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Introduction

Summary

Accumulating evidence shows that galectins play roles in the initiation and
resolution phases of inflammatory responses by promoting anti- or proin-
flammatory effects. This study investigated the presence of three members of
the galectin family (galectin-1, -3 and -9) in induced sputum samples of
asthma patients, as well as their possible implication in the immunopatho-
genesis of human asthma. Levels of interleukin (IL)-5, IL-13, and galectins
were determined in leucocytes isolated from induced sputum samples by
reverse transcription—polymerase chain reaction (RT-PCR) immunofluores-
cence and flow cytometry. High levels of IL-5 and IL-13 mRNA were detected
in sputum cells from asthma patients. In parallel, immunoregulatory pro-
teins galectin-1 and galectin-9 showed a reduced expression on macrophages
from sputum samples compared with cells from healthy donors. In-vitro
immunoassays showed that galectin-1 and galectin-9, but not galectin-3, are
able to induce the production of IL-10 by peripheral blood mononuclear
cells from healthy donors. These findings indicate that macrophages from
sputum samples of asthma patients express low levels of galectin-1 and
galectin-9, favouring the exacerbated immune response observed in this
disease.
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including inflammation and allergic pathologies [7].
Galectin-3 (gal-3) has been described mainly as a powerful

Asthma is a chronic inflammatory respiratory disease char-
acterized by airway inflammation, airway hyperresponsive-
ness (AHR) and reversible airway obstruction [1]. In atopic
asthma, inhalation of allergens stimulates cells of the innate
immune system to secrete cytokines that promote CD4" T
cell antigen recognition, and favouring a T helper type 2
(Th2) response. Recent studies indicate that Th1 and Th17
cells might also play an important role in the pathophysiol-
ogy of asthma. There is evidence that interferon (IFN)-y
secretion can cause severe airway inflammation [2], while
interleukin (IL)-17 is important for neutrophil recruitment;
this cytokine has been detected in bronchial biopsies, bron-
choalveolar lavage fluid and sputum from asthma patients
[3]. The importance of regulatory T cells in controlling
these processes, either via contact-dependent suppression or
through IL-10 and transforming growth factor (TGF)-f
secretion, is now emerging [4—6].

Galectins are a family of B-galactoside-binding animal
lectins with functions in a variety of biological processes,

proinflammatory signal. Deficiency for gal-3 results in less
AHR in a model of ovalbumin (OVA)-induced asthma as
well as in defects of airways remodelling [8,9]. However,
gene therapy with gal-3 has shown beneficial effects in two
murine models of asthma through the down-regulation of
IL-5 gene expression [10,11] associated with inhibition of
suppressor of cytokine signalling (SOCS)1 and SOCS3
expression [12]. In vivo, gal-1 administration has immu-
nosuppressive and anti-inflammatory effects in various
experimental animal models of inflammation and auto-
immunity [13-15]. Also, gal-9 administration reduces AHR
and Th2 cell-associated airway inflammation in a model of
asthma [16]. However, in mice with OVA-induced asthma,
the blockade of T cell immunoglobulin (Ig) and mucin
domain (TIM-3) (gal-9 ligand) has beneficial effects by
skewing the Th2 response towards Thl response, suggesting
that its role in airway inflammation may be more complex
[17]. In spite of the growing evidence about the immu-
noregulatory roles of gal-1 and gal-9, our knowledge of
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their precise role in human inflammatory diseases remains
scarce. In this regard, it has been described recently that
Langerhans and dendritic cells (DCs) from psoriasis
patients express low levels of gal-1 compared to healthy
donors [18], as well as higher gal-9 mRNA levels in periph-
eral blood mononuclear cells (PBMC) of rheumatoid
arthritis patients with low disease activity compared to
those with high disease activity [19].

To explore the contribution of galectins in human
asthma, induced sputum samples were collected from
asthma patients and healthy controls. Expression of
gal-1, -3 and -9 was analysed by reverse transcription—
polymerase chain reaction (RT-PCR), flow cytometry and
immunofluorescence.

