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Abstract: Background. Several research findings suggest that sodium–glucose co-transporter 1 (SGLT1)
is implicated in the progression and control of infections and inflammation processes at the pulmonary
level. Moreover, our previous works indicate an engagement of SGLT1 in inhibiting the inflamma-
tory response induced in intestinal epithelial cells by TLR agonists. In this study, we report the
anti-inflammatory effects observed in the lung upon engagement of the transporter, and upon the
use of glucose and BLF501, a synthetic SGLT1 ligand, for the treatment of animal models of lung
inflammation, including a model of allergic asthma. Methods. In vitro experiments were carried
out on human pneumocytes stimulated with LPS from Pseudomonas aeruginosa and co-treated with
glucose or BLF501, and the production of IL-8 was determined. The anti-inflammatory effect as-
sociated with SGLT1 engagement was then assessed in in vivo models of LPS-induced lung injury,
as well as in a murine model of ovalbumin (OVA)-induced asthma, treating mice with aerosolized
LPS and the synthetic ligand. After the treatments, lung samples were collected and analyzed for
morphological alterations by histological examination and immunohistochemical analysis; serum and
BALF samples were collected for the determination of several pro- and anti-inflammatory markers.
Results. In vitro experiments on human pneumocytes treated with LPS showed significant inhibition
of IL-8 production. The results of two in vivo experimental models, mice exposed to aerosolized
LPS and OVA-induced asthma, revealed that the engagement of glucose transport protein 1 (SGLT1)
induced a significant anti-inflammatory effect in the lungs. In the first model, the acute respiratory
distress induced in mice was abrogated by co-treatment with the ligand, with almost complete
recovery of the lung morphology and physiology. Similar results were observed in the OVA-induced
model of allergic asthma, both with aerosolized and oral BLF501, suggesting an engagement of SGLT1
expressed both in intestinal and alveolar cells. Conclusions. Our results confirmed the engagement
of SGLT1 in lung inflammation processes and suggested that BLF501, a non-metabolizable synthetic
ligand of the co-transporter, might represent a drug candidate for therapeutic intervention against
lung inflammation states.

Keywords: sodium–glucose co-transportfer 1 (SGLT1); lung inflammation diseases; ovalbumin
(OVA)-induced asthma; glycoderivatives

1. Introduction

Acute pneumonic processes and diseases are physiopathological states that have
risen to prominence during the last few years due to the COVID-19 world outbreak and
emergency. The disease could lead a minor percentage of infected people to severe illness,
characterized in particular by extensive damage at the pulmonary level and subsequent
hypoxemic respiratory failure [1]. Severe forms of illness are also characterized by sub-
sequent progression to ARDS (acute respiratory distress syndrome), in which aggressive
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inflammatory responses occur [2]. The uncontrolled inflammation response, caused by a
massive release of pro-inflammatory cytokines (cytokine storm) [3] in response to viral
and/or secondary infections (or due to a dysregulated host response), can ultimately lead
to a systemic acute inflammation state, characterized by multi-organ damage and failure,
in particular on cardiac, kidney, and hepatic levels [4].

The lung epithelium, similar to the intestinal epithelium, acts as a physical barrier
between the host and the environment, offering passive protection against harmful agents.
Additionally, the lung epithelium can trigger active responses, including mechanical clear-
ance, the production of antimicrobial substances, and involvement in the development of
adaptive immune responses. Responses against infectious agents include acute inflamma-
tory reactions with local recruitment and activation of polymorphonuclear leukocytes [5],
and the release of pro-inflammatory molecules [6,7], proteases, reactive oxygen species,
and nitrogen species [8,9]. These processes may cause undesired alveolar–capillary damage
with high-permeability pulmonary edema [10]. These inflammatory responses are the
consequence of the ability of lung epithelial cells, also called pneumocytes, to recognize
microorganisms through pattern recognition receptors. Like many other epithelia, the
lung epithelium expresses Toll-like receptors (TLRs) [11,12], which play a key role in the
recognition of microorganisms and the subsequent induction of both innate and adaptive
immune responses, directly or via the production of inflammatory mediators like cytokines
and chemokines, and antimicrobial peptides.

In previous work, we have reported [13] that the inflammatory response induced in
intestinal epithelial cells by TLR agonists is inhibited by glucose upon engagement of the
sodium–glucose transporter SGLT1 [14]. Similarly to intestinal epithelial cells, pneumo-
cytes have been reported to also express SGLT1 [15–17]; this led us to ask whether the
engagement of SGLT1 could inhibit inflammatory damage to the lungs by TLR agonists,
as we had observed this phenomenon in inflammatory damage to the intestinal mucosa.
Any positive result in this setting would suggest the possibility of a novel approach to the
treatment of inflammatory lung diseases. Moreover, recently, a significant role for SGLT1 in
the progression and control of pulmonary infection and inflammation processes has been
established. In particular, research works suggest that enhanced SGLT1 activity and, on the
contrary, its loss of function are associated with the prevention of bacterial proliferation
and increased lung tissue inflammation, respectively [18–20]. We observed in our previous
work [13] that high amounts of orally administered glucose were necessary to induce
anti-inflammatory effects, amounts unlikely to be useful in repeat-treatment protocols.
Therefore, we screened a library of glucose derivatives for their ability to engage SGLT1
and induce anti-inflammatory effects at lower concentrations than that of glucose; these
activities led to the identification of a non-metabolizable, synthetic SGLT1 ligand, named
BLF501 (Figure 1), which induced anti-inflammatory effects in vivo at concentrations five
orders of magnitude lower than glucose itself [21]. BLF501 is a C-glucoside, a type of
carbohydrate derivative in which a carbon atom substitutes the anomeric oxygen. This
substitution significantly enhances the chemical and metabolic stability of this class of com-
pounds [22]. Glycoderivatives and glycomimetics, which are derived from carbohydrates,
have garnered increasing interest in drug development. They hold promise as potential
drug candidates, including anti-diabetic, antiviral, and antitumor compounds [23–34].
Their significance in drug discovery stems from their ability to overcome the limitations
of natural carbohydrates, such as low stability under physiological conditions and poor
drug-like properties. Our research has demonstrated a significant protective role of BLF501
in the intestinal mucosa during chemotherapy-induced mucositis [35]. Additionally, we
have recently developed a set of gold nanoparticles (AuNPs) decorated with derivatives
of D-glucose and BLF501 [36]. These AuNPs can be used as chemical tools to assess the
multivalent activation of SGLT1, as supported by the existing literature [37–40]. In this
article, we report on the anti-inflammatory effects that are observed in the lungs upon
engagement of SGLT1 and upon the use of BLF501 for the treatment of animal models of
inflammatory lung diseases, including a model of allergic asthma [41].
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Figure 1. Structure of BLF501, synthetic ligand of SGLT1.

