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Abstract

Background: Atopic dermatitis (AD) is a chronic inflammatory skin disorder affecting up to 20% of children  
in developed countries. Although probiotics have shown promise as adjuvant treatments for AD, their mechanisms are 
not well understood. 

Objective: Building upon our previous studies, we investigated whether Lactobacillus gasseri and its moonlighting  
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), namely LGp40, could be beneficial in AD management. 

Methods: In AD mouse models (SKH and C57BL/6J mice) with ovalbumin (OVA) and Dermatophagoides pteronyssinus  
(Der p) allergens, aligning with the “outside-in” and “inside-out” hypotheses, we administered L. gasseri orally and 
LGp40 intraperitoneally to investigate their protective effects. The evaluation involved measuring physiological,  
pathological, and immune function parameters. To delve deeper into the detailed mechanism of LGp40 protection in 
AD, additional assays were conducted using human skin keratinocytes (HaCaT) and monocytes (THP1) cell lines.

Results: L. gasseri and LGp40 enhanced skin barrier function and increased skin moisture retention. They also led 
to reduced infiltration of Langerhans cells in the dermis and mitigated skewed Th2 and Th17 immune responses.  
Moreover, LGp40 inhibited allergen-induced keratinocyte apoptosis through the blockade of the caspase-3 cascade and 
reduced the NLR family pyrin domain containing 3 (NLRP3) inflammasome in macrophages. These inhibitions were 
achieved through the activation of the peroxisome proliferator-activated receptor gamma (PPARγ) pathway. 

Conclusion: The results of this study provide a novel insight into the mechanism of action of probiotics in the  
prevention and treatment for allergic disorders through the moonlighting GAPDH protein.
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Introduction
Atopic dermatitis (AD) is a common allergic skin  

disorder that is characterized by chronic relapsing skin  
inflammation, disruption of the epidermal barrier  
function, and keratinocyte apoptosis.1 The complex etiology  
of AD includes genetic risks, environmental factors,  
immunoglobulin E (IgE)-mediated hypersensitivity, different 
T cell subtypes-driven inflammation, and skin microbiome 
diversity.1 Disruption of the skin barrier permits unrestricted  
allergens entry into the skin that triggers the release of  
alarmin-like thymic stromal lymphopoietin (TSLP), IL-25,  
and IL-33 from keratinocytes, which induced group 2  
innate lymphoid cells (ILC2) to drives type 2 inflammatory  
responses.1 Upon allergen exposure, Langerhans cells – which 
constitute the epithelial-resident dendritic cell – present  
antigens to trigger type 2 helper T cells (Th2) development.1  
The sked Th2 immunity then promotes IgE and eosinophil  
mediated responses. Furthermore, the infiltration of  
interleukin (IL)-17+ cells into AD skin lesions contributes to 
the pathology and provides a defense system against bacterial 
invasion.2

The pathogenesis of AD is mainly propounded in two 
hypotheses: the “outside-in” hypothesis implies that inherent  
damage resulting in the disruption of the epidermal barrier  
facilitates the entry of allergens and results in immunologic  
imbalance; the “inside-out” hypothesis suggests that the 
immunological cascade triggers skin barrier impairment, 
leading to the AD phenotype.3 Moreover. an abnormal  
increase in keratinocyte apoptosis was found to increased 
AD exacerbations.4 Keratinocyte apoptosis is induced by  
skin-infiltrating T-cell-mediated Fas/Fas ligand molecular  
interactions and subsequent caspase activation and increased 
expression of cleaved caspase-3 in skin lesions in acute AD.4,5 
Therefore, prevention of keratinocyte apoptosis is a potential 
therapeutic strategy for alleviating atopic skin inflammation.

Early-life oral supplementation with Lactobacillus or/and  
Bifidobacterium has a long-term preventive effect against 
AD by impeding the development and onset of allergic  
symptoms.6 Previously, our double-blind randomized  
placebo-controlled trail in Taiwan revealed that a probiotic  
mixture of Lactobacillus species attenuated clinical  
symptoms in moderate-to-severe AD in children.7 Moreover,  
oral intake of L. gasseri inhibits airway inflammation in  
allergic asthma through the activation of the peroxisome  
proliferator-activated receptor γ (PPARγ) pathway in 
dendritic cells and inhibited Th2 and Th17 immune  
response.8,9 Furthermore, the glyceraldehyde-3-phosphate  
dehydrogenase (GAPDH) protein has been identified 
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and purified as the anti-allergic inflammation and PPARγ 
activation component in L. gasseri by our group.10 GAPDH  
is a moonlighting protein that has multiple functions  
beyond its glycolytic enzymatic activity. The multifaceted  
non-enzymatic attributes of bacterial GAPDH are  
contingent upon its subcellular localization. Intracellularly,  
it contributes to gene expression and facilitates DNA repair  
mechanisms. On the bacterial cell surface, it engages  
with host proteins to enhance bacterial invasiveness.  
Extracellularly, it may exert influence on the host’s  
immune response.11 These findings confirm that probiotic, 
their metabolites, and cellular components have important  
immunoregulatory roles in the prevention and treatment of 
allergic disease. 

The present study was conducted to evaluate the  
preventive and therapeutic effects of L. gasseri and its  
moonlighting GAPDH in experimental atopic dermatitis  
induced by ovalbumin (OVA) and Dermatophagoides  
pteronyssinus (Der p) allergens via “outside-in” or “inside-out” 
route. 