Material and methods

Subjects

The ethics committee of the Hospital de La Princesa,
Madrid, Spain (PI-486) approved the study; all participants
gave informed written consent. Twenty-four asthmatic sub-
jects with stable asthma (19 women and five men) without
systemic steroids and 18 healthy controls (nine women and
nine men) were included. Asthma severity was scored
according to the criteria of the Global Strategy for Asthma
Management and Prevention (GINA) (http://www.
ginasthma.com) based on current therapy. Asthmatic sub-
jects were grouped into atopics and non-atopics based on
detection of specific IgE antibodies to house-dust mite, pets
or pollen (grass or tree) and on a clinical history suggestive
of allergic response to those allergens. Symptoms were
measured using the asthma control test (ACT). Prebron-
chodilator forced expiratory volume in 1s (FEV,), FEV,
(%), prebronchodilator forced vital capacity (FVC), FVC
(%) and ratio FEV,/FVC was measured by spirometry
(Jaeger, Wuerzburg, Germany). Exhaled nitric oxide
(FeNO) was measured using a NIOX-MINO® monitor
(Aerocrine, Solna, Sweden). Patients continued with their
usual inhaled corticosteroids (ICS) treatment which was
categorized as follows: < 500 pg/day beclomethasone dipro-
pionate (BDP) or equivalent (n =9), 500-1000 ug/day BDP
or equivalent (n=8) and > 1000 pug/day BDP or equivalent
(n=7). Clinical parameters: age, sex, pulmonary function,
asthma severity, atopic status, ACT, FeNO, ICS, number
of years since diagnosis and history of smoking, rhinitis
and nasal polyps were collected. Clinical parameters are
summarized in Table 1.

Sputum induction

The sputum induction protocol from Pizzichini was
followed, with some modifications [20]. Briefly, before
sputum induction all subjects inhaled salbutamol (200 pug)
via metered dose inhaler. Sputum was induced by 7-min

Table 1. Clinical characteristics of asthma patients and healthy donors.

Asthma Controls
Subjects (1) 24 18
Age 50-34 (24-75) 33-88 (26-53)
Sex (male/female) 5/19 9/9
Atopic/non-atopic 12/12 0/12
ICS BDP dose: (1)
+ <500 pg/day 9 0
+ 5001000 f1g/day 8 0
+ >1000 pg/day 7 0
Lung function
« FEV, (ml) 2623 (1470-5100)* 3937 (3350-4550)*
« FEV,%pred 945 (65-119)* 1085 (65-136)*
+ FVC (ml) 3220 (1220-5960)* 4789 (3850-5730)*

+ FVC%pred
« FEV,/FVC ratio

100-4 (79-132)
76 (57-105)*

108-2 (96-128)
832 (72-88)*

FeNO (ppb) 35 (11-82)* 20 (14-34)*

ACT 22 (16-25) 25

Current smokers (%) 8:3% (2/22) 449% (8/10)
(yes/no)

Packs years 10 7

Years of diagnosis 12-7 (1-55)

Rhinitis (yes/no) 18/6 0/17

Nasal polyps (yes/no) 8/16 0/17

Results are expressed as mean (range). ICS BDP dose: inhaled corti-
costeroid dose pg/day beclomethasone; FEV: forced expiratory volume
in 1s; FVC: forced vital capacity; FeNO: exhaled nitric oxide; ppb:
parts per billion; ACT: asthma control test. Pack years: averaged over
the complete life-span. Differences between means were tested for lung
function and FeNO by Mann—-Whitney U-test, *P = 0-05.

inhalation of hypertonic saline generated with an Omron
Nebulizer (NE-U17-E). Subjects initially inhaled 3% saline,
and if sufficient sputum was not produced the procedure
was repeated with higher concentrations (4 and 5%). Sub-
jects then expectorated into a sterile specimen cup. FEV,
was measured at baseline, after salbutamol inhalation and
after each inhalation period, and the procedure was stopped
if FEV, fell by more than 10% or the patient coughed,
wheezed or felt chest pain.

Sputum was weighed, dispersed with 4 volumes of 0-1%
dithiothreitol (Calbiochem Corp., San Diego, CA, USA) and
incubated in a shaking waterbath at 37°C for 30 min. Cell
viability was determined by Trypan blue exclusion. The dif-
ferential count was obtained by counting 400 cells after
Diff-Quik staining. If more than 5 x 10 cells were collected,
50% was frozen immediately for RNA extraction and the
remaining 50% used for flow cytometry analysis. When
fewer than 5 x 10° cells were collected, the sample was used
for just one of these procedures.