2. Materials and Methods
2.1. Cells and Cell Treatments

Human lung carcinoma epithelial cells (A549), derived from type II pneumocytes,
human enterocyte cells (HT29), and human bronchial epithelial cells (16-HBE) were ob-
tained from the American Type Culture Collection (Manassas, VA, USA). The cells were
maintained in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, Saint Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Invitrogen Corp., Auck-
land, New Zealand), 200 U/mL penicillin, and 200 µg/mL streptomycin (Sigma-Aldrich)
(complete medium). Cells were grown at 37 ◦C in a humidified atmosphere with 5% CO2.
Human monocytic leukemia cells THP-1 were maintained in RPMI-1640 medium (Sigma-
Aldrich) supplemented with 10% FBS, 200 U/mL penicillin, and 200 µg/mL streptomycin.

For treatments, A549, 16-HBE, and HT29 cells were cultured for 18 h in complete
medium, in complete medium supplemented with a high D-glucose concentration (5 g/L)
(Merck, Darmstadt, Germany), or in medium containing BLF501 (50 µg/L) before stimula-
tion with LPS from Pseudomonas aeruginosa (100 µg/mL) (Sigma-Aldrich) for 6 h. Super-
natants were collected at the end of treatment and stored at −80 ◦C. In some experiments
with HT29 cells, TNF-α (Peprotech Inc., Rocky Hill, NJ, USA) was added at 50 ng/mL for
6 h at the end of the 18 h culture period.

2.2. Co-Culture of HT29 and Dendritic Cells

Human PBMCs were isolated by Ficoll–Paque density gradient centrifugation of buffy
coats obtained from healthy volunteers (INT, Milan, Italy). CD14+ monocytes were posi-
tively selected using anti-CD14+ microbeads. Monocytes were induced to differentiate to
immature MoDCs in 5- to 6-day culture in RPMI 1640 complete medium supplemented with
50 ng/mL GM-CSF and 50 ng/mL IL-4. The purity of monocytes and MoDCs, routinely
checked by flow cytometric analysis, was more than 90%. The following antibodies were
used: anti-CD14-FITC (M5E2) and anti-CD1a-FITC (HI149). All of the antibodies were pur-
chased from BD Bioscience Pharmingen, San Diego, CA, USA. MoDCs cells (1 × 105) were
cultured in multi-well supports; the day after, HT29 cells were seeded at 1 × 106 cells/well
in the upper part of a Transwell growth support (Millipore, Billerica, MA, USA), which
was put in the same wells containing MoDCs. When HT29 cells reached confluence, they
were incubated for 18 h with BLF501 and then stimulated for 6 h with LPS as previously
described. Untreated cells or cells treated with BLF501 alone or LPS alone served as controls.
At the end of these incubations, supernatants were collected.

2.3. Small Interfering RNA (siRNA)

The expression of SGLT1 was silenced by transfection with siRNA. Briefly, cells (2× 105/well)
seeded in 6-well plates at 60–80% confluence were washed in Optimem medium (Invitrogen
Corp.) and then transfected with a pool of siRNA oligonucleotides targeting human SGLT1
mRNA or a scrambled RNA duplex (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA)
at a final concentration of 100 nM. Then, 6 µg/µL Lipofectamine 2000 (Invitrogen Corp.)
was used as a transfection reagent. After 24 h, the transfection mixture was aspirated from
the cells, replaced with culture medium, and incubated for 24 h with BLF501 or glucose in
the presence of LPS or TNF-α, as reported above. For transfection and knockdown gene
efficacy analysis, the cells were lysed and analyzed with a qPCR protocol.
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2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Quantification of KC, NO, IgE, IL-4, IL-5, IL-8, IL-10, IL-12, TNF-α, and IFN-γ in serum
samples or culture supernatants was performed using commercially available ELISA kits
(Quantikine, R&D Systems, Minneapolis, MN, USA; Promega Corporation, Madison, WI,
USA; MD Biosciences, Zürich, Switzerland; Endogen, Woburn, MA, USA; BD Biosciences,
San Diego, CA, USA), according to the manufacturers’ instructions. The enzymatic reaction
was detected in an automatic microplate photometer (Multiskan Ascent, Thermo Electron
Corporation; Vantaa, Finland).

For the quantification of hsp27 and its murine homolog hsp25, 96-well plates (NUNC
Thermo Fisher Scientific Inc., Rochester, NY, USA) were coated with 10 µL/well of cell
supernatant and left overnight at 4 ◦C. After three washes with PBS and 0.5% Tween 20,
the plates were incubated for 60 min at room temperature with a primary rabbit anti-hsp27
antibody (Novus Biologicals, Littleton, CO, USA), diluted at 1:2000 in Assay diluent (PBS,
0.5% Tween 20, 5% FBS, 100 µL/well). After three washes, the plates were incubated for
60 min at room temperature with a secondary biotinylated anti-rabbit antibody (Vector
Laboratories, Burlingame, CA, USA) diluted at 1:1000 in Assay diluent (100 µL/well). After
three washes, streptavidin-conjugated horseradish peroxidase (SA-HRP, 1:250 in Assay
diluent, 100 µL/well) was added to the plates for 30 min. After seven further washes,
100 µL of tetramethylbenzidine (TMB) substrate (0.1 mg/mL 0.05 M phosphate–citrate
buffer, pH 5.0) was added to each well and incubated at RT. The reaction was stopped
within 50 min with 20 µL of 2M H2SO4 and read at 450 nm (absorbance filter) using an
automatic microplate photometer.

2.5. Exposure of Mice to Aerosolized LPS

Male C57BL/6 mice were purchased from Charles River (Calco, Italy). They were
maintained under specific pathogen-free conditions. The experimental protocols were
approved by the Ethics Committee for Animal Experimentation of the Istituto Nazionale
dei Tumori (INT) (Milan, Italy) according to UKCCCR guidelines. The animals were
exposed to aerosolized LPS from Pseudomonas aeruginosa in a whole-animal exposure
system. For this purpose, the animals were placed in wire mesh cages within a 55-l
Plexiglas cylinder connected via 10 cm ducting to a 16 l aerosol chamber. Airflow through
the system was maintained at 20 l/min by negative pressure. Aerosols were generated from
twin jet nebulizers (Salter Labs, Arvin, CA, USA), each containing 3 mL of LPS suspension
(3 mg/mL) and driven by forced air at 15–18 psi. After 30 min, the chamber was purged
with ambient air, and the mice were returned to their microisolator cages. Some of the mice
were also concomitantly exposed to aerosolized BLF501 (266 ng/mL, for a total of 3 mL).
These treatments were carried out for five consecutive days. In another experiment, mice
were treated p.o. with BLF501 before exposure to aerosolized LPS.