Methods
Allergen, L. gasseri, and LGp40

The Der p (Allergon, Sweden) or OVA (A5503, albumin  
from chicken egg white, Sigma-Aldrich, USA) allergen 
was dissolved in sterile phosphate-buffered saline (PBS) 
and filtered separately through a 0.22-μm filter. L. gasseri 
(BCRC14619) was cultured in MRS Broth (110661, Merk 
Millipore, USA) at 37°C. Recombinant His-tagged LGp40 
was purified by loading onto an Ni-NTA and Q column (GE 
Healthcare, USA) as described previously.10 

Animal experimental models and protocols
The 6- to 8-week-old mice used in this study included  

SKH1 (hairless) mice, and C57BL/6J mice, which were  
purchased from National Applied Research Laboratories,  
Taiwan. Mice were housed in sterile cages with an  
air-filtration device in the Laboratory Animal Center of 
the College of Medicine, National Cheng Kung University,  
Tainan, Taiwan. All animal experiments were performed  
according to protocols approved by the Institutional Animal 
Care and Use Committee of National Cheng Kung University, 
Tainan, Taiwan (IACUC No. 101221).

Protocol 1: To establish an “outside-in” model of AD, 
the SKH1 and C57BL/6J mice were divided into four groups 
that were to be subjected to epicutaneous sensitization with 
different agents. After anesthetization, the dorsal skin of 
the C57BL/6J mice was shaved to expose the skin. To the  
dorsal skin of C57BL/6J and SKH1 mice, we then applied  
a 1 × 1 cm square of sterile gauze saturated with a 100 μl  
PBS solution containing 100 μg OVA (OVA group),  
50 μg Der p extract (Der p group), or PBS (PBS group) 
for 7 consecutive days. Mice were sensitized three times,  
at 2-week intervals. To identify the protective effect of  
L. gasseri, OVA-induced AD SKH1 mice were intragastrically  
administered 200 μl of PBS (PBS group), 200 μl PBS of a 
solution containing 107 colony-forming unit (CFU) L. gasseri 
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(107 LG group), or 200 μl PBS of a solution containing  
109 CFU L. gasseri (109 LG group) daily during the  
OVA-sensitization period. To determine the effect of 
LGp40, both OVA- and Der p-induced AD SKH1 mice  
were intraperitoneally injected with 200 μl of PBS or 200 μl  
PBS of a solution containing 25 μg LGp40 on days 1, 21,  
and 42. 

Protocol 2: To establish an “inside-out” model of 
AD at C57BL/6J mice, the subcutaneous challenge (SC 
group) and epicutaneous challenge (EC group) mice were  
intraperitoneally sensitized with a 200 μl mixture of 100 μg 
Der p and 1 mg aluminum hydroxide (Al(OH)3, Thermo 
Fisher, USA) on days 0 and 7. For SC group of C57BL/6J 
mice, furs of their dorsal skins were removed for further  
subcutaneous allergen injections with 100 μg/100 μl Der p  
every 3 days for totally three times, whereas the EC mice 
were epicutaneously challenged through skin coverage by  
a 1 × 1 cm square of sterile gauze saturated with a 100 μl PBS 
solution containing 100 μg Der p for 3 consecutive days 
three times. Control (Ctrl group) mice were sensitized with 
1 mg Al(OH)3 and challenged with PBS. To determine the 
effect of LGp40, Der p-induced AD C57BL/6J mice were  
intraperitoneally injected with 200 μl of PBS (PBS group), 
200 μl PBS of a solution containing 25 μg LGp40 (LGp40  
group), or 200 μl PBS of a solution containing 10 μg  
dexamethasone (Dex, 265005, Sigma-Aldrich; Steroid group)  
on days 1, 21, and 42. At the end of each model, the  
physiological function of the dorsal skin of the mice was  
measured before the mice were sacrificed, and the lesion skin, 
blood, and spleen were harvested for further analysis. 

Transepidermal water loss (TEWL) measurement
TEWL measurements of the dorsal skin lesions were  

performed using Tewameter TM210 (Courage and Khazaka 
Electronic GmbH, Germany). The temperature and relative  
humidity of the measurement rooms remained consistent 
throughout the procedure. Measurements were recorded 
as g/m2/h after the rate of TEWL had stabilized. Mice were  
anesthetized to facilitate the measurements. The Tewameter 
probe was gently placed against the skin surface at the site 
where the patch containing the allergen had been applied, and 
the readings were recorded for 1 min. An average of the three 
readings was used as the TEWL for each mouse. 

Total and allergen-specific IgE measurement
Total IgE levels in sera were assayed using enzyme-linked 

immunosorbent assay (ELISA; E90-115, Bethyl Laboratories,  
USA). For allergen-specific IgE quantification, the plates 
were first coated with 10 μg Der p or 10 μg OVA at 4°C for  
18 hours. After blocking, diluted sera (1:50 dilution) were 
added and the plates were incubated overnight at 4°C 
with horseradish peroxidase (HRP)-conjugated secondary  
antibodies (E90-115, Bethyl Laboratories); then, the optical 
density was determined at 450 nm.

Skin histology and immunohistochemistry (IHC)
The dorsal skin tissue was removed, fixed in  

10% formalin (SI-F8775, Sigma-Aldrich), and embedded  
in paraffin. Sections (4-μm thick) were stained with  
hematoxylin and eosin kit (H&E; HAE-1, ScyTek  
Laboratories, USA) or immunostaining. For IHC, the  
samples were incubated with anti-TSLP (4025, ProSci, USA),  
anti-Langerin/CD207 (DDX0362, Dendritics, France),  
anti-RAR-related orphan receptor gamma t (RORγt;  
bs-6217R, Bioss, USA), anti-IL-17 (Ab79056, Abcam, 
UK), and anti-cytokeratin 18-fragment M30 (MA5-12104,  
ThermoFisher) antibodies. The immunoreactivity  
of Langerin/CD207 was visualized using the AEC  
immunophosphatase methodology (001122, ThermoFisher) 
whereas the immunoreactivity of the other antibodies was  
visualized using the DAB immunoperoxidase methodology  
with the Novolink™ Polymer Detection Systems kit 
(RE7140-K, Leica, UK). 

