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Galectin-3 belongs to a family of �-galactoside-bind-
ing animal lectins expressed in several cell types,
including epithelial and immune cells. To establish
the role of galectin-3 in the development of allergic
skin inflammation, we compared inflammatory skin
responses of galectin-3-deficient (gal3�/�) and wild-
type (gal3�/�) mice to epicutaneous sensitization
with ovalbumin (OVA). OVA-treated gal3�/� mice ex-
hibited markedly reduced epidermal thickening,
lower eosinophil infiltration, and lower serum IgE
levels compared with gal3�/� mice. The former
evoked lower interleukin-4, but higher interferon-� ,
mRNA expression at OVA-treated skin sites. More-
over, gal3�/� splenocytes from OVA-sensitized mice
secreted more interleukin-12 compared with gal3�/�

splenocytes. In addition, antigen presentation by
gal3�/� dendritic cells to T cells in vitro were T helper
cell (Th1)-polarized relative to presentation by
gal3�/� dendritic cells. When exposed to OVA, recip-
ients engrafted with T cells from gal3�/� OVA-specific
T cell receptor transgenic mice developed signifi-
cantly reduced dermatitis and a markedly lower Th2
response compared with recipients of comparable
gal3�/� T cells. We conclude that galectin-3 is critical
for the development of inflammatory Th2 responses
to epicutaneously administered antigens; in its absence,
mice develop a Th1-polarized response. This regulatory
effect of galectin-3 on Th development is exerted at both
the dendritic cell and T cell levels. Our studies suggest
that galectin-3 may play an important role in the
acute phase of human atopic dermatitis. (Am J Pathol
2009, 174:000–000; DOI: 10.2353/ajpath.2009.080500)

Atopic dermatitis (AD) is a chronic, or chronically relaps-
ing, inflammatory skin disease characterized by pruritic

and eczematous skin lesions. Various studies indicate
that AD has a complex etiology, with activation of multiple
immunological and inflammatory pathways. Following an-
tigen stimulation, T helper (Th) cells can develop into Th1
cells that secrete interleukin (IL)-2 and interferon (IFN)-�,
or Th2 cells that secrete IL-4, IL-5, and IL-13. It has been
proposed that Th2 cells play a key pathogenic role in AD,
which is supported by the presence of peripheral blood
eosinophilia and enhanced serum IgE levels in a majority
of AD patients. In acute lesions of AD, there is a signifi-
cant increase in the number of cells expressing IL-4, IL-5,
and IL-13 mRNA and proteins, suggesting preferential
accumulation of Th2 cells. Our current understanding of
AD is that there is a predominant Th2 cytokine milieu in
the initiating stages or acute lesions of AD and a mixed
Th1 and Th2 pattern in chronic lesions.1

Galectins are a family of animal lectins defined by
shared consensus amino acid sequences in the carbo-
hydrate-recognition domain and affinity for �-galacto-
sides.2,3 Galectin-3 is the only chimeric galectin that con-
sists of a C-terminal carbohydrate-recognition domain
linked to a flexible non-lectin domain made of tandem
repeats. It is abundantly present in the epithelia of several
organs, and is also expressed by a number of immune
and inflammatory cells, including T cells and dendritic
cells (DCs).4 The expression of galectin-3 is known to be
dependent on cell differentiation and activation.5 Extra-
cellular galectin-3 has been shown to activate a variety of
cells and plays an important role in cell-cell and cell-
extracellular matrix interactions, and these are related to
its carbohydrate-binding properties.6,7 On the other
hand, intracellular galectin-3 plays a role in regulation of
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cell growth, cell cycle progression, and apoptosis, in a
carbohydrate-independent manner.8,9

With regard to the immune and inflammatory re-
sponses, galectin-3 is known to play a role in regulation of
survival of immune cells. Endogenous galectin-3 has
been shown to be anti-apoptotic in human T cell Jurkat
line transfected to ectopically express galectin-3 and in
mouse macrophages.10,11 In contrast, exogenously
added galectin-3 was reported to induce apoptosis in
human T cells lines by binding to cell surface glycopro-
teins.12,13 In addition, extracellular galectin-3 has been
shown to activate various rodent and human immune
cells4 and function as a chemoattractant for human
monocytes, as well as human peripheral blood and alve-
olar macrophages.14 Recent reports from studying ga-
lectin-3-deficient (gal3�/�) mice have indicated that en-
dogenous galectin-3 plays a critical role in phagocytosis
by macrophages15 and in the mast cell response16 by
functioning intracellularly. In addition, galectin-3 was
found to function as a cell surface adhesion molecule on
eosinophils to support cell rolling on and adhesion to
endothelium.17 These findings suggest that galectin-3
can promote the inflammatory response.