Antibodies

Fluorescein isothiocyanate (FITC)-conjugated anti-human
CD45, phycoerythrin (PE)-conjugated anti-human HLA-
DR, allophycocyanin (APC)-H7-conjugated anti-human
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CD14, Pacific blue (PB)-conjugated anti-human CD16,
Pacific orange (PO)-conjugated anti human CD45 and
7-aminoactinomycin D (7-AAD) were all from BD Bio-
sciences (San Jose, CA, USA). Polyclonal goat anti-human
gal-1, gal-3 and gal-9 were from R&D Systems (Min-
neapolis, MN, USA). Secondary antibodies Alexa Fluor
647-conjugated donkey anti-goat (DAG), Alexa Fluor 568-
conjugated goat anti-mouse (GAM) and Alexa Fluor 488-
conjugated DAG were from Molecular Probes (Leiden, the
Netherlands).

Flow cytometry

Sputum cells from 15 asthma patients and 10 healthy
donors were labelled with PO-anti-CD45, PE-anti-HLA-
DR, PB-anti-CD16 and APC-H7-anti-CD14. For galectin
detection, cells were stained with goat polyclonal anti-gal-1,
anti-gal-3 or anti-gal-9 followed by Alexa Fluor 647-DAG.
Before antibody incubation, Fc-receptors were blocked with
human gamma-globulin. Analyses were performed with a
fluorescence activated cell sorter (FACS)Canto II cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). Galectin
expression was analysed as mean fluorescence intensity
(MFI).

Cytokine expression

PBMC were islolated from 15 ml of venous peripheral
blood from five healthy donors by density gradient. PBMC
were seeded (5% 10°) onto 24-well plates and stimulated
with 100 ng/ml lipopolysaccharide (LPS); where indicated,
10 pg/ml human recombinant (h) gal-1 (Prepotech,
London UK), gal-3 (ImmunoTools, Friesoythe, Germany)
or gal-9 (R&D Systems) were added. After 24 h, cytokine
expression was detected at mRNA and protein level using
RT-PCR and cytometric bead array (BD Biosciences),
respectively. Bead array data were acquired using FACS-
Canto II cytometer.

In addition, IL-10 and IL-4 production were analysed in
peripheral blood lymphocytes (PBLs) from four healthy
donors. Briefly, PBMC were depleted of monocytes and
PBLs (2 x 10°) were seeded onto 24-well plates precoated or
not with 0-5ug/ml anti-CD3 and 1ug/ml anti-CD28;
where indicated, 10 pg/ml h gal-1, h gal-3 or h gal-9 were
added. After 24 h of incubation, culture supernatants were
collected and quantified by cytometric bead array.

Quantitative real-time PCR

RNA was isolated with Trizol RNA reagent (Invitrogen,
Eugene, OR, USA) and RT-PCR was performed from
250 ng of RNA from 16 asthma patients and 11 healthy
donors. In the case of PBMC, RNA was isolated from five
healthy donors. mRNA levels of IL-5, IL-13, gal-1, gal-3 and
gal-9 for sputum samples and IL-10, IL-12A, IL-12B, IL-1B

Gal-1 and Gal-9 in asthma

and TNF-o for PBMC were determined in duplicate
using Power SYBR Green PCR master mix from Applied
Biosystems (Warrington, UK). Expression levels were nor-
malized using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or beta-actin as controls. Primers sequences are
shown in Supplementary Table S1.

Fluorescence microscopy

Cytospin preparations were fixed with 4% paraformalde-
hyde in PBS, permeabilized with 0-2% Triton X-100. After
blocking of Fc-receptors with human gamma-globulin, cyt-
ospin preparations were labelled with anti-gal-1, anti-gal-3
or anti-gal-9. Next, Alexa Fluor 488-coupled DAG 1:100 was
added. Preparations were blocked with goat serum and
incubated with mouse anti-human CD45 followed by Alexa
Fluor 568-coupled GAM. Finally, Alexa Fluor 647 anti-
MHC-II was added. Nucleus was counterstained with
Hoechst 33342. Images were captured with wide-field fluo-
rescence Leica DMIRE2 microscope coupled to a mono-
chromator (Polychrome IV from Till Photonics, Lochhamer
Schlag, Germany) and CCD camera (CoolSNAP HQ; Pho-
tometrics, Tucson, AZ, USA).

