated a number of monoclonal antibodies against ga-
lectin-3. Only one of them (B2C10) has blocking activity,
whereas others (eg, ASA12) potentiate galectin-3 lectin
activities. We found that, when injected into peritoneal
cavity of wild-type C57BL/6 mice, A3A12 caused an in-
crease and B2C10 caused a decrease in the numbers of
inflammatory cells in the peritoneal cavity elicited by thio-
glycollate, compared with an isotype-matched control
monoclonal antibody. Although the potentiating and sup-
pressive effects of the two antibodies compared with the
control antibody were not statistically significant, the dif-
ferences between the two were (data not shown). There-
fore, these preliminary data support extracellular func-
tions of galectin-3. Further clarification would require
more potent blocking antibodies or other specific inhibi-
tors against galectin-3. Additional experiments are also
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required to determine the relative contribution of the in-
tracellular functions of this lectin to its regulation of in-
flammatory responses. Thus, the possible mechanisms of
action we propose include both intracellular and extra-
cellular functions of galectin-3. In fact, our present view is
that this lectin as well as other members of this lectin
family function both inside and outside the cell. This is
based on the existence of the lectin as well as galectin-
3-interacting proteins in both compartments, and dem-
onstrated extracellular (eg, activation of cells and promo-
tion of cell adhesion) and intracellular functions (eg,
engagement in pre-mRNA splicing and regulation of ap-
optosis) in vitro.

Because the extent of cell spreading is reflective of cell
activation, the fact that macrophages from gal3*/* mice
exhibit more extended morphologies is also consistent
with our proposition that cells from these mice are more
activated. However, other explanations need to be con-
sidered. The most obvious is that galectin-3 released by
monocytes/macrophages, a cell type known to contain
high levels of the lectin,'®%° directly mediates cell adhe-
sion and spreading. However, this may not be in opera-
tion because the spreading of macrophages from
gal3*’* mice was unaffected when the cells were cul-
tured in the presence of lactose (data not shown), which
should inhibit extracellular galectin-3 activities. It has re-
cently been reported that galectin-3 binds to and colo-
calizes with cytokeratin® in a fashion that is dependent
on carbohydrate residues on cytokeratin. Therefore, an
attractive alternative is that galectin-3-cytokeratin interac-
tions modulate the cell shape. It is to be noted that the
effect of galectin-3 deficiency on cell shape is much more
pronounced in initially nonadherent cells, as compared
with the initially adherent cells; the former are likely to
include more immature monocytes and the latter repre-
sent mature macrophages. It is possible that during mat-
uration of macrophages in vivo to the inflammatory state,
any defects in in vitro adherence and spreading caused
by galectin-3 deficiency may be partially overcome. On
the other hand, conditions imposed by culturing initially
nonadherent monocytes may accentuate defects in ad-
herence and spreading properties of these cells resulting
from galectin-3 deficiency. These results also suggest
the possibility that cell types such as lymphocytes, neu-
trophils, and eosinophils included in the initially nonad-
herent cell population may influence the spreading of
monocytes/macrophages by providing some specific
signals, and these companion cells from gal3™/* mice
may be more activated than those from gal3~/~ mice.

While this work was in progress, Colnot et al reported
findings made with an independent line of galectin-3-
deficient mice.®' The main defect noted is that gal3~/~
mice have significantly reduced numbers of neutrophils
in the peritoneal cavity 4 days after thioglycollate treat-
ment, which was not seen in our experiments. This could
be due to variations in the constituents of the thioglycol-
late broth used as well as the amounts injected, which
might have resulted in both quantitative and qualitative
differences in the response. On the other hand, these
investigators also observed lower numbers of macro-
phages in gal3™/~ mice on day 1 after thioglycollate
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treatment, as compared with the wild-type mice (19.0 =
2.58 vs. 31.1 = 6.24). Although the difference is not
statistically significant, it is conceivable that a statistically
significant difference would be observed with a larger
number of mice. Considering both studies together, the
evidence is convincing that galectin-3-deficient mice
mount a lower initial monocyte/macrophage response
than wild-type mice.

The finding that galectin-3-deficient mice have attenu-
ated peritoneal inflammatory responses lends strong
support for the role of galectin-3 in augmentation of in-
flammation. The results provide new insights into mech-
anisms by which galectin-3 exerts its proinflammatory
function, especially when considered together with infor-
mation from previous in vitro studies. In particular, this
lectin may contribute to inflammation by regulating apo-
ptosis of inflammatory cells under inflammatory condi-
tions. Additional studies with this mouse model should
allow further elucidation of the function of galectin-3 in
various inflammatory situations, as well as development
of inhibitors of galectin-3 as therapeutic agents for sup-
pressing inflammatory responses. In addition, the
gal3™/~ mice should be valuable for delineation of the
role of this lectin in other pathological processes, espe-
cially the neoplasm.
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