Cytokine measurement of splenocyte culture supernatant
Spleens were isolated and homogenized into single-cell  

suspensions through a 70-μm cell strainer. Cells were 
seeded at a density of 1 × 106 cells/mL in RPMI-1640  
containing 10% FBS (ThermoFisher) and were stimulated 
with 8 μg phytohemagglutinin (PHA; L4144, Sigma-Aldrich) 
for 48 hours. Cultured supernatants were collected and the 
levels of IFN-γ, IL-17, and IL-10 were determined using  
commercial ELISA kits (DY485, DY421, DY417, R&D  
Systems, USA).

Apoptosis induction in HaCaT cells. 
The HaCaT cell line was cultured at 37°C in DMEM 

supplemented with 10% fetal bovine serum (FBS,  
ThermoFisher). HaCaT cells were plated in 6-well plates 
at a density of 1 × 106 cells/well. The culture medium 
was replaced by DMEM-2% FBS for apoptosis induction.  
Cells were incubated with 10 μM GW9662 (M6191,  
Sigma-Aldrich), 10 μM rosiglitazone (RO; R2408,  
Sigma-Aldrich), LGp40 (1 or 10 μg/mL), and LGp40 (1 or  
10 μg/mL) + 10 μM GW9662 for 6 hours. Thereafter, cells 
were further stimulated with 12.5 μg/mL Der p for 24 hours. 
Cultured cells were than collected for flow cytometry and 
Western blot analysis.

NLR family pyrin domain containing the 3 (NLRP3)  
inflammasome activation in THP1 cells

The THP1 cell line was cultured at 37°C in  
RPMI-1640 supplemented with 10% FBS (ThermoFisher).  
THP1 cells were plated in 6-well plates at a density of  
1 × 106 cells/well. Cells were first differentiated using  
100 ng/mL phorbol-12-myristate-13-acetate (PMA; SI-P1585,  
Sigma-Aldrich) for 72 hours, and then rested for 24 
hours. The differentiated THP1 cells were then incubated  
with LGp40 (5, 10, 20 μg/mL) for 4, 6, or 12 hours or  
10 μg/mL LGp40 + GW9662 (1, 5, or 10 μM) for 6 hours. 
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Next, NLRP3 inflammasome activation of the cells was  
established using 5 μg/mL lipopolysaccharide (LPS; L9764, 
Sigma-Aldrich) for 18 hours, followed by 5 mM adenosine  
triphosphate (ATP; tlrl-atpl, InvivoGen, USA) 1-hour  
stimulation. Cultured cells were then collected for Western 
blot analysis.

Flow cytometric detection of apoptosis
Primary keratinocytes from the C57BL/6J mouse dorsal  

skin (animal experimental model protocol 2) and HaCaT  
cells were prepared at a density of 1 × 106/mL for flow  
cytometric detection of apoptosis using FITC Annexin V  
Apoptosis Detection Kit with 7-AAD (640922, BioLegend, 
USA). Cells were gated at 10,000 events and analyzed using 
FACS Calibur™ (BD Bioscience, USA).

Western blot analysis
Whole-cell lysates were prepared with the  

Radio-Immuno-precipitation Assay (RIPA) buffer  
(Sigma-Aldrich) and then boiled in sample buffer at 99°C 
for 15 minutes. Samples containing 30 μg of total protein  
were electrophoresed on 12% SDS-PAGE and transferred 
onto PVDF membranes (Merck Millipore, USA) that 
were blocked for 1 hour with 10% non-fat milk in TBST, 
and incubated overnight with the following antibodies:  
pro-caspase-3 (ARG20001, arigo biolaboratories, Taiwan),  
cleaved caspase-3 (ARG57512, arigo biolaboratories), 
PPARγ (101700, Cayman Chemical, USA), NLRP3  
(AG-20B-0014-C100, adipogen life sciences, USA), and 
β-actin (GTX109639, GeneTex, USA). After incubated with 
HRP-conjugated secondary antibodies (GTX221667-01 and 

Results
The “outside-in” and “inside-out” mouse models of AD
In this study, the protection effect of L. gasseri and its 

moonlighting recombinant GAPDH (LGp40) were investigated  
in the “outside-in” and “inside-out” mouse models of AD. 
The clinical characteristics of these two models of AD were 
detailed in Supplemental File and Supplemental Figure 1-4. 

L. gasseri attenuated cutaneous inflammation in  
OVA-induced SKH1 AD-like mice

The OVA epicutaneously sensitized SKH1 AD-like mice 
were intra-gastrically administered different dosages (low, 
107 CFU or high, 109 CFU) of L. gasseri or PBS control 
for 7 weeks (Figure 1A). 107 CFU of L. gasseri treatment  
reduced total IgE and significantly lowered OVA-specific  
IgE levels as compared to PBS controls (Figure 1B). The  
characteristic atopic skin appearance improved after  
L. gasseri treatment and became unwrinkled and hydrated 
in the 107 and 109 CFU LG groups (Figure 1C). Histological  
analysis demonstrated a notable reduction in epidermal and

Figure 1. L. gasseri supplementation improved pathophysiological function and allergic inflammation in OVA-induced 
AD mice. (A) Oral administration of L. gasseri in the OVA-induced AD SKH1 model based on the “outside-in” hypothesis.  
OVA-epicutaneously (e.c.) sensitized AD mice were intragastrically (i.g.) treated with either PBS and 107 or 109 CFU of L. gasseri 
orally (animal experimental model protocol 1). (B) Total IgE and OVA-specific IgE levels in sera were measured using ELISA.  
(C) Morphology of the skin lesion. (D) Lesional skin histology. (E) Measurement of epidermal and dermal thickness (**p < 0.01  
of epidermis, †p < 0.05, ††p < 0.01 of dermis). (F) Infiltrated eosinophils in the cutaneous tissue were counted (††p < 0.01 of 
dermis). Skin sections were immunostained with (G) langerin/CD207 antibody, and (H) the positive cells (black arrows) 
in the cutaneous tissue were counted (†p < 0.05, ††p < 0.01 of dermis). Skin sections were immunostained with (I) TSLP and  
(J) IL-17 antibodies. (K) IFN-γ, IL-17, and IL-10 levels in the culture supernatant of splenocytes after PHA stimulation. The data 
represent the mean ± SEM (n = 4 mice), *p < 0.05, **p < 0.01, Student’s t-test.