We have previously demonstrated that gal3�/� mice
exhibited a lower degree of allergic airway inflammation
compared with wild-type mice in a model of asthma.18

The cellular basis for the role of galectin-3 in this model of
allergic inflammation has not been elucidated. Moreover,
the role of galectin-3 in allergic skin inflammation is un-
known. In the present study, we have investigated the
role of galectin-3 in a mouse model of the acute phase of
AD elicited by repeated epicutaneous sensitization with
ovalbumin (OVA). These mice display many features of
human AD, including disease characterized by acantho-
sis and eosinophil infiltration in the dermis, as well as
pronounced local and systemic Th2 responses.19,20 We
show galectin-3 expression in leukocytes infiltrating the
skin after epicutaneous sensitization. Gal3�/� mice de-
veloped significantly diminished skin inflammation and
exhibited a lower Th2 response but a higher Th1 re-
sponse compared with similarly treated gal3�/� mice. In
addition, presentation of OVA peptide to T cells by ga-
lectin-3-deficient DCs resulted in a Th1-polarized re-
sponse in vitro. Moreover, mice receiving T cells from
gal3�/� OVA-specific T cell receptor transgenic (OVA-
TCR tg) mice developed a markedly lower Th2 response
and a significantly lower degree of dermatitis after expo-
sure to OVA when compared with those receiving corre-
sponding gal3�/� cells. These results suggest that ga-
lectin-3 is critical for the development of the Th2
inflammatory response to epicutaneously introduced an-
tigens, and the regulatory effect of galectin-3 on Th de-
velopment is exerted at both DC and T cell levels.

Materials and Methods

Animals

Gal3�/� mice were developed as described11 and were
backcrossed to BALB/c and C57BL/6 mice for nine gen-

erations. OT-II mice, OVA323–339-specific TCR tg mice in
the C57BL/6 background,21 were obtained from the
Jackson Laboratory (Bar Harbor, ME). Gal3�/� mice in
the C57BL/6 background were crossed to OT-II mice to
obtain gal3�/�/OVA-TCR tg mice. BALB/c mice were
used in the existing AD model with three 1-week periods
of sensitization because this is the most commonly used
strain for this model. C57BL/6 mice were used in the
adoptive transfer experiments, because our gal3�/� and
gal3�/�/OVA-TCR tg mice are in the C57BL/6 back-
ground. It has been demonstrated that skin lesions de-
veloped in BALB/c and C57BL/6 mice are comparable.22

All mice were kept in a pathogen-free environment. All
experiments with mice were approved by the Institutional
Animal Care and Use Committee of the University of
California, Davis (Sacramento, CA).

Sensitization Protocol

Epicutaneous sensitization of 6- to 10-week-old female
BALB/c mice was performed as described previously.20

Briefly, an area on the trunk of mice was shaved and
tape-stripped six times. One hundred �g of endotoxin-
free OVA (prepared by collecting chicken albumin asep-
tically and freeze-drying it in pyrogen-free vials) in 100 �l
of PBS or 100 �l of PBS alone was placed on a patch of
sterile gauze (1 � 1 cm). The gauze was secured to the
back with Tegaderm (3M Health Care Ltd, St. Paul, MN).
Each mouse was sensitized by three 1-week periods of
epicutaneous application of OVA under occlusion, at
2-week intervals.

Adoptive Transfer of OVA-Specific T Cells

Spleens were harvested from gal3�/�/OVA-TCR tg mice
and gal3�/�/OVA-TCR tg mice, and single-cell suspen-
sions of splenocytes were prepared (1 � 106 cells/ml).
The cells were then cultured together with wild-type irra-
diated syngeneic spleen cells (1 � 106 cells/ml) as anti-
gen-presenting cells (APCs) in the presence of OVA (100
�g/ml) and IL-2 (10 ng/ml) in RPMI 1640 medium con-
taining 10% fetal bovine serum at 37°C for 5 days. Ea-
sySep magnetic selection kits (StemCell Technologies,
Vancouver, BC, Canada) were used to isolate CD4� T
cells by negative selection (purity �90% was confirmed
by staining with CD4 Ab, coupled with fluorescence-
activated cell sorting analysis). The resulting cells were
injected intravenously into wild-type C57BL/6 mice (5 �
106 cells per mouse). Twenty-four hours after the injec-
tion, an area on the trunk of the recipients was shaved,
tape-stripped, and sensitized with OVA (100 �g in 100 �l
of PBS) or PBS (100 �l) placed on a patch of sterile
gauze, as described above. The patches were placed for
1 week and then removed.

Histology

Human Tissues

Skin biopsies were obtained under institutionally ap-
proved guidelines from five volunteers diagnosed with
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AD, at lesional and nonlesional sites, and two individuals
without AD and other apparent skin diseases. Tissues
were processed for embedding in paraffin or frozen in
optimal cutting temperature compound (Sakura Finetek,
Torrance, CA). Cryosections were fixed in 95% ethanol
immediately after sectioning, and before immunolabel-
ing, re-fixed in fresh paraformaldehyde for 2 minutes.
Five-�m sections were processed for detection of galec-
tin-3 with goat antibody,23 or anti-CD4 (clone 1F6, AbD
Serotec, Raleigh, NC) as instructed by manufacturer, and
developed with peroxidase-conjugated second antibod-
ies and diaminobenzidine. Double-staining was per-
formed with CD4 antibody and the alkaline phosphatase
UltraVision LP Detection System (Labvision, Fremont,
CA) with fast red substrate, and biotinylated goat anti-
galectin-3, followed by streptavidin-horseradish peroxi-
dase (Jackson ImmunoResearch, West Grove, PA) and
diaminobenzidine/Ni (Vector Laboratories, Burlingame,
CA) according to the manufacturer’s recommendations.
No reactivities were observed with control first antibod-
ies, and under the conditions used for double staining, no
staining was observed with unmatched second reagent
(not shown). Micrographs were obtained with a DP71
camera on an Olympus IX81 microscope with �10 (NA
0.3) and �60 (NA 1.42) objectives.