Statistical analysis

Data were analysed with GraphPad Prism (GraphPad Soft-
ware Inc, San Diego, CA, USA). The Kruskall-Wallis test,
Mann—Whitney U-test or Wilcoxon’s matched-pairs test
were used when appropriate. Differences were considered
significant at P < 0-05.

Results

Subjects, lung function and sputum differentials

Sputum samples were obtained from 24 asthma patients
and 18 control subjects. The mean FEV, of the 24 asthma
patients was 2623 ml (94-5%) and the mean FVC was
3320 ml (100-4%), while the FEV,/FVC ratio was 76-73. The
distribution of asthma according to severity and current
therapy using GINA guidelines was as follows: mild inter-
mittent (n = 0), mild persistent (n = 1), moderate persistent
(n=15) and severe persistent (n=8). Atopy was found in
12 of 24 asthma patients. Two of 24 asthma patients and
eight of 18 control subjects had a history of smoking. All
healthy controls had normal spirometry and all participants
denied clinical symptoms of upper or lower airway disease
during the previous 4 weeks and the use of anti-asthma
medication in the last 5 years. Clinical characteristics of
patients are shown in Table 1.

The quality of induced sputum samples was determined
by the presence of <20% squamous epithelial cells and
>50% cell viability assessed by vital dye 7-AAD exclusion.
The samples that did not fulfil quality criteria were excluded
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Table 2. Differential cell counts (cytospins) in induced sputum.

Healthy Asthma
Total cells (10%) 7-20 (1-20) 7-10 (1-20)
Neutrophil % 43-84 (25-65) 48-60 (40-57)
Macrophage/monocyte % 53-07 (34-71) 38-3 (34-41)
Lymphocyte % 0-48 (0-2-0-8) 0-72 (0-4-1-3)
Eosinophil % 0-97 (0-2) 1-43 (0-13-2-73)

Epithelial cells % 157 (0-5-3-2)* 9:57 (5-5-12:5)*

Data are expressed as mean (range) *P < 0-05.

from the study. Differential cell count obtained from cyt-
ospin preparations are shown in Table 2. FACS analysis of
single-cell suspensions stained for cell surface markers
detected a predominance of leucocytes (CD45%, 60-90%),
most of which were CD16". Representative flow histograms
are shown in Supplementary Fig. S1.

Th2 cytokine and galectin mRNA expression in
sputum samples

The expression of gal-1, gal-3 and gal-9 were analysed by
RT-PCR in cells isolated of induced sputum samples from
asthma patients and healthy control subjects.

Gal-1 and gal-3 mRNA levels in samples from asthma
patients [mean * standard error of the mean (s.e.m.)=
2:6 * 0-4 and 44 = 14, respectively] were lower than those
from healthy subjects (4-7 = 1-2 and 20-0 * 8-7) (Fig. la).
In contrast, gal-9 mRNA expression did not vary signifi-
cantly between the two groups (3:2 = 13 versus 3:3 = 1-1)
(Fig. la). As expected, sputum samples from asthma
patients contained elevated mRNA levels of the Th2
cytokines IL-5 and IL-13 (P < 0-05, Fig. 1b).

The Th17 response has been proposed recently to play an
important role during the pathology of allergic asthma
[21]. However, the Th17 cytokines IL-17 and IL-23 were
undetectable in sputum samples under our experimental
conditions (data not shown).
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Gal-1, gal-3 and gal-9 expression in leucocytes from
induced sputum samples

Surface expression of galectin proteins in sputum cells was
determined by flow cytometry. First, using sputum samples
from healthy donors we determined whether galectins were
expressed differentially in the main subsets of sputum
leucocytes observed in cytospin. Differential expression of
HLA-DR was used to distinguish macrophages (CD16"DR")
and neutrophils (CD16'DR") and the expression of
galectins was studied in both subpopulations. A low level of
eosinophil counts (<3%) was observed in samples from
both asmathic patients and healthy donors (see Table 2). As
shown in Fig. 2a, gal-1 and gal-9 were expressed only on
macrophages, while gal-3 expression was detected on both
macrophages and neutrophils. Differential gal expression
by macrophages and neutrophils was also confirmed by
immunofluorescence staining of sputum cell samples
(Fig. 2b).