A

GTX221666-01, GeneTex), membranes were treated with the 
Western lightning chemiluminescence reagent (PerkinElmer, 
USA) and visualized using an X-ray film. The density of the 
detected proteins was calculated in relation to the density of 
β-actin and the results were presented as a proportion.

Statistical analysis
All data were presented as mean ± SEM and analyzed 

with the Student’s t-test by using GraphPad Prism software  
(San Diego, USA). 
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LGp40 improved AD pathogenesis in the “outside-in” SKH1 
AD-like mice 

To explore the anti-allergic effect of the cellular  
component of L. gasseri, which was identified as GAPDH  
from L. gasseri that has a PPARγ activation effect in 
our previously report,10 SKH1 mice were epicutaneously  
sensitized with either OVA or Der p to create the  
“outside-in” AD model as described earlier. Recombinant  
GAPDH of L. gasseri expressed from E. coli, LGp40 
(25 μg), were intraperitoneally injected before each  
allergen epicutaneous-sensitization period (Figure 2A). 
The LGp40 decreased either OVA or Der p-induced  
total IgE production at days 42 and 50 after allergen  
sensitization and significantly reduced TEWL in  
comparison with the PBS-treated group (Figure 2B, C). 
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Figure 1. (Continued)

dermal thickness of both L. gasseri-treated groups compared  
to either the AD or PBS group (Figure 1D, E). The  
administration of L. gasseri in both low and high doses  
significantly inhibited OVA-induced cutaneous eosinophil 
and Langerhans cell infiltration of the dermis (Figure 1F-H).  
The expression of TSLP and IL-17 in the dorsal skin  
lesions were lower in 107 and 109 LG groups compared to 
those of the AD and PBS groups (Figure 1I, J). In response 
to in vitro stimulation with PHA, splenocytes from 107 and  
109 LG mice secreted significantly lower amounts of IFN-γ 
and IL-17, as compared to the splenocytes from PBS mice. 
In contrast, the IL-10 level increased in 107 LG mice but 
decreased in 109 LG mice compared to the PBS mice  
(Figure 1K). Overall, oral treatment with L. gasseri improved 
OVA-induced atopic inflammation in the skin.
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Figure 2. Intraperitoneal administration of LGp40 repressed pathophysiological functions and allergic inflammation in the 
“outside-in” AD model. (A) Intraperitoneal injection of LGp40 in the AD SKH1 model based on the “outside-in” hypothesis. 
Mice were epicutaneously (e.c.) sensitized with either OVA or Der p, and were intraperitoneally (i.p.) treated with either PBS or 
LGp40 (animal experimental model protocol 1). (B) Total IgE levels in sera were measured using ELISA. (C) TEWL values of 
skin were measured by Tewameter TM210. (D) Morphology of the lesional skin. (E) Lesional skin histology. (F) Measurement of 
the epidermal and dermal thickness (**p < 0.01 of epidermis, †p < 0.05 of dermis). (G) Infiltrated eosinophils in the cutaneous 
tissue were counted (†p < 0.05 of dermis). Skin sections were immunostained with (H) langerin/CD207 antibody, and (I) the 
positive cells (black arrows) in the cutaneous tissue were counted (†p < 0.05 of dermis). Skin sections were immunostained with 
(J) TSLP, and (K) IL-17 antibodies. (L) IFN-γ and (M) IL-17 production from the culture supernatant of splenocytes after PHA 
stimulation. The data represent the mean ± SEM (n = 6 mice), *p < 0.05, **p < 0.01, Student’s t-test.
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Smooth, moisturized skin was observed in the LGp40-treated  
mice, which also had normalized layers of epidermal and 
dermal thickness as compared to the untreated AD mice.  
(Figure 2D-F). The numbers of infiltrated eosinophils 
and Langerhans cells in the dermis decreased in the 
LGp40-treated groups (Figure 2G-I). Furthermore, the 
expression of TSLP and IL-17 in the skin lesions were  
inhibited by LGp40 (Figure 2J-K). Splenocytes from  
LGp40-treated Der p-induced AD-like mice produced  
significantly higher amounts of IFN-γ in response to  
in vitro stimulation with PHA as compared to that in the  
PBS-treated mice (Figure 2L). Splenocytes from LGp40 
treated mice had lower amounts of IL-17 as compared to 
PBS-treated mice. However, a significant difference was only 
found in the OVA-induced AD group (Figure 2M). These  
results showed that LGp40 improved atopic inflammation in  
a prevention manner in “outside-in” AD model.
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Figure 2. (Continued)

LGp40 alleviated allergic skin inflammation in “inside-out” 
C57BL/6J AD-like mice 