Mouse Tissues

Skin specimens were obtained from OVA-treated sites
24 hours after removal of the skin patch. Specimens were
embedded in optimal cutting temperature compound
(Sakura Finetek, Torrance, CA) on dry ice. Multiple 4-�m
sections were obtained. The epidermal thickness was
determined by averaging at least 10 random locations on
each slide. Cells were counted in a blind fashion in 20
high-power fields at a magnification of �1,000 and are
expressed as mean cell numbers per high-power field
per sample.

The sections were also processed for immunohisto-
chemical analysis. For immunoperoxidase staining of ga-
lectin-3, the samples were incubated with anti-galectin-3
monoclonal antibody (Ab) A3A1224 as described previ-
ously.23 Bound antibody was detected by an avidin-bi-
otin-immunoperoxidase method according to the manu-
facturer’s instructions (DakoCytomation, Inc. Carpinteria,
CA). For double immunofluorescent staining for CD4 and
galectin-3, an anti-CD4 monoclonal antibody (clone
GK1.5, eBioscience, San Diego, CA) was applied ac-
cording to the suggested protocol to cryosections, fol-
lowed by Alexa488-conjugated second antibody (Invitro-
gen, Carlsbad, CA), and a goat antibody against
galectin-3 was applied, followed by rhodamine-conju-
gated second antibody (Jackson ImmunoResearch,
West Grove, PA).

Quantitation of IgE, IgG1 and IgG2a in the Serum

The standard protocol for sandwich enzyme-linked im-
munosorbent assay (ELISA) was used to quantify the total
amount of antibodies in the sera. Total IgE levels were

measured by ELISA as described previously.25 OVA-
specific IgG1 and IgG2a Abs were also measured by ELISA
as described previously.18 OVA-specific IgE was quanti-
tated by using rat anti-IgE as capture Ab and horseradish
peroxidase-conjugated rabbit anti-OVA Abs (United
States Biological, Swampscott, MA) for detection.20

Analysis of in Vitro Cytokine Synthesis

Single-cell suspensions of spleen and draining (axil-
lary) lymph nodes were prepared in RPMI 1640 supple-
mented with 10% fetal bovine serum. Cells were cultured
in the above medium at 4 � 106 cells/ml in 24-well plates
in the presence of OVA (50 �g/ml). After 72 hours, su-
pernatants were collected and assayed for cytokines by
standard sandwich ELISA, following the manufacturer’s
instructions (IL-4, IFN- �, and IL-5, eBiosciences, San
Diego, CA; IL-12, BD Pharmingen, San Diego, CA).

RNA Preparation, cDNA Synthesis, and
Real-Time PCR

Skin biopsies were obtained 24 hours after the third
sensitization period and total RNA was extracted using
Trizol (Invitrogen, Carlsbad, CA). cDNA was synthesized
from 10 �g of total RNA in a 50-�l reaction mix through
use of Superscript II (Invitrogen). Real-time PCR was
performed by using the TaqMan probes for mouse IL-4,
IFN-�, and glyceraldehyde-3-phosphate dehydroge-
nase26 and the iCycler iQ system (Bio Rad laboratories,
Hercules, CA).

DCs Derived from Bone Marrow

DCs were generated from bone marrow cells, as de-
scribed.27 Cells were cultured in RPMI medium supple-
mented with 20 ng/ml GM-CSF. Cells were harvested on
day 10.

Cytokine Secretion by T Cells from
OVA-Specific TCR Transgenic Mice

CD4� T cells from spleens of OVA-TCR tg mice were
purified as described above. DCs from gal3�/� and
gal3�/� mice were pulsed with OVA323–339 peptide (10
�g/ml) for 3 hours. OVA-pulsed DCs were harvested,
washed, and mixed with purified naïve T cells from OVA-
TCR tg mice, suspended in RPMI containing 10% fetal
bovine serum and 50 �mol/L 2-mercaptoethanol. DCs
(2 � 104) and T cells (2 � 105) were co-cultured for 72
hours. Expanded T cells (5 � 105) were restimulated with
plate-bound anti-CD3 (10 �g/ml) plus anti-CD28 Ab (2
�g/ml) for an additional 48 hours. Supernatants were
collected before and after stimulation and assayed for
IFN-� and IL-4.