Next, we compared galectin expression between asthma
patients and healthy controls. Surface expression of gal-1
and gal-9 was clearly diminished in asthma patients com-
pared with the control group (P < 0-05) (Fig. 3a,b), which
is consistent with the reported action of these proteins as
negative regulators of the immune responses [22,23].
Surface expression of gal-3 was highly variable, and
although it tended to be lower in asthmatic patients,
this difference did not reach statistical significance
(Fig. 3b).

Gal-1, gal-9 and especially gal-3 have been linked to
allergic conditions. However, we did not find any differ-
ence in gal expression between atopic and non-atopic
asthma patients, indicating that the lower expression of
gal-1 and gal-9 is independent of atopic status (Fig. 3¢c). In
addition, no significant differences in galectin expression
were observed when patients were classified according
to the dose of inhaled corticosteroids (Supplementary
Table S2).
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Fig. 2. Macrophages are the main sputum
cells expressing galectin (gal)-1 and gal-9. (a)
Single-cell suspensions of sputum cells from (b)
a healthy donor were stained with anti-CD45,
anti-CD16, anti-HLA-DR and anti-gal-1,
anti-gal-3 or anti-gal-9, and analysed by flow
cytometry. Expression of gal-1, gal-3 and gal-9
was analysed on macrophages (CD16" DR")
and neutrophils (CD16" DR"). Isotype control
(dotted line), gal expression (solid line).
(b) Gal-1, gal-3 and gal-9 expression on
macrophages detected by triple
immunofluorescence in cytospin preparations
from sputum cells from a healthy donor.
Gal-1, gal-3 and gal-9 (green), major
histocompatibility complex (MHC)-class I1
(magenta) and CD45 (red). Nuclei were
stained with Hoescht (blue).

Regulation of cytokine expression by galectins

Next, we explored the role of gal-1, gal-3 and gal-9 in the
cytokine production induced by LPS. PBMC were stimu-
lated with LPS in the absence or presence of gal-1, gal-3 and
gal-9 during 24 h. RT-PCR assays showed that gal-3
reduced the expression of IL-12A induced by LPS (Fig. 4a).
When samples were matched it was observed that the
reduction of IL-12A levels occurred in four of five samples
tested; however, statistical analysis did not show any signifi-
cant differences (Supplementary Fig. S2a). Gal-9 also
caused a mild inhibition of IL-12B in four of five samples
included (Fig. 4a and Supplementary Fig. S2b). In addition,
we observed a slight increment of TNF-o. expression in
PBMC stimulated with LPS in the presence of gal-9.
However, analysis of matched samples showed that this
effect occurs in only three of five samples (Fig. 4a and Sup-
plementary Fig. S2¢). Regarding IL-1f3, we did not detect
any significant difference among treatments (Fig. 4a). Con-
versely, both gal-1 and gal-9 were able to increase the
expression of LPS-induced IL-10 mRNA; in both cases the
induction of IL-10 expression was observed in all samples
tested (P=0-01 and P = 0-03, respectively; Fig. 4b and Sup-
plementary Fig. S2d). Moreover, gal-1 and gal-9 in the
absence of additional stimulus induced a high expression
of IL-10 (Supplementary Fig.S2e). Gal-1, gal-3 and
gal-9 were also explored by their effect on anti-CD3/anti-
CD28-induced cytokines in peripheral T lymphocytes.

| 483%

0102 10%10* 10°
CD16-PB

% of max

010% 10° 10*10°  010% 10° 10*10° 0107 10° 10* 10°
Galectin-1 Galectin-3 Galectin-9

Lymphocytes were stimulated during 24 h with anti-CD3
and anti-CD28 in the presence or not of gal-1, gal-3 and
gal-9 as indicated in Material and methods. Cytokine pro-
duction was determined using a bead-based immunoassay.
Our results showed that the presence of gal-1 during T cell
receptor (TCR) stimulation induces a high production of
IL-10, P=0-02 (Fig. 4c). An augmented IL-4 production
was also observed in those lymphocytes co-incubated with
gal-3 and anti-CD3/anti-CD28; however, this difference was
not statistically significant (data not shown).