2.6. Asthma Model

Male C57BL/6 mice were immunized i.p. with 100 µg of ovalbumin (OVA grade V;
Sigma-Aldrich) and 500 µg of aluminum hydroxide (Alum, Sigma-Aldrich). Concomitantly,
a second group of animals was treated with 25 µg/Kg of BLF501 by oral and/or aerosolized
administration. One week after the first immunization, the same treatments were repeated.
Two weeks after the first immunization, the first group of animals was challenged for
25 min with aerosol administration of 5% (wt/vol) OVA in PBS each day, for 5 consecutive
days, while the second group received OVA plus oral (25 µg/Kg) and/or aerosolized
(266 ng/mL, for a total of 3 mL) BLF501. To investigate the involvement of TNF-α in the
asthmatic process, a group of animals was also administered a neutralizing anti-TNF-α
antibody (R & D System, Minneapolis, MN, USA) at 15 µg/mouse, i.p., during the 4th and
5th day of OVA plus BLF501 administration. Two hours after the last inhalation, blood
samples were collected from the orbital artery, mice were sacrificed, and BALF sampling
was performed.
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2.7. Broncho-Alveolar Lavage

Broncho-alveolar lavage was performed by instilling 1 mL saline into the lungs through
a tracheal cannula three times and then gently aspirating the fluid. The recovered fluid
was filtered through a double layer of gauze to remove mucus. The resulting broncho-
alveolar lavage fluid (BALF) was centrifuged (1000 rpm, 4 ◦C, 10 min), supernatants were
collected and stored at –80 ◦C, while cells were fixed in formalin with the addition of
sucrose (VWR International, Poole, England). Total BALF cell counts were performed,
and aliquots were pelleted on glass slides by cytocentrifugation (Shandon Inc., Pittsburgh,
PA, USA). Differential counts were performed on Giemsa (Fluka, St. Gallen, Switzerland)-
stained cytospins.

2.8. Hematoxylin–Eosin Staining

Lungs collected from animals were fixed by inflation with 10% paraformaldehyde and
embedded in paraffin. Sections were cut at 4 µm thickness, deparaffinized, rehydrated,
stained with hematoxylin and eosin, and mounted in Entellan® (Merck). Slides were
observed under a Nikon Eclipse 80i microscope equipped with a digital Nikon DS-L1
camera (Nikon Instruments, Firenze, Italy).

2.9. Immunohistochemistry

The expression of ICAM-1, caveolin-1, and NF-kB in lung samples was assessed
immunohistochemically. In brief, 4 µm sections of paraffin-embedded samples were
deparaffinized and endogenous peroxidases were quenched for 20 min with 0.3% (v/v)
hydrogen peroxide in PBS. The sections were incubated with goat anti-mouse ICAM-1
(1:10 in PBS, R&D Systems) or rabbit anti-mouse caveolin-1 (1:200 in PBS, Santa Cruz
Biotechnology Inc.) polyclonal antibodies. For NF-κB, a mouse antibody for murine NF-κB
p65 (sc-8008, Santa Cruz B.) and the M.O.M. Immunodetection Kit (Vector Laboratories)
were used. Sections were washed with PBS and incubated with secondary antibodies
at room temperature (RT). Specific labeling was detected with a DAB Substrate Kit for
peroxidase (Vector Laboratories).

2.10. Immunofluorescence

For immunofluorescence experiments, antigen retrieval was carried out and murine
sections of the lung were incubated with 0.1 M glycine buffer for 20 min at RT and then
with sodium tetrahydroborate solution for 20 min at RT. For the immunofluorescence
analysis of the expression of SGLT1 on pneumocytes, the polyclonal anti-SGLT-1 antibody
(Millipore) was used, diluted at 1:1000 in PBS, for 1 h at room temperature. For dendritic
cell staining, slices were incubated with biotinylated anti-CD11c antibody (BD Biosciences)
for 2 h at 37 ◦C, diluted at 1:50 in PBS and 3% bovine serum albumin (BSA, Sigma-Aldrich).
Secondary detection was performed in both cases with a goat anti-rabbit antibody Alexa
488 (Invitrogen Corp.), diluted at 1:200 in PBS and 3% BSA for 30 min at RT. Nuclei were
counterstained with 4,6-diamidino-2-phenylindole and the slides were mounted with
Mowiol mounting medium.

2.11. Isolation of Murine Dendritic Cells

Lung tissue was placed in PBS, DTT (145 µg/mL), and EDTA (0.37 mg/mL), dissected
(<2 mm in size), and digested with collagenase type 2 (Sigma Aldrich) at a final concentra-
tion of 10 mg/mL in RPMI and DNAse (Bovine Pancreatic DNAse, Sigma-Aldrich) at a final
concentration of 25 mg/mL for 60 min at 37 ◦C under gentle shaking. After this enzymatic
digestion, the lung samples were gently broken apart using a 2 mL syringe to produce
a single-cell suspension and centrifuged at 1500 rpm for 5 min at 4 ◦C. The single-cell
suspension was washed with PBS containing 0.5% FBS, and the cells were then counted
and, following pre-incubation with an anti-Fc receptor antibody (Miltenyi Biotec S.r.l.,
Calderara di Reno, Italy), incubated at the appropriate ratio with MACS CD11c microbeads
(Miltenyi Biotec S.r.l.) for 15 min at 4 ◦C. After being washed again with PBS containing
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0.5% FBS, the cells were separated by passing the antibody-coated cell suspension over
a VS+ column on a SuperMACS magnetic cell separator (all from Miltenyi Biotec S.r.l.).
CD11c-positive cells were collected by removing the column from the magnetic field and
then flushing it with PBS-0.5% FBS. Thereafter, the cells were washed with RPMI medium,
counted, and plated in vitro for 18 h. At the end of this period, supernatants were harvested
for the determination of cytokines.

2.12. Statistical Analysis

Student’s t-test (paired two-tailed) and GraphPad Prism software version 10 (Graph-
Pad Prism Software Inc., San Diego, CA, USA) were used for comparisons between groups.
p values less than 0.05 were considered significant.