Statistical Analysis

Statistical analysis was accomplished by Student’s t-
test using the software GraphPad Prism ver 4. Values of
P � 0.05 were considered significant.
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Results

Galectin-3 Expression in Human and Mouse
Skin Is Up-Regulated in AD

In normal human skin, we observed that galectin-3 was
present predominantly in the epidermis, as described
previously, with disperse cytoplasmic and nuclear local-
ization28 (light brown staining, Figure 1, Ai). In contrast,
galectin-3 expression was up-regulated in the dermis in
lesional skin of patients with AD and was located in
infiltrating lymphohistiocytic cells, some of which display

characteristic morphologies of lymphocytes (arrows, Fig-
ure 1, Aii). CD4� T cells were found to be present in the
same vicinity as galectin-3-positive lymphoid cells in
these regions of the skin in serial sections (Figure 1, Aiii),
suggesting that galectin-3 may be expressed in CD4� T
cells. To firmly demonstrate localization of galectin-3 in
CD4� T cells, we performed double immunohistochem-
istry. In nonlesional skin from patients with AD, there were
scattered CD4� (red) T cells that do not express galec-
tin-3 (arrow, Figure 1, Bi). In lesional skin, many cells
stained positively for both CD4� and galectin-3 (dark
brown). In these cells, the reddish-brown coloration indi-

Figure 1. Galectin-3 expression is up-regulated
in inflammatory cells in the skin in atopic derma-
titis. A: i) Immunohistochemical staining for ga-
lectin-3 in normal skin, �60 objective. (ii, iii)
Immunohistochemical staining for galectin-3 and
CD4 in lesional skin from AD patients. Presence
of galectin-3� lymphocytes (arrows, ii) in the
same vicinity as CD4� lymphocytes (iii) in serial
sections was noted. Counterstained with hema-
toxylin. Magnification � �10. Magnification
inset �60 objective. B: Double immunohisto-
chemical staining for galectin-3 and CD4 in non-
lesional (i) and lesional (ii) skin from the same
AD patient. Scanty CD4� lymphocytes (red) were
present in nonlesional skin (i) that were galectin-
3-negative (arrow). In contrast, large numbers of
CD4� cells were found in lesional skin (arrows,
ii), and many cells express galectin-3 (brown).
Cells co-expressing CD4 and galectin-3 appear
reddish-brown (arrows); �60 objective. Results
are representative of five AD patients. C: Immu-
nohistochemical staining for galectin-3 in skin
from PBS controls (i) and OVA-treated (ii) mice.
Significantly larger numbers of galectin-3� cells
(arrows, brown) were present at the OVA-sen-
sitized skin sites compared with PBS-treated sites.
Counterstained with hematoxylin, �10 objective.
D: Double immunofluorescence staining for ga-
lectin-3 and CD4� in mouse skin treated with
OVA. Increased numbers of infiltrating CD4�

(green) lymphocytes were present in the dermis.
Cells co-expressing galectin-3 (red) and CD4 ap-
pear partially yellow (arrows). An expanded re-
gion of the boxed area in the left panel is shown
in the right panel. Nuclei visualized with
Hoechst dye 33342 appear blue, �20 objective.
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cates colocalization of these proteins (arrows, Figure 1,
Bii), The presence of galectin-3 in CD4� T cells is con-
sistent with the report that this protein is expressed in
activated CD4� lymphocytes.29 A few CD4� cells were
observed in biopsies from individuals without skin dis-
ease, and, like nonlesional skin in AD patients, these cells
did not express galectin-3 (not shown).

In a mouse model of acute AD, epicutaneous sensiti-
zation with OVA in the BALB/c strain induced significant
thickening of the epidermis and prominent inflammatory
cell infiltrations (Figure 1C). Immunohistochemical analy-
sis revealed that only a few cells in the dermis expressed
galectin-3 in the skin from PBS-sensitized mice (Figure
1Ci). However, there was a significant increase in the
number of cells staining positively for galectin-3 (brown,
arrows) at OVA-sensitized skin sites (Figure 1Cii). In-
creased expression of galectin-3 was also observed by
double immunofluorescence staining (Figure 1D). Cells
staining positively for both galectin-3 (red) and CD4�

(green) appear at least partially yellow (arrows, Figure
1D). A few CD4� T cells were observed in regions of
mouse skin treated with PBS and these did not express
galectin-3 (not shown).

Gal3�/� Mice Develop a Lower Degree of
Acanthosis after Epicutaneous Sensitization

To further examine the role of galectin-3 in skin allergic
inflammation, we compared gal3�/�with gal3�/� mice.
Epicutaneous OVA sensitization induced significant
thickening of the epidermis in both gal3�/� and gal3�/�

mice. However, the degree of thickening was significantly
lower in gal3�/� mice compared with gal3�/� mice (Fig-
ure 2A).

Gal3�/� Mice Develop Lower Levels of
Eosinophil and Mononuclear Cell Infiltrations at
the OVA-Sensitized Skin Sites

Dermal infiltration with eosinophils is an important feature
of AD. Eosinophils were barely detectable at the PBS-
sensitized skin sites, but their numbers dramatically in-
creased following epicutaneous sensitization with OVA in
gal3�/� mice. In contrast, significantly lower amounts of
eosinophils were detected at similarly treated skin sites
of gal3�/� mice (Figure 2B). In addition, the numbers of
dermal mononuclear cells were lower in gal3�/� mice
(Figure 2C). There were no statistically significant differ-
ences in the numbers of circulating eosinophils and

mononuclear cells between gal3�/� and gal3�/� mice
(data not shown).