Either PBS, LGp40 (25 μg), or Dex (1 mg/kg body weight) 
was intraperitoneal administration to C57BL/6J AD-like mice 
after each epicutaneous challenge (Figure 3A). Compared to 
naïve and Ctrl mice, the total IgE concentration significantly  
increased in the PBS-treated AD-like mice but decreased  
significantly after treatment with LGp40 or Dex as compared 
to non-treated AD mice (Figure 3B). The level of TEWL 
was significantly decreased after treatment with LGp40 
or Dex as compared to the level in PBS-treated AD mice  
(Figure 3C). The typical wrinkled AD lesion along with 
prominent hair follicles, and inflamed, shiny skin became 
smooth and ruddy when the AD mice received either LGp40 
or Dex. The hair even grew from the hair follicles in the 
LGp40-administered AD group (Figure 3D). After either 
LGp40 or steroid treatment, there was a significant decrease  
in the epidermal and dermal skin thickness, eosinophil  
and Langerhans cell infiltrations, and TSLP expression as  
compared to PBS-treated mice (Figure 3E-J). Taken together,  
the results showed that LGp40 alleviated the clinical  
symptoms of AD and decreased cutaneous inflammatory  
responses in AD-like mice, either in the “outside-in” or the  
“inside-out” models. 
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Figure 3. Intraperitoneal administration of LGp40 alleviated pathophysiological functions and allergic inflammation in the 
“inside-out” AD model. (A) LGp40 administration in the AD C57BL/6J model based on the “inside-out” hypothesis. Mice were 
divided into five groups. The naïve group was untreated. Th Ctrl group was intraperitoneally (i.p.) sensitized and i.p. treated 
with PBS. The other groups were i.p. sensitized and epicutaneously (e.c.) challenge with Der p to induce AD, and received i.p. 
PBS, LGp40, or dexamethasone (Steroid group) based on the animal experimental model protocol 2. (B) Total IgE levels in sera 
were measured using ELISA. (C) TEWL values of skin were measured by Tewameter TM210. (D) Morphology of lesional skin.  
(E) Lesional skin histology. (F) Measurement of epidermal and dermal thickness. (G) Infiltrated eosinophils in the cutaneous 
tissue were counted. Skin sections were immunostained with (H) langerin/CD207 antibody, and (I) the positive cells (black  
arrows) in the cutaneous tissue were counted. Skin sections were immunostained with (J) TSLP antibodies and treated with DAB. 
The data represent the mean ± SEM (n ≥ 3 mice), *p < 0.05, **p < 0.01, Student’s t-test.
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Figure 3. (Continued)

I

J

Figure 4. LGp40 inhibited allergen-induced keratinocyte apoptosis in Der p-induced AD mice and it suppressed  
HaCaT cell apoptosis through upregulation of PPARγ expression. (A) Skin sections were immunostained with cytokeratin  
18 antibodies and treated with DAB. The region above the red-dotted line and arrows indicate cytokeratin 18 signals (brown) 
in the epidermis of lesional skin. (B) Apoptotic keratinocyte percentages in lesional skin suspension were determined  
using FACS. (C) Keratinocytes from lesional skin were analyzed by Western blotting with caspase 3 and α-tubulin antibodies.  
Quantitative data of (D) pro-caspase 3 and (E) caspase 3. Protein expression levels were detected with densitometry and 
are depicted as proportional lines and bar graphs. The data represent the mean ± SEM (n ≥ 3 mice), *p < 0.05, **p < 0.01,  
Student’s t-test. HaCaT cells were incubated with rosiglitazone (RO, PPARγ agonist), GW9662 (PPARγ antagonist), LGp40, or 
LGp40 + GW9662 before Der p stimulation. (F) Apoptotic cell percentages were determined using FACS. (G) Whole-cell extracts 
were analyzed by Western blotting with caspase 3, PPARγ, and β-actin antibodies (n = 3).

A
B

LGp40 inhibits keratinocyte apoptosis by upregulating 
PPARγ expression 

The AD lesions of these mice were further analyzed 
to investigate the biological functions of LGp40 on the 
skin barrier. We found the increased expression of M30,  
a neo-epitope in cytokeratin 18 that becomes available 
during early caspase cleavage in apoptosis, in the epidermis 
of PBS-treated AD-like mice via IHC staining, as compared 
to naïve and ctrl mice. After treatment with LGp40 or Dex, 
the M30 expression in the lesion epidermis was significantly  
reduced (Figure 4A). Primary keratinocytes from skin lesion  
were harvested to measure apoptosis via flow cytometry. 
The percentage of apoptotic keratinocytes was significantly  
increased in PBS-treated AD-like mice, but significantly  
decreased in the LGp40-treated group although it did not 
in Dex-treated mice (Figure 4B). In skin lesions evaluated  
via Western blot analysis, expression of pro-caspase 3 and 
caspase-3 significantly increased in PBS treated AD-like mice, 

Dex-treated groups (Figure 4C-E). The anti-apoptotic  
effect of LGp40 was assayed in vitro in Der p-induced  
apoptosis HaCaT cells. LGp40 (1 μg/mL) pretreatment  
reduced the percentage of Der p-induced apoptotic cells 
and pro-caspase 3 and caspase-3 expressions, as compared 
to those of non-pretreatment condition (Figure 4F-G). 
The PPARγ activation effect of LGp40 also involved in its  
anti-apoptotic pathway. When GW9662, the PPARγ  
antagonist, was added with cell cultures, it blocked the  
anti-apoptotic effect of LGp40 on HaCaT cells. Pretreatment  
with a mixture of GW9662 and LGp40 increased the 
percentage of Der p-induced apoptotic cells as well as  
pro-caspase 3 and caspase-3 expressions as compared to 
LGp40-only pre-treatment HaCaT cells (Figure 4F, G). 
These results suggested that the inhibition of LGp40 in  
allergen-induced keratinocytes apoptosis may be mediated 
through the upregulation of the PPARγ pathway.
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Figure 5. LGp40 pretreatment suppressed NLRP3 expression and promoted PPARγ expression in the NLRP3 inflammasome  
cellular model. THP-1 cells were incubated with LGp40 before LPS + ATP stimulation for NLRP3 inflammasome (n = 3). 
(A) Whole-cell extracts were analyzed by Western blotting with NLRP3 and β-actin antibodies. (B) Quantitative data of 
NLRP3. THP-1 cells were incubated with LGp40 and GW9662 (PPARγ antagonist) before LPS + ATP stimulation for NLRP3 
inflammasome (n = 3). (C) Whole-cell extracts were analyzed by Western blotting with NLRP3 and β-actin antibodies.  
(D) Quantitative data of NLRP3. Protein expression levels were detected with densitometry and are depicted as proportional lines 
and bar graphs. The data represent the mean ± SEM, *p < 0.05, **p < 0.01, Student’s t-test.
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LGp40 inhibited the NLRP3 inflammasome
Activation of NLRP3 inflammasome was identified as an 