3. Results
3.1. The Engagement of SGLT1 Inhibits the Response of Human Pneumocytes to LPS

The screening of a library of synthetic glucose analogues allowed us to identify a
synthetic SGLT1 ligand, named BLF501, which inhibits LPS-induced IL-8 production in
intestinal epithelial HT-29 cells at 100,000-fold lower concentrations than D-glucose [21].
Consequently, we investigated whether d-glucose and its synthetic analogue BLF501 inhibit
LPS-induced IL-8 production in A549 human pneumocytes which express SGLT1, according
to data previously reported on rat pneumocyte type II cells [15]. For this purpose, cells were
cultured for 18 h in the presence of a D-glucose concentration 5× higher than that of normal
medium (“high-D-glucose” medium, 27.78 mM) or 500 µg/L of BLF501 (1.1 µM) and subse-
quently stimulated for 6 h with LPS from Pseudomonas aeruginosa (100 µg/mL). The BLF501
dosage was chosen following preliminary dose–response experiments (Supplementary Ma-
terials, Figure S1). The addition of D-glucose or BLF501 suppressed IL-8 production in LPS-
stimulated A549 cells to levels similar to those of unstimulated cells (LPS 9190 ± 664 pg/mL;
D-glucose/LPS 884 ± 64 pg/mL, p = 1.94 × 10−11 vs. LPS; BLF501/LPS 903 ± 42 pg/mL, p
= 2.40 × 10−11 vs. LPS, Figure 2A). When the same experiments were performed on the hu-
man bronchial epithelial cell line 16-HBE, LPS-induced IL-8 production was not inhibited by
D-glucose or BLF501 treatment (Figure 2B). D-glucose and BLF501 also inhibited other LPS-
induced responses in A549 cells such as NO production (Supplementary Materials, Figure
S2) [42,43]. The involvement of SGLT1 in glucose- or BLF501-induced inhibition of LPS-
induced responses in A549 cells was confirmed by silencing SGLT1 expression with siRNA.
Thus, upon the addition of SGLT1 mRNA-specific siRNA, the inhibitory effect of D-glucose
and BLF501 on LPS-induced IL-8 production was abrogated (LPS 9115 ± 563 pg/mL;
D-glucose/LPS 8973 ± 531 pg/mL; BLF501/LPS 9029 ± 311 pg/mL) (Figure 2A). These
results highlight the essential role of SGLT1 in glucose- and BLF501-induced inhibition of
LPS-driven inflammatory responses in human pneumocytes.

Figure 2. (A) IL-8 levels in culture medium of A549 after treatment with P. aeuriginosa LPS and IL-8
level in culture medium of A549 cells upon SGLT1 silencing with mRNA-specific siRNA and LPS treatment.
* p = 6.25 × 10−9 vs. BLF501 + LPS; * p = 2.94 × 10−10 vs. D-Glc + LPS. Knockdown efficiency of SGLT1
gene was more than 70% (by qPCR analysis). (B) IL-8 levels in culture medium of 16-HBE cells.
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3.2. Anti-Inflammatory Effects Induced by Engagement of SGLT1 by BLF501 Protect Lungs from
Injury Due to Aerosol Administration of LPS

The immunofluorescence analysis performed on normal lung samples confirmed that
pneumocytes expressed SGLT1, while the bronchial epithelium was not stained (Supple-
mentary Materials, Figure S3). We then assessed whether SGLT1 engagement exerted
anti-inflammatory effects in an in vivo model of LPS-induced lung injury. Given that
BLF501 was designed and synthesized to act as a d-glucose agonist on SGLT1 and the
in vitro results confirmed this assumption, in vivo experiments were performed only with
BLF501. The compound was administered via aerosol at a dose (25 µg/kg, corresponding
to 266 ng/mL, for a total of 3 mL of administered solution) that had been chosen based
on preliminary dose–response experiments. Groups of mice (n = 10) were treated via
aerosol administration with a solution containing 3 mg/mL LPS (3 mL), with a solution of
BLF501 (266 ng/mL, 3 mL), or concomitantly with both (same dosage, 3 mL totally). The
treatments were administered daily for five consecutive days. At the end of this period,
blood and lung samples were collected from all animals. As shown in Figure 3A, the
lungs of mice exposed to LPS exhibited significant inflammatory changes. These changes
included alveolar hemorrhage and extensive extravasation of both mono- and polymor-
phonuclear leukocytes into the alveolar spaces, forming clusters. Numerous eosinophils
and neutrophils were also observed. Some neutrophils were present in the bronchial spaces,
along with many macrophages. The bronchial epithelium showed extensive regressive
changes, including local epithelial loss, areas of proliferation with rare superficial mitosis,
and regressive nuclear alterations. On the other hand, mice that had been concomitantly
treated with BLF501 showed the maintenance of an almost physiological morphology of
the lung parenchyma: only rare eosinophils are present in the alveolar septa, while the
bronchial lumen is pervious. Immunohistochemical analysis, performed with anti-ICAM-1
and anti-caveolin antibodies, which represent markers of inflammation, showed that their
expression was increased in mice treated with LPS alone, but comparable to controls in
animals treated with BLF501 and LPS (Figure 3B,C).

Analysis of the bronchoalveolar lavage fluid (BALF) revealed that administration of
LPS elicited a massive increase in total cell numbers, with neutrophiles and macrophages
representing the majority of cells, indicative of a significant inflammatory response. BLF501
treatment suppressed the accumulation of cells in the alveolar spaces (Table 1). The fluid
phase of BALFs was analyzed for NO, a marker of cellular stress and damage [44]; high
levels of NO were found in BALFs from LPS-treated mice (Supplementary Materials,
Figure S4), while greatly reduced levels were present in animals that had been treated
concomitantly with BLF501 (LPS 16.3 ± 2.0 µmol/mL; BLF501 5.3 ± 0.7 µmol/mL; LPS +
BLF501 5.8 ± 1.1 µmol/mL; p = 5.7 × 10−8 vs. LPS). Altogether, these data suggest that
BLF501 can lead to marked anti-inflammatory effects in vivo.

Table 1. Evaluation of neutrophil and macrophage infiltration in BALFs from LPS- and BLF501-treated
mice (10 mice/group of treatment).