Gal3�/� Mice Exhibit a Lower Th2 Response
but a Higher Th1 Response to Epicutaneous
OVA Sensitization

The mouse model of AD we used is characterized by a
Th2-dominated systemic response including elevated se-
rum IgE levels. We then investigated the total and anti-
gen-specific IgE response. Gal3�/� mice sensitized with
OVA exhibited strikingly lower serum IgE levels com-
pared with similarly treated gal3�/� mice. In addition, the
levels of OVA-specific IgE were also significantly lower in
gal3�/� mice (Figure 3A). Th2 cytokines play a critical
role in isotype switching to IgG1, while Th1 cytokines play
a role in isotype switching to IgG2a. We measured the
OVA-specific serum IgG1 and IgG2a levels, and calcu-
lated the ratio as an indicator of the Th1 response.
Gal3�/� mice showed significantly higher IgG2a/IgG1 ra-

Figure 2. OVA-sensitized skin sites of gal3��/�-

mice show significantly reduced inflammation. A:
Measurements of epidermal thickness in H&E-
stained tissues. Quantification of the skin cellular
infiltrates after Giemsa staining for (B) eosinophils
and (C) mononuclear cells. Bars represent mean
cell numbers � SEM (n � 6 gal3�/�, n � 5
gal3�/�). *P � 0.05.

Figure 3. Gal3�/� mice develop a lower cytokine Th2 response, but a higher
Th1 response. A: Total IgE and OVA-specific IgE in sera were determined by
ELISA. B: The OVA-specific IgG1 and IgG2a were determined by ELISA, and
ratios of IgG2a to IgG1 were calculated. C: Real-time PCR was performed to
quantify mRNA. The results were normalized to glyceraldehyde-3-phosphate
dehydrogenase. Bars represent mean � SEM (n � 6 gal3�/�, n � 5 gal3�/�).
*P � 0.05; **P � 0.01.
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tios compared with gal3�/� mice (Figure 3B). These
results suggest that galectin-3 deficiency results in a
Th1-polarized systemic response to epicutaneously in-
troduced protein antigen.

Skin lesions of AD are characterized by increased
expression of IL-4 mRNA, although IFN-� mRNA tends
to increase in chronic lesions.30 We next examined the
expression of IL-4 and IFN-� mRNA at the skin sites.
Low levels of IL-4 and IFN-� mRNA were detected in
the PBS-sensitized skin sites and the levels were com-
parable between gal3�/� and gal3�/� mice. Expres-
sion of IL-4 mRNA, but not IFN-� mRNA markedly
increased at the OVA-sensitized skin sites of gal3�/�

mice, suggesting the presence of Th2 cells in the skin.
In contrast, IL-4 mRNA did not significantly increase in
OVA-sensitized skin of gal3�/� mice, whereas IFN-�
mRNA was significantly up-regulated (Figure 3C).
These results suggest that following epicutaneous
sensitization, galectin-3 deficiency skews the cytokine
profile of infiltrating T cells toward Th1 and away
from Th2.

Gal3�/� APCs Secrete More IL-12 and Induce a
Th1-Polarized Response

We next examined cytokine production by splenocytes
from OVA-sensitized mice in response to in vitro restimu-
lation with OVA. OVA stimulation of splenocytes from
epicutaneously sensitized gal3�/� mice induced the se-
cretion of IL-4 in amounts comparable to those secreted
by gal3�/� mice. The treatment caused higher IFN-�
production in gal3�/� mice compared with gal3�/� mice,
but the difference was not statistically significant (data
not shown). However, OVA-stimulated splenocytes from
gal3�/� mice secreted significantly more IL-12 than those
from gal3�/� mice (Figure 4A).

IL-12 is a potent immunoregulatory cytokine that pro-
motes Th1 differentiation and is mainly produced by mac-
rophages and DCs. Therefore, to determine the role of
galectin-3 in DCs, we examined the effect of galectin-3
deficiency on the ability of DCs to drive Th cell differen-
tiation in vitro. Presentation of OVA323–339 peptide by
gal3�/� DCs to T cells from OVA-TCR tg mice resulted in
significantly higher IFN-� secretion but lower IL-4 secre-
tion, compared with presentation by gal3�/� DCs (Figure
4B). These results strongly suggest that the effect of
galectin-3 on Th cell polarization is exerted, at least in
part, at the level of DCs as APCs.

A 1-Week Epicutaneous Sensitization with OVA
Induces Significant Thickening of Epidermis at
Treated Sites in Recipients of T Cells from
OVA-TCR tg Mice

To further determine the role of galectin-3 in regulation of
the immune response in AD, we studied mice that receive
T cells expanded in vitro from gal3�/� or gal3�/�/OVA-
TCR tg mice in the C57BL/6 background. Splenocytes
were activated with APCs, OVA, and IL-2 in vitro, then
injected intravenously into recipient wild-type C57BL/6
mice. Flow cytometric analysis showed that more than
80% of the cells transferred were CD4� T cells (data not
shown). One day after injection, mice were epicutane-
ously sensitized with OVA for 1 week, and biopsies were
taken from the OVA-sensitized skin sites 1 day after com-
pletion of the sensitization. Remarkably, a dermatitis re-
sponse similar to that observed in a documented model
using three 1-week sensitizations was obtained. Histolog-

Figure 4. Gal3�/� APCs exhibit a Th1-polarized response. A: Splenocytes
from gal3�/� and gal3�/� mice sensitized with OVA as described in Figure
2 were cultured in the presence of OVA (50 �g/ml) for 72 hours. The
concentration of IL-12 in the supernatants was determined by ELISA (n � 6
gal3�/�, n � 5 gal3�/�). B: CD4� T cells from OVA-TCR tg mice were
co-cultured with bone marrow-derived DCs from gal3�/� and gal3�/� mice
in the presence of OVA323–339 peptide for 3 days. The same number of T cells
(5 � 105) from the two groups was further stimulated with anti-CD3 and
anti-CD28 Ab for 48 hours. The concentrations of cytokines were measured
by ELISA. Results are representative of three experiments. Bars represent
mean � SEM. *P � 0.05; **P � 0.01.