Discussion

Most published studies on the immunopathogenesis of
asthma and other inflammatory diseases focus on proin-
flammatory mediators. However, in recent years the study
of cells and molecules with immunoregulatory activity has
begun to gain importance. The data presented here show
that airway cells obtained from induced sputum samples of
asthma patients express lower levels of gal-1 and gal-9 and
higher levels of IL-5 and IL-13 compared with cells from
healthy subjects. In addition, we have identified macro-
phages as the cells from sputum expressing gal-1 and gal-9.
A recent study analysed the presence of galectin-bound pro-
teins in broncoalveolar lavage (BAL) from patients with
mild asthma, and a different profile of galectin-bound pro-
teins was observed between patients and healthy subjects. In
parallel, authors describe that BAL contains galectins at low

© 2012 British Society for Immunology, Clinical and Experimental Immunology, 170: 365-374 369



S. Sanchez-Cuellar et al.

@ b _ o5 ¢ Galectin-1
Healthy o T
100 2 20
[ P<0-05
80 i g_ E 15 |
Gal-1%} " OS2 10
w0 5 s
20 o
) : [
050707 70° 10° 100 O 0107 10° 10° 10 Healthy Asthma
c 100~ in-
100 5 Galectin-3
g a2 8ot
80fF 3 P=0-34
; e -
60 ; g_ T 60
40 f:’ Z sof
20 £ 20
Fig. 3. Surface expression of galectin (gal)-1 5 : G el P a
. . . 010 10° 10* 10 010° 10° 10* 10
and gal-9 is reduced in leucocytes from induced Healthy Asthma
sputum of asthma patients. (a) Cells from 100 : 100 s 30 Galectin-9
sputum samples were stained as in Fig. 2 80} ¢ 80 . 2 T
and galectin expression was analysed on 60} i 60} L __ 20
Gal-9 F o T P<0-05
macrophages (CD16* HLA-DR"). 40 40 f. FS s
Representative histograms from a healthy donor 20 20 .GE) 10
and an asthma patient are shown. Isotype ' 0 °
. . o 010% 10° 10* 10 010% 10° 10* 10° a o
control (dotted line), gal expression (solid line). Healthy Asthma
(b) Gal-1, gal-3 and gal-9 expression on
leucocytes from asthma (1 = 15) and (c) Galectin-1 Galectin-3 Galectin-9
P<0-05
healthy donors (1 = 10). Bars represent v am— P03 P<0.05
mean * standard error of the mean of mean 10 l—| =050 o5 | ESO P<0-05
fluorescence intensity (MFI) of galectins =3 ‘EC’ZOO J Sak .
c .
expression. Differences were tested by S % N 2 sol  ° 2 30 :
= - 220 a 2 5
Mann-Whitney U-test. (c) Gal expression s L . 5100 . N 220 _:E . N
. . . > 1) L] 0
according to allergic state.. Differences between %10 . ﬂ.:.— _;E £ 50 j.—:; S0k i % ]
atopy and non-atopy against healthy donors 1 = ‘ 5 L "an AE S =" *
were tested by Mann—Whitney U-test. o Healthy  Atopic Non-atopic o Healthy  Atopic Non-atopic & Healthy  Atopic Non-atopic

concentrations, suggesting that functional interactions with
galectins occur at sites where airway cells are present [24].
Numerous studies have highlighted the immunomodula-
tory properties of galectins [7]. The anti-inflammatory
properties of gal-1 have been evaluated in animal models of
chronic inflammation [13,25-27]. However, the role of
gal-1 in asthma has not been explored previously. Published
data highlight the ability of gal-1 to counteract Thl and
Th17-mediated responses through a number of anti-
inflammatory mechanisms. One reported mechanism is a
skewing of the balance from Thl towards Th2 polarized
immune responses, mainly through the induction of Thl
cell apoptosis. The numerous anti-inflammatory effects of
gal-1 include induction of IL-10 release [28,29], down-
regulation of the secretion of TNF-a and IFN-y [30,31] and
inhibition of transendothelial migration as well as chemo-
taxis of neutrophils [32]. Disruption of all these processes
could contribute to exacerbated inflammatory responses in
an environment with defective expression of this lectin. In
the context of asthma, IL-10 plays a key role in the control
of inflammatory process, able to down-modulate the Th2
response [33-35]. Decreased IL-10 expression has been
linked recently to the impaired ability of natural regulatory
T cells from allergic asthma patients to induce a tolerogenic