Untr 1 BLF501 1 LPS 1 BLF501 + LPS 1

Neutrophiles 132/mL ± 13 122/mL ± 21 3500/mL ± 216 127/mL ± 28
Macrophages 36/mL ± 6 26/mL ± 7 350/mL ± 39 29/mL ± 11

1 Data are reported as mean number of cells/mL BALF ± S.D.
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Figure 3. Aerosolized BLF501 protects the lungs from injury following aerosol administration of LPS.
(A) Histological examination of the lung samples from mice exposed to LPS revealed significant inflam-
matory changes, including massive extravasation of leukocytes clustered in the alveolar spaces and
proliferation areas in the bronchial epithelium (indicated by arrows). In contrast, the lung samples
from mice treated with both BLF501 and LPS displayed normal lung parenchyma morphology.
Scale bars: 50 µm. (B,C) Immunohistochemical analysis using anti-ICAM-1 (B) and anti-caveolin
(C) antibodies, both markers of inflammation, showed increased expression in mice treated with LPS
alone. However, their expression levels were similar to the controls in mice treated with both BLF501
and LPS.

3.3. Anti-Inflammatory Effects of BLF501 in OVA-Induced Model of Allergic Asthma

The previous findings led us to investigate whether BLF501 could also inhibit other
lung inflammatory conditions, such as allergic asthma. To explore this, we used a murine
model of OVA-induced asthma, which results in pulmonary injury characterized by intense
inflammation, marked eosinophilic cellular infiltration, and elevated levels of systemic
TNF-α, IL-4, and IL-5 [45]. Asthma was induced by intraperitoneal (i.p.) immunization
with 100 µg OVA and 500 µg aluminum hydroxide, followed by aerosol administration
of 5% (wt/vol) OVA in two groups of mice (n = 10/group). One group also received
concomitant aerosol administration of BLF501 (266 ng/mL, 3 mL).

Histological examination of the lungs showed the presence of marked cellular infil-
tration in tissues from OVA-treated animals, while mice concomitantly receiving BLF501
showed normal lung parenchyma (Figure 4). OVA-treated mice exhibited inflammatory
cell aggregates surrounding the small blood arteries, with the infiltration closely adher-
ing to the external vessel wall and no infiltration into the muscular tunica. Additionally,
inflammatory infiltration composed of lymphocytes and eosinophils was observed along
the external bronchial wall, while the lumen of mid-sized bronchi contained mucus with
several erythrocytes. Significant inflammatory infiltration was also present in the alveolar
septa, and the bronchial cylindrical epithelial cells showed notable hyperproliferation. In
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contrast, mice treated with both BLF501 and OVA maintained a normal lung architecture,
with no inflammatory infiltration in the vascular or bronchial regions, and the bronchial
lumen was free of mucous secretory products (Figure 4). Analysis of the BALFs revealed a
substantial increase in eosinophils in the lungs of OVA-treated mice (4103 ± 121 cells/mL),
consistent with allergic asthma induction. However, mice treated with both BLF501 and
OVA had eosinophil levels in their alveolar spaces (145 ± 24 cells/mL) comparable to those
of untreated animals (157 ± 26 cells/mL).

Figure 4. The effects of aerosolized BLF501 in the murine asthma model. Histological examination of
the lungs of asthma model mice. The tissues of OVA-treated animals present cell aggregates grouped
all around the small blood arteries, in strict contact with the wall of vessels (arrows); mid-dimensional
bronchi are characterized by the presence of mucous (arrow) and epithelial hyperproliferation (full
arrow). Mice concomitantly treated with BLF501 plus OVA showed normal lung parenchyma. Bars:
50 µm.

A key indicator of inflammatory lung damage is the development of high-permeability
edema, which is marked by a high protein content in the exudate. In fact, the protein concentra-
tion in the BALFs from the lungs of OVA-exposed mice was very high (0.729 ± 0.049 mg/mL).
Conversely, the protein concentration in the BALFs from mice treated with both OVA and
BLF501 was significantly lower (0.375 ± 0.038 mg/mL), similar to that of untreated animals
(0.360 ± 0.054 mg/mL). Also, the NO levels in BALFs, which were 19.2 ± 1.9 µmol/mL in
OVA-treated mice, were reduced to 3.4 ± 0.5 µmol/mL upon concomitant administration of
BLF501, levels similar to those observed in untreated mice (2.9 ± 0.6 µmol/mL). Eventually,
we tested the serum and BALF content of different cytokines in control mice and mice
at the end of the OVA or OVA plus BLF501 treatment. IL-5 and IL-4, key cytokines in
allergic asthma, were elevated in both the sera (Figure 5A,B) and BALF of OVA-treated
mice, but not in control mice or those treated with BLF501 plus OVA. Conversely, the
anti-inflammatory cytokine IL-10 was significantly increased in the sera of mice treated
with BLF501 plus OVA, while it remained similar to the control levels in mice treated
with OVA alone (Figure 5D). Given that airway inflammation in asthma is associated with
increased serum levels of IgE, we examined the levels of anti-OVA IgE in the sera of mice
treated with aerosolized OVA, with or without BLF501. The levels of anti-OVA IgE were
significantly higher in asthmatic mice compared to control mice. However, administration
of BLF501 resulted in a significant reduction in these specific IgE levels (Figure 5C). Overall,
these findings demonstrate that BLF501 has potent anti-inflammatory effects in an animal
model of allergic asthma.
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Figure 5. The anti-inflammatory effect of aerosolized BLF501 in an OVA-induced model of allergic
asthma. (A,B) The ELISA results for IL-4 and IL-5, prototypical cytokines of allergic asthma: the
levels of these cytokines were elevated in the sera of animals receiving OVA treatment, but not in
untreated mice or mice treated with BLF501 plus OVA. The data are presented as mean values ± S.D.
(n = 10/group). * p = 2.39 × 10−7 vs. OVA (A) and p = 1.01 × 10−8 vs. OVA (B). (C) The ELISA
results for anti-OVA IgE: the levels were significantly increased in OVA mice compared with those of
untreated mice. Administration of BLF501 plus OVA maintained basal levels of these specific IgE sera.
The data are presented as mean values ± S.D. (n = 10/group). * p = 7.65 × 10−11 vs. OVA. (D) The
ELISA results for IL-10: the levels of the anti-inflammatory cytokine IL-10 were greatly increased
in the sera of mice treated with BLF501 plus OVA; in mice treated with OVA alone, the levels were
similar to those in untreated animals. The data are presented as mean values ± S.D. (n = 10/group).
* p = 1.59 × 10−12 vs. OVA.