Figure 5. A 1-week OVA sensitization induces
significant thickening of epidermis in recipients of
T cells from OVA-TCR tg mice. OVA-specific
gal3�/� and gal3�/� T cell-enriched populations
generated in vitro were adoptively transferred into
wild-type mice (5 � 106 cells/mouse) and recipi-
ent mice were exposed to OVA for 1 week. A:
H&E staining of sensitized skin sites (magnifica-
tion � original �200). B: Epidermal thickness
measurements. Bars represent mean � SEM (n �
5 animals per group). *P � 0.05. Similar results
were obtained in a separate experiment.
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ical examination indicated that a 1-week exposure to
OVA in these recipients induced epidermal and dermal
thickening and a dense dermal infiltration; there were
focal epidermal acanthosis and spongiosis in the epider-
mis (Figure 5A). Recipients of gal3�/� cells exhibited less
marked acanthosis in the skin as compared with recipi-
ents of gal3�/� cells. However, this difference was not
statistically significant under this experimental protocol
(Figure 5B). To rule out the possible effects of other cell
types (eg, APCs) transferred, we transferred purified
CD4� T cells (purity �90%), and obtained nearly identi-
cal results (data not shown).

Recipients of gal3�/� OVA-Specific T Cells
Show Significantly Lower Eosinophil Infiltration
at OVA-Sensitized Skin Sites

We next quantified the dermal cellular infiltrates in this
new AD model. We observed a dense dermal infiltration
in recipients after the 1-week sensitization (Figure 6A).
Importantly, eosinophil infiltration was significantly lower
in recipients of gal3�/� cells. There was no significant
difference in mononuclear cell infiltration between recip-
ients of gal3�/� and gal3�/� cells (Figure 6B). Nearly
identical results were obtained when purified CD4� T
cells were transferred (Figure 6C).

To determine whether the difference in the response in
mice receiving gal3�/� and gal3�/� CD4� T cells is due
to their differential migration, we labeled cells with car-
boxyl fluorescein succinimidyl ester, engrafted them into
wild-type mice, and enumerated gal3�/� and ga3�/�

CD4� T cells in the lymph nodes 7 days later. We did not
notice a significant difference (data not shown).

Recipients of gal3�/� OVA-Specific T Cells
Exhibit a Markedly Lower Th2 Response but an
Exaggerated Th1 Response

We then measured the serum IgE levels in recipients after
the 1-week sensitization. While it is known that serum IgE
levels did not increase after 1 week of epicutaneous OVA
exposure,19 in our AD model comprising engraftment of
enriched T cells, however, significantly higher levels of
total IgE were detected in the recipients of gal3�/� cells
after this 1-week treatment. In contrast, there was no
increase in the serum IgE levels in mice that received
gal3

�/�
cells, and their serum IgE levels were significantly

lower than those receiving gal3�/� cells (Figure 7A).
Furthermore, recipients of gal3�/� cells had significantly
lower levels of OVA-specific IgG1, but significantly higher
levels of IgG2a (data not shown). Thus, recipients of
gal3�/� cells showed significantly higher IgG2a/IgG1 ra-
tios (Figure 7B). Additionally, we examined cytokine pro-
duction in splenocytes and draining (axillary) lymph node

Figure 6. Skin sites of recipients of gal3�/� T cells have markedly decreased eosinophils in the dermis. In vitro-generated OVA-specific gal3�/� and gal3�/� T
cell enriched populations (A and B) or purified CD4� T cells (C) were adoptively transferred into wild-type mice (5 � 106 cells/mouse) and recipient mice were
exposed to OVA for 1 week. A: Giemsa staining of sensitized skin sites (magnification � original �400). Arrows indicate eosinophils. B and C: Number of
infiltrating cells in sensitized skin sites. Bars represent mean � SEM (n � 5 animals per group). **P � 0.01; ***P � 0.001. Similar results were obtained in a separate
experiment.

Figure 7. Recipients of gal3�/� T cells exhibit lower IgE levels but a higher
IgG2a/IgG1 ratio in the serum. Adoptive transfer was conducted as in Figure
5. A: Total IgE levels in sera were determined by ELISA. B: The OVA-specific
IgG1 and IgG2a were determined by ELISA, and ratios of OVA-specific IgG2a

to IgG1 were calculated. Bars represent mean � SEM (n � 5 animals per
group). *P � 0.05. Similar results were obtained in a separate experiment.
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cells following in vitro stimulation with OVA antigen. We
found that cells from mice receiving gal3�/� T cells se-
creted less IL-4 and IL-5 but more IFN-� (Table 1). Nearly
identical results were obtained when purified CD4� T
cells were transferred (Table 1).

Taken together, these results suggest that, in addition
to the effect on DCs, galectin-3 deficiency in T cells
causes the development of a Th1 polarized response to
epicutaneously introduced protein antigen.