important trigger in the development of AD.12,13 To explore 
the inhibitory function of LGp40 in NLRP3 inflammasome 
formation, an in vitro NLRP3 inflammasome activation  
model was developed in THP1 cells based on LPS priming  
and ATP activation. After LPS and ATP stimulation, THP1 
cells had increased NLRP3 protein level. Pretreatment 
with LGp40 for 4 to 12 hours, and 5 to 20 μg/ml, induced 
a dose-dependent decrease in the protein level of NLRP3  
(Figure 5A, B). To further explore whether the LGp40  
inhibition of the NLRP3 inflammasome is PPARγ dependent, 
GW9662 was co-incubated in this cell culture system. The 
inhibitory effect of LGp40 on NLRP3 protein expression was 
reversed dose-dependently when GW9662 was co-incubated  
before NLRP3 inflammasome activation (Figure 5C, D). The 
data revealed that LGp40 also had an inhibitory effect on 
the NLRP3 inflammasome, and this effect may be PPARγ  
dependent. 

Discussion
The pathogenesis of AD is heterogeneous and involves an 

interplay of skin barrier disruption and immune-mediated  
inflammation. Both the “outside-in” and “inside-out”  
hypotheses likely hold true in different subsets of AD  
patients.14 Most of the AD cases are initiated in infancy and 
persist into adulthood, whereas some AD cases develop  
for the first time in adulthood.1 Food allergens are the 
most likely triggers in infants and young children with  
severe AD.1 Adult-onset AD is associated with higher rates 
of sensitization to cross-reaction with food and airborne  
allergens, similar to that with house dust mite.1,15 Therefore,  
we used both OVA and Der p allergens to trigger an  
AD-like mouse model in hairless SKH1 and hair-removed 
C57BL/6J strains based on the “outside-in” and “inside-out”  
hypotheses in this investigation. Both an OVA-induced  
“outside-in” SKH1 AD-like and a Der p-induced “inside-out” 
C57BL/6J AD-like mouse model were well-established  
(Supplemental Figure 1-4). The mice in these models  
displayed typical AD symptom of thick, shriveled epidermis.  
Furthermore, hallmarks of Th2 immunity were significant  
elevated in the lesion skin, but only SKH1 mice showed  
Th2/Th17-predominant AD endotype. 

Probiotics decreased AD incidence by approximately 20%.16  
In this study, either L. gasseri or LGp40 supplementation 
in AD-like mice undertaken before and during allergens  
sensitization resolved the epidermal barrier dysfunction 
and immunologic abnormalities. The cutaneous lesion of 
AD-like mice healed to a fine, dewy skin state and the  
degrees of keratinocyte programmed cell death and  
local tissue inflammation decreased significantly. LGp40,  
a previously identified recombinant GAPDH protein,10 is 
the main component of L. gasseri that activated the host 
PPARγ pathway in dendritic cells. Bacterial GAPDH is 
one of the moonlighting proteins that have glycolytic as 
well as extra-glycolytic functions, including host immunity  
modulation.17 Although PPARγ activation in dendritic 
cells has controversial abilities in relation to airway allergic 

inflammation,9,18,19 PPARγ activation inhibited mucus and  
alarmin secretion in airway epithelial cells.20 Our in vitro  
HaCaT keratinocytes model revealed that LGp40  
upregulated PPARγ expression upon Der p exposure, but was 
unable to prevent cell apoptosis with a PPARγ antagonist.  
As PPARγ plays an important role in allergic disorders, we 
considered that L. gasseri may use the GAPDH protein to 
inhibit allergen-induced keratinocyte apoptosis via PPARγ 
activation. Nonetheless, the underlying mechanism of  
LGp40-induced PPARγ-dependent inhibition of cutaneous 
apoptosis needs future study. 

Approximately 40% of AD patients present  
loss-of-function mutations in the FLG gene that  
damage the protective skin barrier against the external  
environment. This loose structure facilitates the penetration  
of Staphylococcus aureus and house dust mite to trigger 
skin inflammation.21,22 S. aureus could activate the NLRP3  
inflammasome in macrophages and mucosal membrane.23,24 
Mite allergen is a danger-regulator of NLRP3 inflammasome 
activation in keratinocytes and aggravated AD symptoms.12 
In a mouse model of chronic proliferative dermatitis, loss 
of Nlrp3 attenuated skin inflammation and delayed disease  
onset,13 suggesting that the NLRP3 inflammasome might 
be essential for disease development. Moreover, PPARγ  
agonists interfere with NLRP3 inflammasome formation 
and activation in macrophages or neurons.25,26 Clinical  
thiazolidinedione drugs, which are synthetic ligands of 
PPARγ, attenuate caspase-1 maturation and decrease IL-1β  
and IL-18 production in NLRP3-associated diseases.27  
In this study, we have found that LGp40 might increase 
PPARγ expression to suppress the NLRP3 inflammasome, 
and the inhibitory effect was reversed with the PPARγ  
antagonist (Figure 5). Therefore, it is rational to infer 
that the NLRP3 inflammasome inhibition might mediate  
the protective effect of LGp40, which is also a type of  
PPARγ-dependent inhibition. Despite the controversial role 
of the NLRP3 inflammasome in the development of AD,27 
NLRP3 inhibition was associated with abrogated apoptosis 
in primary airway epithelial cells and induced resolution of  
allergic asthma.28 Accordingly, our results suggest that LGp40 
prevents skin inflammation and keratinocyte apoptosis  
through PPARγ activation and NLRP3 inflammasome  
inhibition and achieves an anti-allergy effect. 