phenotype in dendritic cells [36]. In this regard, our data
show that the presence of gal-1 during LPS stimulation aug-
ments the IL-10 expression by PBMCs; this effect was also
observed in lymphocytes stimulated through the TCR.
Expression of gal-1 is induced by budesonide in an in-vitro
assay and may account for its immunosuppressive efficacy.
The increased gal-1 expression appears to translate into a
marked decrease in the migration of eosinophils, the pre-
dominant inflammatory cell type in this condition [37].

Gal-3, the most studied galectin in relation to asthma, has
been described as a molecule that might contribute to aller-
gic airway inflammation and AHR. We found lower gal-3
gene expression in sputum samples from asthma patients
compared with healthy controls; however, differences in
surface gal-3 protein were not statistically significant, due
possibly to the high variability among subjects.

Gal-9 has a variety of biological activities but is known
mainly for its chemotactic activity towards eosinophils [38].
Gal-9 has also been described as a negative regulator of Th1l
cells [39], but its role in allergic inflammation is controver-
sial. Administration of gal-9 inhibits allergic airway inflam-
mation and Th2 cytokine expression [16]. However, it has
been described that blockade of the ligand of gal-9 (TIM-3)
results in ameliorated OVA-induced asthma [17]. Our data
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Fig. 4. Galectin (gal)-1 and gal-9 induce interleukin (IL)-10 in human peripheral blood mononuclear cells of healthy donors. (a) Peripheral blood

mononuclear cells (PBMC) (5 X 10°) were incubated on p24 plates in the presence or not of 100 ng/ul lipopolysaccharide (LPS) plus 10 pg/ml
gal-1, gal-3 or gal-9. After 24 h of culture, IL-12A, IL-12B, tumour necrosis factor (TNF)-o and IL-1b expression were analysed by reverse
transcription—polymerase chain reaction (RT-PCR). Bars correspond to mean = standard error of the mean (s.e.m.) from five independent

experiments. Dashed lines indicate LPS-induced cytokine expression. Differences among groups were tested by one-way analysis of variance (ANOVA)

test. mRNA levels are expressed as arbitrary units respect to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression (b). mRNA IL-10

expression of PBMC treated as in (a), bars correspond to mean = s.e.m. from five independent experiments. Dashed line indicates LPS-induced

IL-10 expression. (c) IL-10 secretion by peripheral blood lymphocytes (PBL) stimulated with anti-CD3/anti-C28 in the presence or absence of
gal-1, gal-3 or gal-9. PBLs (2 x 10%/ml) were incubated on p24 plates precoated with anti-CD3/anti-CD28, where indicated 10 pg/ml of gal-1, gal-3
or gal-9 were added. IL-10 production was tested using bead-based immunoassay by flow cytometry. Bars correspond to mean * s.e.m. from four

independent experiments. Differences among groups were tested by one-way ANOVA test.

show that macrophages of induced sputum samples of
asthma patients present low levels of membrane surface-
expressed gal-9; however, data obtained from RT-PCR
assays did not show any difference in mRNA expression.
The gal-9 expressed on the cellular surface corresponds
mainly with that produced by the own cell; however, we
cannot rule out that, to a certain extent, gal-9 detected on
the macrophages could be derived from bystander cells; in
addition, post-transcriptional regulation of gal-9 could also
account for such differences. Our data show that gal-9 is
able to induce IL-10 production by human mononuclear
cells, an effect that could be associated with its negative role
on the immune response. In this sense, macrophages from

mice treated with exogenous gal-9 produced less TNF-o
and IL-1P but more IL-10 than PBS-treated mice in a model
of acute lung injury, in which gal-9 administration resulted
in an ameliorated disease [40].