Discussion

We have demonstrated in this study that there is in-
creased galectin-3 expression in inflammatory cells at
lesional sites of human patients with AD, but not in non-
lesional sites of the same patients. We have also ob-
served that galectin-3 expression is up-regulated at skin
sites of allergic inflammation induced by protein antigens
administered epicutaneously in mice. In mice, we have
found galectin-3 deficiency results in significantly re-
duced allergic skin inflammation, as measured by the
number of infiltrating eosinophils and mononuclear cells.
In addition, galectin-3 deficiency results in the develop-
ment of a Th1-polarized response. The results suggest
that endogenous galectin-3 promotes allergic skin inflam-
mation and drives a Th2-polarized response. We have
also provided evidence that the effect of galectin-3 on Th
development is exerted at both DC and T cell levels.

A remarkable aspect of the present study is the dem-
onstration that Th2-mediated dermatitis is induced by
epicutaneous sensitization in mice that receive T cells
from OVA-specific TCR tg mice. In contrast to a previ-
ously described model in which three 1-week periods of
sensitization are required, separated by 2-week intervals,
eosinophilic dermatitis and IgE response develop in this
new model after just 1 week of antigen exposure. It has
been reported previously that RAG2�/� mice, which lack
both B and T cells, failed to develop dermatitis, while
IgH�/� mice, which lack mature B cells, developed der-
matitis equivalent to those observed in wild-type controls

after epicutaneous exposure to OVA.31 Together with
these earlier studies, our findings suggest that T cells
play a critical role in the development of allergic skin
inflammation. Our observations of similar numbers of
mononuclear cells in the skin of recipients engrafted with
gal3�/� and gal3�/� T cells, respectively, suggest that
the influence of galectin-3 in T cells does not extend to
this aspect of skin inflammation.

Since the skin inflammation model we used is Th2
cell-driven, the lower levels of dermatitis in gal3�/� mice
may be explained by a Th1 deviation of the immune
response. These results are consistent with our previous
studies of a mouse model of asthma, where gal3�/� mice
exhibited reduced airway inflammation and lower IgE
levels in the serum.18 Our T cell engraftment experiments
(Figure 6 and 7) provided evidence that galectin-3 exerts
its influence in T cells, ie, endogenous galectin-3 in T
cells promotes the differentiation of naïve T cells into Th2
cells. The expression of galectin-3 in Th1 and Th2 cells
remains to be determined. However, galectin-3 was ob-
served in CD4� T cells in affected regions of human and
mouse skin as determined by immunohistochemistry and
immunofluorescence, respectively, consistent with the
activated nature of these cells, as galectin-3 was ob-
served in T cells when activated, but not in resting T
cells.29

It has been demonstrated that T cells deficient in �1,6-
N-acetyl-glucosaminyltransferase V (Mgat5), which is es-
sential for synthesis of N-glycans carrying carbohydrate
ligands of galectin-3, exhibit a higher TCR response.32

The authors attributed this to the inefficient formation of
lattices made of galectin-3 and N-glycans in the TCR
complexes. That study implies that by interacting with
TCR, galectin-3 increases the threshold of TCR signaling,
and in its absence there is an increased T cell response
to antigen. Whether this mechanism accounts for our
findings remains to be determined.

We have previously shown that galectin-3 is anti-ap-
optotic in the human Jurkat T cell line transfected to
express this protein.10 Subsequent studies by this and

Table 1. Analysis of in Vitro Cytokine Responses from Recipient Mice

Donor cells: In vitro-expanded T cells

Spleen DLN

gal3�/� gal3�/� gal3�/� gal3�/�

IL-4 (ng/ml) 0.251 � 0.006 0.219 � 0.011* 0.210 � 0.006 0.186 � 0.003*
IFN-� (ng/ml) 78.1 � 9.1 178.1 � 29.4* 154.5 � 19.3 217.3 � 9.1*
IL-5 (ng/ml) 1.13 � 0.16 0.54 � 0.16* 1.09 � 0.07 0.49 � 0.11**

Donor cells: Purified CD4� T cells

Spleen DLN

gal3�/� gal3�/� gal3�/� gal3�/�

IL-4 (ng/ml) 0.222 � 0.009 0.191 � 0.009* 0.248 � 0.013 0.212 � 0.004*
IFN- � (ng/ml) 72.8 � 11.4 169.9 � 23.9** 122.6 � 17.9 222.43 � 29.4*
IL-5 (ng/ml) 0.98 � 0.19 0.46 � 0.12* 1.29 � 0.17 0.63 � 0.13*

Enriched populations (upper panel) of OVA-specific gal3�/� and gal3�/� T cells generated in vitro or purified CD4� T cells (lower panel) were
adoptively transferred into wild-type mice (5 � 106 cells/mouse), and recipients were exposed to OVA for 1 week. Spleen and draining lymph nodes
(DLN) were harvested from recipient mice and restimulated as described in Figure 3. Mean values � SEM are shown (n � 5 animals per group).
*P � 0.05; **P � 0.01 vs. similarly treated gal3�/� controls. Similar results were obtained in a separate experiment.