According to the guidelines for AD treatment, topical  
and systemic corticosteroids are appropriate therapeutic 
strategies in mild-to-moderate and severe AD, respectively.29  
Although steroids modulate allergen-induced strong Th2  
immunity based on their significant anti-inflammatory and 
immunosuppressive effects, prolonged steroid application is 
usually accompanied by adverse effects. Long-term continual  
use of topical steroids may cause stinging sensation,  
dryness and thinning of the skin, leading to easy bruising 
and tearing of the skin.30 In our Der p-induced AD mouse 
model, after using Dex, there was noticeable skin atrophy in 
the dorsal lesion skin which was evident as a thinning and 
translucency of the skin with telangiectasia. In contrast, these 
pathogenic phenomena were absent in the L. gasseri or the 
LGp40-treated groups.
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Conclusions 
In this study, a significant improvement of AD  

pathogenesis was observed in L. gasseri-supplemented mice 
and was accompanied by a decrease in Th2 and Th17 cells. 
Furthermore, direct application of LGp40 was effectively  
alleviated AD. The therapeutic potential of LGp40 is achieved 
by modulating cutaneous immune skewing, diminishing  
keratinocyte apoptosis via upregulation of PPARγ, and  
inhibiting the NLRP3 inflammasome (Figure 6). To 
our knowledge, this study is the first to confirm that  
L. gasseri may use moonlighting GAPDH proteins to  
alleviate both type 2 immunity and keratinocyte apoptosis  
in the AD lesion. This inhibitory effect might activate the 
PPARγ pathway to inhibit the NLRP3 inflammasome. 
The results of this study, when considered with previous  
research results, indicate a comprehensive mechanism 
for probiotics to prevent and treat allergic disorders,  
such as AD.

Figure 6. L. gasseri and its moonlighting LGp40 alleviated the cutaneous inflammatory responses in AD-like mice. The inhibitory 
effect involves the reduction of Langerhans cells infiltration and TSLP expression, with a resultant decline in Th2 inflammation. 
The reduction of the IgE level induces inhibition of eosinophilic infiltration of the AD lesion. Furthermore, LGp40 could inhibit 
keratinocyte apoptosis and the NLRP3 inflammasome through activation of the PPARγ pathway (The graph was created using 
BioRender.com).

Although the clinical applications of probiotic have been 
inconsistently reported from published clinical trials for 
decades,31 probiotics as dietary supplements are generally  
considered safe and have been approved by regulatory  
authorities. The beneficial effect of probiotics in AD, 
based on recent investigative reports, may be attributable  
to multiple biological actions of the metabolites that are 
produced by probiotics. For example, D-tryptophan or  
short-chain fatty acids (SCFA), mainly butyrate, that 
are produced by Lactobacillus and Bifidobacterium can  
promote regulatory T-cell activation whereas they inhibit  
Th2 inflammation and lead to the suppression of allergic  
inflammation.32 The SCFA-based mechanisms are largely  
mediated by the activation of certain G-protein-coupled 
receptors and/or the inhibition of histone deacetylases.33  
Microbial tryptophan metabolites, on the other hand,  
activate the aryl hydrocarbon receptor to modulate immune  
homeostasis.34 Microbe-associated molecular patterns that 
are recognized by the toll-like receptor (TLR)2 and TLR4 
play essential roles in restoring Th1/Th2 balance, and  
thereby regulate AD symptoms.35 In this study, in addition  
to reprograming macrophages,10 we confirmed that GAPDH  
from L. gasseri mitigates cutaneous Th2 inflammation 

and keratinocyte apoptosis through the activation of the 
PPARγ pathway. This result differs from other evidence that  
support the role of probiotic-regulated immune response in 
AD, which is mostly effected through microbial metabolites. 
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Supplemental file 
The “outside-in” mouse models of AD

In this study, the protection effect of L. gasseri and 
its moonlighting recombinant GAPDH (LGp40) were  
investigated in the “outside-in” and “inside-out” mouse models  
of AD. To establish the “outside-in” AD mouse model, both 
C57BL/6J and SKH1 (hairless) mice were percutaneously  
sensitized with either OVA or Der p over 7 weeks  
(Supplementary Figure S1A). Application of both OVA 
and Der p allergens on the dorsal skin of C57BL/6J mice  
induced a steady increase in sera concentrations of total  
IgE, OVA-specific IgE, and Der p-specific IgE. In SKH1 
mice, only OVA percutaneous sensitization induced an  
increase in the total IgE level and the allergen-specific IgE 
concentrations (Supplementary Figure S1B, C). OVA or 
Der p allergen stimulation induced the characteristic dry 
and scaly skin of AD in SKH1 mice along with increased  
trans-epidermal water loss (TEWL) as compared with the 
Naïve and PBS controls (Supplementary Figure S1D, E). 

A

Supplementary Figure S1. The characteristics of sera IgE and cutaneous physiology of the “outside-in” AD model. 
(A) “Outside-in” mouse model of AD. C57BL/6J and SKH1 mice were divided into four groups (Naïve, PBS, OVA and Der p) 
and were epicutaneously (e.c.) sensitized to allergens (animal experimental model protocol 1). (B) Total IgE, OVA-specific IgE, 
and Der p-specific IgE levels in sera of C57BL/6J mice model (n = 4 mice). (C) Total IgE, OVA-specific IgE, and Der p-specific 
IgE levels in sera of SKH1 mice model (n = 3 mice). The IgE levels were measured using ELISA. (D) Morphology of lesional 
skin in SKH1 mice model (n = 3 mice). (E) TEWL values of skin were measured by Tewameter TM210 (n = 3 mice). The data  
represent the mean ± SEM, *p < 0.05, **p < 0.01, Student’s t-test. 