3.4. OVA-Induced Lung Inflammation Is Inhibited by Oral Administration of BLF501

SGLT1 is typically expressed by intestinal epithelial cells; in our previous work, we
have shown that engagement of this transporter induces systemic production of pro-
tective anti-inflammatory cytokines [13]. Therefore, we investigated whether the anti-
inflammatory effects of BLF501 might also be observed upon oral administration. Mice
receiving OVA were orally treated or not with BLF501 (25 µg/kg). Serum, BALF, and lung
samples were collected at the end of the treatments, and we performed the same deter-
minations on these specimens as those for aerosolized BLF501. The results obtained were
comparable to those obtained with aerosolized BLF501, as regards eosinophilic infiltration,
serum and BALF protein content, cytokines, and anti-OVA IgE levels (Figure 6a,b), showing
that BLF501 also protects against OVA-induced lung injury upon oral administration. It
is noteworthy that p.o. administered BLF501 was as efficacious as aerosolized BLF501 in
protecting against OVA-induced asthma, while intravenous BLF501 administration did not
lead to any protective effect.

The literature indicates that the most important lung diseases, including chronic bron-
chitis, chronic obstructive pulmonary disease, acute lung injury, acute respiratory distress
syndrome, and asthma, are all affected by TNF-α [46]. In fact, bacterial endotoxins are
physiological stimuli for the synthesis of TNF-α, and in vivo administration of bacterial LPS
induces high levels of TNF-α production in animal models; moreover, several pieces of evi-
dence indicate that high levels of TNF-α are directly linked to asthmatic complications [46].
Therefore, we assessed the levels of this cytokine in our murine model of asthma following
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BLF501 treatment. We performed a time-course experiment where we determined, over
1 month, the TNF-α levels in the sera of OVA-treated or OVA- and orally BLF501-treated
mice. Mice treated with OVA alone exhibited two peaks of TNF-α on the 1st and 7th days
of treatment, corresponding to the two sensitizations with OVA and aluminum hydroxide.
The levels then remained steady at 100 pg/mL, before rising again from the 12th day during
the 5 days of OVA aerosol administration, reaching approximately 230 pg/mL until day 22.
Afterward, the TNF-α levels decreased but remained relatively high (80–200 pg/mL). In
contrast, the OVA plus BLF501 group showed peak TNF-α levels at the same time points as
the OVA-only group, but these levels were consistently much lower (Figure 6c).

Figure 6. The effects of oral BLF501 in the murine asthma model and the involvement of dendritic
cells. (a,b) The ELISA results for KC and anti-OVA IgE: BLF501 protects against OVA-induced lung
injury upon oral administration. The levels of cytokines and IgE were elevated in the sera of animals
receiving OVA treatment, but not in untreated mice or mice treated with BLF501 plus OVA. The
data are presented as mean values ± S.D. (n = 10/group). * p = 7.25 × 10−12 vs. OVA (a) and
p = 8.0 × 10−13 vs. OVA. (c) The ELISA results for TNF-α in a time-course experiment: the OVA plus
BLF501 (-•-) group presented peak levels of TNF-α at the same time points as the OVA-only group
(-■-), but these were always much lower than in the OVA-only group. (d) The ELISA results for IL-10
levels in the supernatants of lung-derived CD11c+ cells. Cells were plated at the same cell density for
all of the different treatment groups. The data are presented as mean values ± S.D. * p = 1.62 × 10−9

vs. OVA.

We then went over to investigate the role of TNF-α in mice treated with OVA plus
BLF501. For this purpose, we induced asthma in three groups of mice (n = 10/group):
one group received only aerosolized OVA for 5 days; a second group received OVA plus
BLF501; the third group received OVA, BLF501, and 5 µg of an anti-TNF-α neutralizing
antibody, administered i.p. on the 4th and 5th day of OVA administration. Interestingly,
the concomitant administration of the anti-TNF-α antibody blocked the protective effect of
BLF501; the animals showed signs of inflammatory injury similar to those in OVA-treated
mice, as revealed by morphological analysis and the evaluation of cytokine levels in BALFs
and sera. In accordance with our previous work on liver inflammatory conditions [47], we
observed that SGLT-1 activation was efficacious in triggering anti-inflammatory activity
only in the presence of a danger signal; therefore, we focused our attention on discov-
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ering which danger signal might be involved in the protection observed in the asthma
model. These results point to a crucial role of circulating threshold levels of TNF-α as the
second signal contributing to BLF501-effected protection in this OVA-induced model of
allergic asthma.

3.5. Hsp27 Orchestrates the Anti-Inflammatory Effects of BLF501 Through the Induction of IL-10
Production by Dendritic Cells and Monocytes

We have reported above that the levels of the anti-inflammatory cytokine IL-10 were
greatly increased in the sera of mice receiving BLF501 plus OVA, while they remained
similar to the controls in mice treated with OVA alone. Therefore, the anti-inflammatory
effects of BLF501 might be due to the production of an anti-inflammatory cytokine, such
as IL-10, produced in response to the engagement of SGLT1, and a second signal, like
TNF-α. Additionally, our previous works [47] demonstrated that the protective activity
following SGLT-1 activation was abrogated in the presence of anti-IL-10 antibodies. For this
reason, we set out to investigate in more detail the induction of systemic IL-10 production
in response to BLF501. As reported above (Figure 6d), IL-10 showed only a slight increase
in OVA-treated animals, while a marked increase was observed in mice treated with BLF501
and OVA. On the other hand, no IL-10 production was observed in untreated mice or mice
treated only with BLF501. Monocytes and dendritic cells are known to be the main IL-10-
producing cells [48]. This encouraged us to set up an experiment aimed at evaluating if
dendritic cells and/or monocytes are involved in the increase in systemic IL-10 in response
to OVA and BLF501. For this purpose, two groups of animals (n = 10/group) were treated,
as previously described, with OVA alone or with BLF501 plus OVA; untreated mice and
mice treated only with BLF501 served as controls. At the end of treatment, lung samples
were collected and pulmonary CD11c+ DCs were isolated by magnetic cell sorting. These
cells were cultured at an equivalent cell density in vitro for 18 h; at the end of this period,
supernatants were harvested for the determination of cytokines. These cells produced high
levels of IL-10, greatly exceeding those from cells derived from the other groups (Figure 6d).
Additionally, Table 2 shows that DCs obtained from mice treated with BLF501 plus OVA
were significantly increased in number compared to the other groups, as revealed by cell
count. This was confirmed by immunofluorescence experiments using an anti-CD11c
antibody in lung samples.

Table 2. Evaluation of CD11c+ DCs isolated from lungs from OVA- and BLF501-treated mice
(10 mice/group of treatment).

Untr 1 OVA 1 BLF501 1 BLF501 + OVA 1

CD11c + DCs 217 ± 35 360 ± 27 289 ± 52 4110 ± 328
1 Data are reported as mean number of cells/lung ± S.D.

Since dendritic cells do not express SGLT1, they are unable to respond to BLF501 on
their own. This suggests that DCs might receive a signal inducing IL-10 production, and
this signal might be produced by epithelial cells, the only cells expressing SGLT1.