It has been described that galectins might be modified by
corticosteroids either inducing or inhibiting their expres-
sion [41,42]. However, when asthma patients were classified
according to the doses of corticosteroids (< 500 pg/day and
> 1000 pg/day) no significant differences were detected
between groups.

In this study we have also explored the possible regula-
tion of additional LPS-induced cytokines, as IL-1(3, IL-12
and TNF-a by gal-1, -3 and -9. Our results reveal that gal-3
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and gal-9 were able to reduce the LPS-induced expression of
IL-12A and IL-12B in four of five subjects tested. Accord-
ingly, splenocytes from gal-3-deficient mice secreted more
IL-12 compared with wild-type mice in a model of atopic
dermatitis [43]. Under our experimental conditions we have
not observed inhibition of IL-1f and TNF-a. Moreover, our
results show an increase in TNF-o expression in response to
LPS plus gal-9. It is important to note that the doses
employed in this study are very low (<1 uM) and higher
doses of galectins could be necessary to down-modulate
cytokine expression. In addition, in-vitro gal-9 has shown to
induce human monocyte-derived DCs activation [44] as
well as TNF-a production [45].

While animal models are extremely useful tools for inves-
tigating the role of molecules in the immunopathogenesis
of inflammatory diseases, in many situations functions
described in animals cannot be extrapolated to humans.
Studies of immune parameters in asthma patients are,
however, hampered by the restricted availability of lung
tissue or bronchoalveolar samples because of the risks and
contraindications to obtaining these samples. Sputum
induction is thus a valuable, non-invasive means of obtain-
ing viable cells from the lower airway for evaluation of
airway inflammation. Using this method to obtain airway
cells, we have detected defective expression of gal-1 and
gal-9 in asthma patients. The balance of pro- and anti-
inflammatory signals determines the final outcome of the
immune response, and the low levels of the negative regula-
tors as gal-1 and gal-9 in human asthma may contribute to
the inflammatory response present in this disease.
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Supporting information

Additional supporting information may be found in the
online version of this article.

Fig. S1. Immunophenotype of induced sputum cells.
Single-cell suspensions were prepared from sputum samples
and stained with anti-CD45, anti-CD16 and anti-CD3 or
anti-CD14. Vital dye 7-aminoactinomycin D (7-AAD) was
used to exclude dead cells. Representative flow histogram of
an asthmatic patient is shown. Numbers inside dot-plots
indicate the percentage of each subpopulation.

Fig. S2. Effect of galectins (gal) on cytokine expression.
(a—c). Effect of gal-3 on lipopolysaccharide (LPS)-induced
interleukin (IL)-12A (a) and of gal-9 on LPS-induced
IL-12B and TNF-o (b,c) expression on peripheral blood
mononuclear cells (PBMC) from healthy subjects. PBMC
(5% 10%) were incubated on p24 plates with 100 ng/ul LPS
in the presence or not of gal-3 or gal-9 (10 pug/ml). After
24 h culture, cytokine expression was analysed by reverse
transcription—polymerase chain reaction (RT-PCR). Data
correspond to five independent experiments. Difference
between treatments was analysed by Wilcoxon’s matched-
pairs test. (d) Effect of gal-1 and gal-9 on LPS-induced
IL-10 expression on peripheral blood mononuclear cells
(PBMC). Cells were treated and analysed as in (a—c). (e)
Gal-1 and gal-9 induce the expression of IL-10 in PBMC.
Mononuclear cells (5 X 10°) were incubated on p24 plates in
the presence of 10 ug/ml gal-1, gal-3 and gal-9 during 24 h,
and then IL-10 expression was determined by RT-PCR. LPS
(100 ng/ml) was used as positive control. Data correspond
to mean * standard error of the mean of five independent
experiments. Differences among treatment were tested by
one-way analysis of variance test, *P < 0-05.
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Table S1. Sequence of primers wused for reverse
transcription—polymerase chain reaction (RT-PCR).

Table S2. Relation between beclomethasone (BDP) dose
and levels of protein expression [mean fluorescence inten-
sity (MFI)] by flow cytometry.
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the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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