Increases in epidermal and dermal thickness were also  
observed in OVA or Der p -induced C57BL/6J and SKH1  
AD-like mice, particularly in OVA-induced SKH1 AD-like 
mice in comparison with controls (p < 0.01) (Supplementary  
Figure S2A, B). Furthermore, SKH1 AD-like mice showed 
significantly increased of eosinophil and Langerhans cell  
infiltrations in skin lesions in both allergen-induced groups. 
In Naïve and PBS groups, most of the Langerhans cells were 
present in the epidermis whereas, in allergen-sensitized 
groups, the activated Langerhans cells were found mostly  
in the dermis rather than in the epidermis in the lesion  
(Supplementary Figure S2C-E). Furthermore, the TSLP and 
RORγt expression in skin lesions in both allergen-induced  
AD-like SKH1 mice enhanced (Supplementary Figure 
S2F, G). These findings revealed that OVA-sensitized SKH1  
AD-like mice was compatible with an “outside-in” AD mouse 
model, and were used in the following studies. 
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Supplementary Figure S1. (Continued)

Supplementary Figure S2. The characteristics of cutaneous pathology and immunology of the “outside-in” AD model. 
Lesional skin histology and measurement of the epidermal and dermal thickness in (A) C57BL/6J mice model (n = 4 mice) and 
in (B) SKH1 mice model (n = 3 mice). Skin sections were stained with H&E. (C) Infiltrated eosinophils in the cutaneous tissue of 
SKH1 mice were counted. The data represent the mean ± SEM (n = 3 mice), *p < 0.05, **p < 0.01, Student’s t-test. (D) Infiltrated  
Langerhans cells (black arrows at section in the cutaneous tissue of SKH1 mice model were counted. The data represent the 
mean ± SEM (n = 3 mice), **p < 0.01 of epidermis, †p < 0.05 of dermis, Student’s t-test. Skin sections of SKH1 mice model were  
immunostained with (E) langerin/CD207, (F) TSLP, and (G) RORγt antibodies and reacted with AEC or DAB. The data represent 
the mean ± SD, *p < 0.05, **p < 0.01, Student’s t-test. 
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Supplementary Figure S2. (Continued)

The “inside-out” mouse model of AD
The “inside-out” AD mouse model was also established 

in C57BL/6J and SKH1 mice (Supplementary Figure S3A, 
B). The mice were intraperitoneally sensitized and then  
percutaneously challenged with Der p allergen as specified  
in the protocol. Der p-sensitized C57BL/6J and SKH1  
AD-like mice exhibited a sustained elevation of total IgE 
and Der p-specific IgE (Supplementary Figure S3C, D). A  
wrinkled skinfold with rough, scaly patches and dehydrated  
skin were observed in these AD-like mice. Furthermore,  
both SC and EC groups of C57BL/6J AD-like mice 
showed delayed hair growth and prolonged hair loss as  
compared with Ctrl group (Supplementary Figure S3E, F).  
Der p-sensitized SKH1 AD-like mice had significantly 

enhanced TEWL as compared with Naïve group  
(Supplementary Figure S3G). In further studies in the 
AD skin lesion of C57BL/6J AD-like mice, we noted  
enhancement of dermal thickness, increased infiltration 
by eosinophils and Langerhans cells, and TSLP expression  
(Supplementary Figure S4A-E). In contrast, there was no 
significant change in the dermal thickness or increased  
eosinophil and Langerhans cell infiltration, or enhanced TSLP 
expression in the AD skin lesions of SKH1 AD-like mice 
(Supplementary Figure S4F-J). These findings indicated that 
the Der p-sensitized and challenged C57BL/6J mice were 
more compatible than the SKH1 mice for the “inside-out”  
AD mouse model, and were used in the following studies. 

A

Supplementary Figure S3. The characteristics of sera IgE and cutaneous physiology of the “inside-out” AD model. 
“Inside-out” mouse model of AD in (A) C57BL/6J and (B) SKH1 mice. C57BL/6J mice were divided into three groups. Ctrl 
group was intraperitoneally (i.p.) sensitized with PBS. The other groups were i.p. sensitized with Der p to induce AD through  
subcutaneous (s.c.) challenge (SC group) or epicutaneous (e.c.) challenge (EC group) (animal experimental model protocol 2). 
SKH1 mice were divided into two groups. They were both i.p. sensitized with Der p. D-PBS and Der p group were e.c. challenged 
by skin coverage with a 1 × 1 cm square of sterile gauze that contained either PBS or 50 μg Der p for 14 consecutive days. Total 
IgE and Der p-specific IgE levels in sera of (C) C57BL/6J mice model and (D) SKH1 mice model. The IgE levels were measured 
using ELISA. Morphology of lesional skin in (E) C57BL/6J and (F) SKH1 mice model. (G) TEWL values of SKH1 mice skin were 
measured by Tewameter TM210. The data represent the mean ± SEM (n = 6 mice), *p < 0.05, **p < 0.01, Student’s t-test. 
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Supplementary Figure S4. The characteristics of cutaneous pathology and immunology of the “inside-out” AD model. 
(A) Lesional skin histology, measurement of epidermis and dermis thickness, and (B) numbers of infiltrated eosinophils in the 
cutaneous tissue of C57BL/6J mice model. Skin sections of C57BL/6J mice model were immunostained with (C) langerin/CD207 
antibody and (D) the positive cell (red arrows) in the cutaneous tissue were counted. Skin sections of C57BL/6J mice model were 
also immunostained with (E) TSLP antibodies and reacted with DAB. (F) Lesional skin histology, measurement of epidermis and 
dermis thickness, and (G) numbers of infiltrated eosinophils in the cutaneous tissue of SKH1 mice model. Skin sections of SKH1 
mice model were immunostained with (H) langerin/CD207 antibody and (I) the positive cell (red arrows) in the cutaneous tissue 
were counted. Skin sections of SKH1 mice model were also immunostained with (J) TSLP antibodies and reacted with DAB. The 
data represent the mean ± SEM (n = 6 mice), *p < 0.05, **p < 0.01, Student’s t-test. 