8 Saegusa et al
AJP March 2009, Vol. 174, No. 3



other groups established that endogenous galectin-3 ex-
erts this function in various cell types against different
apoptotic stimuli through an intracellular mechanism by
interacting with molecules in the apoptosis-regulation
pathways.8,33 On the other hand, Fukumori et al12 and
Stillman et al13 more recently reported that exogenous
galectin-3 can induce apoptosis in T cells, probably
through binding to cell surface glycoproteins. Thus, a
possibility exists that galectin-3 regulates apoptosis in
Th1 and Th2 differentially, and its expression favors the
higher Th2/Th1 ratio. However, we did not notice a sig-
nificant difference in the number of CD4� T cells ob-
tained from gal3�/� and gal3�/� mice, after the culturing
and isolation procedures used in the adoptive transfer
experiments. In addition, when carboxyl fluorescein suc-
cinimidyl ester-labeled T cells from these two genotypes
of animals were separately engrafted, similar amounts of
cells were recovered in lymph nodes of respective recip-
ients (data not shown). These data suggest that the dif-
ferences in the responses we observed are not due to the
effect of galectin-3 on cell survival.

A significant reduction in the number of eosinophils
was observed in wild-type mice receiving gal3�/� cells
expanded in vitro. Since transferred cells did not contain
eosinophils, in both groups of recipients eosinophils are
derived from the host, and should not differ in terms of
their biological properties. Thus, our results suggest that
galectin-3 controls the eosinophil response through T
cells in allergic skin inflammation. In this regard, we found
that both splenocytes and draining lymph node cells from
recipients of gal3�/� cells had a decreased capacity to
produce IL-5, which is known to prolong survival, differ-
entiation, and activation of eosinophils. A previous report
has shown that eosinophils were virtually absent in OVA-
sensitized skin sites of IL-5�/� mice.22 Therefore, the
decreased capacity to produce IL-5 in gal3�/� T cells
may contribute to the lower eosinophil infiltration in
gal3�/� mice. Epidermal thickening was observed in
gal3�/� mice, although at significantly reduced degrees
in comparison with gal3�/� animals. The results suggest
that molecules overexpressed in atopic dermatitis other
than galectin-3 also play a role. Similar observations were
made in studies of IL5�/� and IFN��/� mice treated to
develop allergic skin inflammation, in that these mice
developed skin thickening, but to lower degrees com-
pared with wild-type mice.22

It should be mentioned that Lahoz and colleagues
showed that exogenous galectin-3 suppressed the pro-
duction of IL-5 in eosinophils and T cells.34 They subse-
quently reported that administration of plasmid-encoding
galectin-3 resulted in the improvement of cellular and
functional parameters of a mouse model of asthma by
suppressing IL-5.35,36 These contrasting results suggest
that exogenously added galectin-3 may not reproduce
the function of endogenous galectin-3. This is probably
because the location, amount, and intracellular versus
extracellular functions of the transgenic protein derived
from the plasmid may be different from those of endog-
enous galectin-3.

APCs are known to play an important role in Th cell
polarization. We noted that splenocytes from gal3�/�

mice produced higher levels of IL-12, a cytokine known to
be a potent inducer of Th1 responses mainly produced
by macrophages and DCs after epicutaneous OVA sen-
sitization. This result is consistent with a recent report
describing the production of larger amounts of IL-12 in
galectin-3-deficient DCs.37 Here we have further directly
demonstrated that presentation of OVA peptide to T cells
by gal3�/� DCs resulted in significantly higher IFN-�
secretion, but lower IL-4 secretion compared with pre-
sentation by gal3�/� DCs. Thus, galectin-3 also exerts its
effect on Th cell polarization through DCs. In contrast to
our results, a recent report showed that gal3�/� DCs
induced an enhanced production of both IFN-� and IL-4
by T cells.38 There are several differences in the experi-
mental design between the two studies. Firstly, there are
differences in the mouse strains and the antigen used,
which might contribute to the discrepancy. Breuilh et al
generated DCs from 129 mice and T cells from BALB/c
mice, whereas we purified both DCs and T cells from
mice in the C57BL/6 background. In addition, they stim-
ulated DCs with schistosome eggs or Toll-like receptor
agonists, whereas we pulsed DCs with OVA peptide.
Finally, and, most notably, the discrepancy could be
attributed to the difference in the number of T cells stim-
ulated in the assay. After co-culturing naïve T cells with
gal3�/� or gal3�/� DCs, Breuilh et al further stimulated
the resultant bulk T cell populations, while we stimulated
equal numbers of T cells from the two groups, with anti-
CD3 plus anti-CD28 Ab. Since they also found that
gal3�/� DCs induced a higher proliferative response in T
cells compared with gal3�/� DCs, there are likely a larger
number of T cells in the cultures exposed to gal3�/� DCs
as compared with those exposed to gal3�/� DCs in their
study (and thus the higher cytokine production in the
former could be partly due to the larger number of T
cells).

In summary, endogenous galectin-3 is a pro-inflamma-
tory molecule and a potentiator of skin inflammation in a
mouse model of AD. Galectin-3 can contribute to allergic
inflammation by promoting polarization toward a Th2 im-
mune response. The regulatory effect of galectin-3 on Th
development is exerted at both DC and T cell levels.
Additional studies will be required to further elucidate the
mechanisms and determine whether galectin-3 similarly
contributes to human AD.
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