When asking which signal this might be, we considered data reporting that extra-
cellular stress proteins, including hsp27, act as “danger signals” for the innate immune
system [49] and induce anti-inflammatory mediators, such as IL-10 [50]. Therefore, we
investigated whether hsp27 might represent the link between epithelial and DCs for the
induction of IL-10 production. For this purpose, human colon carcinoma cells, HT-29, were
stimulated with TNF-α in the absence or presence of BLF501, and supernatants were tested
for the presence of hsp27. High levels of hsp27 were produced in response to TNF-α and
BLF501 together, but not TNF-α or BLF501 alone (Figure 7a). To assess if BLF501-induced
production of hsp27 was actually linked to the engagement of SGLT1, we repeated the
experiments on HT-29 cells after treatment of the cells with anti-SGLT1 siRNA. Indeed, the
silencing of the transporter completely blocked hsp27 production.
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Figure 7. The role of hsp27/hsp25 in BLF501 activity. (a) The ELISA results for hsp27: high levels
of hsp27 were produced by human colon carcinoma cells HT-29 in response to TNF-α plus BLF501,
but not TNF-α or BLF501 alone. The data are presented as mean values ± S.D. * p = 3.90 × 10−9

vs. TNF-α. (b) The ELISA results for IL-10 production by dendritic cells. In response to TNF-α
and BLF501, enterocytes induced the production of high IL-10 levels by co-cultured DC cells. Pre-
treatment with hsp27 siRNA blocked IL-10 production. The data are presented as mean values ± S.D.
* p = 1.37 × 10−11 vs. TNF-α. The knockdown efficiency of the hsp27 gene through silencing with
siRNA was more than 75% (by qPCR analysis). (c) The ELISA results for hsp25: in accordance with
the in vitro data, the sera from animals treated with OVA and BLF501 produced high amounts of
hsp25 compared to untreated mice or mice treated with OVA alone. The data are presented as mean
values ± S.D. * p = 2.45 × 10−12 vs. OVA.

Together with dendritic cells, monocytes are also producers of IL-10 [48]. Therefore,
a further experiment was performed in which HT-29 cells were co-cultured with human
dendritic cells in order to assess whether hsp27 production by HT-29 cells in response to
BLF501 plus TNF-α was able to induce IL-10 production by dendritic cells. Indeed, in
response to TNF-α and BLF501, enterocytes induced the production of high IL-10 levels by
co-cultured dendritic cells (Figure 7b); moreover, when HT-29 cells were silenced for hsp27
with siRNA, no IL-10 production was observed. In vivo, we assessed the production of
hsp25, the murine analogue of human hsp27, in untreated mice or mice treated with OVA
alone or OVA plus BLF501, as described in the Methods Section. In accordance with the
in vitro data, the sera from animals treated with OVA and BLF501 produced high amounts
of hsp25 compared to untreated mice or mice treated with OVA alone (Figure 7c).

4. Discussion

Multiple host factors are involved in regulating inflammation in the lungs, showing a
protective role of the lung epithelium. Anti-inflammatory cytokines, such as IL-10, promote
an effective immune response while also regulating inflammation to prevent excessive
tissue damage [51]. Itaconate, a metabolite produced by macrophages, has significant
anti-inflammatory and anti-oxidative stress properties in the lung epithelium [52,53]. Other
well-known immune modulating factors that help maintain lung homeostasis include host
antimicrobial peptides, which are secreted by epithelial cells; these peptides kill microor-
ganisms directly while modulating immune responses and inflammation [54]. Surfactant
proteins are produced by alveolar epithelial cells; these proteins enhance the phagocytosis
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of pathogens by immune cells and modulate inflammatory responses, protecting lung tissue
from excessive inflammation [55]. Toll-like receptors (TLRs) balance the immune response
by promoting inflammation to fight infections while also activating anti-inflammatory
pathways to prevent tissue damage [56].

In addition to the previously mentioned factors, the protective role of glucose in the
lung epithelium under inflammatory and stress conditions is well documented. Glucose
metabolism is essential for maintaining the alveolar epithelium, primarily through the
expression of glucose transporter 1 (Glut-1), which is crucial for the proliferative capacity
of airway progenitor cells [57]. Additionally, the activation of autophagy mechanisms
supports the metabolism and regeneration of alveolar progenitor cells [58]. In this work, we
highlight the significant protective role of SGLT1 in airway and alveolar inflammation and
propose its involvement in protecting lung tissues under various pathological conditions.
Our results show that in two experimental models, i.e., mice exposed to aerosolized LPS and
OVA-induced asthma, the engagement of the glucose transporter SGLT1 induced potent
anti-inflammatory effects in the lungs. As an SGLT1 ligand, the synthetic glucose analogue
BLF501 was used, which emerged from in vitro screening aimed at identifying SGLT1
ligands which could lead to anti-inflammatory effects similar to those induced by glucose,
but at much lower concentrations compatible with a possible therapeutic application.

In the first model analyzed in this paper, exposure to aerosolized LPS led to acute
respiratory distress in mice, characterized by widespread destruction of the alveolar and en-
dothelial epithelia and flooding of the alveolar spaces with protein-rich exudates containing
large numbers of neutrophils [59–61]. This occurs due to LPS binding to pattern recogni-
tion receptors, which triggers the expression of pro-inflammatory cytokines (TNF-α and
IL-1β), chemokines (KC or IL-8), and adhesion molecules (ICAM-1 and VCAM-1). These
molecules facilitate the extravasation of neutrophils across the endothelial and epithelial
barriers that separate the bloodstream from the pulmonary air spaces [62–64]. In contrast,
mice treated with both LPS and aerosolized BLF501 exhibited normal lung parenchyma,
with no cellular deposits within the alveoli, and their serum levels of KC, IL-12, and IFN-γ
were similar to those of untreated mice. Immunohistochemical analysis of lung sections
showed a significant increase in ICAM-1 and caveolin expression in mice treated with LPS
alone, but not in those treated with both LPS and BLF501. Additionally, analysis of the
BALFs revealed high levels of NO in LPS-treated animals, but not in those also treated with
BLF501. Notably, the engagement of SGLT1 by BLF501 alone did not affect inflammatory
parameters, as mice receiving only BLF501 were comparable to untreated control mice.

BLF501 demonstrated similar protective effects in OVA-induced allergic asthma. Al-
though the pathogenesis of this model differs significantly from LPS-induced lung injury,
both share similar inflammatory outcomes, such as abundant cellular infiltration in the lung
parenchyma and elevated serum levels of pro-inflammatory chemokines and cytokines.
Lung tissue from BLF501-treated mice showed no alveolar lymphocyte or blood infiltration
and no accumulation of neutrophils or eosinophils in the BALFs. The reduction in leukocyte
infiltration observed in mice treated with both OVA and BLF501 likely plays a crucial role
in the anti-inflammatory effects seen in this context, as neutrophils are primary effector
cells in the alveolo-capillary damage associated with lung inflammation [65]. Regarding
cytokines, mice treated with OVA alone had high levels of IL-4 and IL-5, which are key
cytokines in asthma pathogenesis. In contrast, mice treated with both BLF501 and OVA
had normal levels of IL-4 and IL-5, while the anti-inflammatory cytokine IL-10 was signifi-
cantly increased. Additionally, IgE serum levels, which were elevated in OVA-treated mice,
returned to baseline levels in mice co-administered with BLF501.

The BALFs from mice treated with OVA alone showed a high protein content, indi-
cating high-permeability pulmonary edema. In contrast, the protein concentration in the
BALFs from BLF501-treated mice was similar to that of untreated mice or those treated
with BLF501 alone. This indicates that BLF501 effectively reduced abnormal lung vascular
permeability and promoted the resolution of lung edema, suggesting that BLF501 helps
maintain the integrity of the alveolo-capillary membrane.



Immuno 2024, 4 516

We observed that orally administered BLF501 and aerosolized BLF501 have a protec-
tive activity in OVA-induced asthma, while intravenous BLF501 administration did not
lead to any protective effect. These findings suggest that oral administration of BLF501
engages SGLT-1 expressed in intestinal epithelial cells, leading to the direct or indirect
release of an anti-inflammatory molecule.

Mice treated with BLF501 and OVA exhibited very high systemic levels of the anti-
inflammatory cytokine IL-10. This cytokine, primarily produced by dendritic cells (DCs)
and monocytes, is a typical anti-inflammatory mediator [48]. Administration of recombi-
nant IL-10 has been shown to improve survival in mice with sepsis, and IL-10 gene therapy
significantly reduces sepsis-induced multi-organ failure [66]. Therefore, IL-10 produced by
DCs and monocytes likely serves as the final mediator of the systemic anti-inflammatory
effects induced by BLF501. Although DCs do not express SGLT1, they produce IL-10
when activated by hsp27 [50,67], and our in vitro data showed that hsp27, or its murine
homologous hps25, is strongly secreted by SGLT1-positive epithelial cells upon stimulation
with BLF501 in the presence of an inflammatory stimulus. Moreover, co-culture of A549
pneumocytes and DCs led to the production of high levels of IL-10 by DCs. In A549
cells, stimulated with BLF501 plus an inflammatory agent, SGLT1 was activated and a
large amount of hsp27 was secreted and released in a basolateral culture medium. DCs
co-cultured and stimulated by hsp27 produced IL-10. This production was eliminated upon
the silencing of SGLT-1 expression in pneumocytes. In vivo, a strong increase in hsp25
serum levels was observed when mice were treated with OVA and BLF501. Altogether,
these findings strongly suggest hsp25/hsp27 as a mediator of the activation of SGLT1 and
the production of IL-10 by dendritic cells.

Several studies confirm that hsp27 acts as an extracellular anti-inflammatory signal
protein, often referred to as an “anti-danger signal”. These studies report that hsp27 is
responsible for inducing IL-10, which in turn triggers significant immunoregulatory activity.
Hsp27 has been shown to induce an anti-inflammatory response through IL-10 production
in human monocytes [68,69]. According to De et al., the induction of IL-10 production
by human monocytes involves the activation of the MAPK-p38 pathway [69]. Similarly,
Salari et al. observed that hsp27 triggers IL-10 expression in macrophages, mediated by
the activation of the transcription factor NF-κB [70]. In macrophages, NF-κB signaling
activation by hsp27 is associated with a balance in the expression and secretion of key pro-
and anti-inflammatory cytokines, which are fundamental to the inflammation processes
in atherogenesis [71]. Various cell membrane receptors, such as CDs or Toll-like receptors
(TLRs), could be targets for exogenous HSPs [71]. Rayner et al. reported that exogenous
hsp27 binds to TLR4, leading to the activation of the NF-κB pathway, which controls the
production of pro- and anti-inflammatory cytokines, including IL-10 [72]. More recently,
the same group highlighted the role of the hsp27 immune complex (IC), a complex between
hsp27 and its IgG auto-antibodies, in attenuating inflammation signaling in macrophages
that regulate atherosclerosis [73]. In this case, the interaction between hsp27 IC and TLR4
leads to the activation of the NF-κB signaling pathway. Therefore, according to our findings,
the most plausible hypothesis is that hsp27, exhibiting a similar behavior in our models
of lung inflammation, interacts with TLR4 expressed on dendritic cells (DCs), inducing
IL-10 production.

The evidence of the great production of hsp27 and its extracellular secretion led us to
detect a transcription factor probably involved in hsp27 expression in an attempt to connect
SGLT1 activation with hsp production. Asthma is described as an NF-kB-dependent
pathology [74]. Several lines of evidence indicate enhanced NF-κB pathway activation in
various asthmatic tissues; bronchial epithelial cells and alveolar macrophages for example
have greater levels of NF-κB p65 and p50 activation [75,76].

Current asthma therapies act against both epithelial and immune cells blocking NF-kB
pathway activation, including a reduction in pro-inflammatory cytokine production and
a decrease in IL-10. This complex of events describes an immunosuppressive status that
could promote side effects like bacterial infections (typical side effects of asthma therapy).
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In our work, we noticed the strong inhibition of the NF-kB pathway in epithelial cells via
SGLT1 activation. On the contrary, we also noticed the concomitant activation of immune
cells via hsp27 with IL-10 production. In fact, in immune cells that do not express SGLT1,
BLF501 could not inhibit the NF-kB pathway.

5. Conclusions

In conclusion, the findings of this work suggest the engagement of SGLT1 in lung
inflammation processes; both in vitro and in vivo experiments clearly indicated a protective
anti-inflammatory effect upon engagement of this glucose co-transporter. The presented
results, showing that BLF501 exerts potent anti-inflammatory effects in two different experi-
mental models of inflammatory lung diseases, provide direction on a new pharmacological
approach for the treatment of inflammatory lung diseases. Thus, the synthetic SGLT1
ligand, a glucose derivative BLF501, might represent a drug candidate for therapeutic
intervention against lung inflammation and in particular allergic asthma, a disease of
increasing worldwide prevalence and representing a still unmet clinical need.
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