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Atopic dermatitis (AD) is a widespread inflammatory skin condition that affects the popula-
tion worldwide. Given the implication of microbiota in AD pathogenesis, we investigated 
whether human-derived Lactobacillus strains could modulate AD. In this study, we identified 
Lactobacillus crispatus KBL693 as a probiotic candidate for AD treatment. In vitro, KBL693 
suppressed mast cell degranulation and IL-4 production by T cells, suggesting its ability to at-
tenuate key type 2 immune responses. Consistent outcomes were observed in a murine AD 
model, where oral administration of KBL693 alleviated disease symptoms and reduced hall-
mark type 2 immune markers, including plasma IgE as well as IL-4, IL-5, and IL-13 levels in skin 
lesions. In addition to downregulating these AD-associated immune responses, KBL693 pro-
moted regulatory T cell (Treg) expansion in mesenteric lymph nodes, indicating its potential 
to restore immune balance. Collectively, these findings highlight the therapeutic potential of 
KBL693 for AD through enhancement of Tregs and suppression of type 2 immune responses.

Keywords: atopic dermatitis, probiotics, Lactobacillus crispatus, gut-skin axis, immune re-
sponse

Introduction

Atopic dermatitis (AD) is a widespread inflammatory skin condition 
that affects the population worldwide (Asher et al., 2006; Deckers et al., 
2012; Weidinger et al., 2018). Type 2 immune responses and mast cells are 
pivotal in the pathogenesis of AD (Akdis et al., 2020; Gandhi et al., 2016; 
Langan et al., 2020). Upon exposure to allergens, dendritic cells (DCs) cap-
ture, process, and present them to naïve CD4+ T cells, driving their polar-
ization toward Th2 that produce IL-4. This cytokine promotes antibody 
class switching in B cells, resulting in IgE production. The IgE antibodies 
then engage FcεRI on mast cells, heightening their responsiveness to al-
lergens. Allergen recognition by IgE on mast cells triggers intracellular sig-
naling cascades that result in degranulation and the secretion of the con-
tents in the granules, like histamine, tryptase, and β-hexosaminidase, ulti-
mately driving allergic inflammation and disease manifestation. In addi-
tion to IL-4, IL-5, and IL-13 are central in recruiting eosinophils, stimulating 
mast cells, and promoting keratinocyte remodeling.

Human gut harbors 10–100 trillion live microorganisms, including bac-
teria, fungi, archaea, and protozoa, which together constitute the gut mi-
crobiota (Turnbaugh et al., 2007). Microbiota interact continuously and 
intimately with the host and influence its health, metabolism, and im-

mune system (Belkaid and Hand, 2014; Lynch and Pedersen, 2016; Turn-
baugh et al., 2006). Early-life colonization through vaginal delivery, breast-
feeding, and environmental exposures profoundly shapes the gut micro-
bial community and host immunity (Bogaert et al., 2023; McCauley et al., 
2022; Vatanen et al., 2022). At birth, maternal vaginal bacteria are trans-
mitted to the infant and facilitate the initial gut microbiota formation, 
thereby promoting immune tolerance and decreasing the allergic disease 
risk (McCauley et al., 2022). Consistently, in a mouse model, newborn 
pups delivered by cesarean section were orally administered human vagi-
nal microbiota at birth, and this inoculation was shown to influence their 
health outcomes (Jašarević et al., 2021). The “Old friends” hypothesis pro-
poses that reduced microbial exposure in developed societies contributes 
to the rising prevalence of allergic and autoimmune diseases by impairing 
immune education (Rook et al., 2013).

Accumulating evidence indicates that gut microbiota are critically in-
volved in allergic diseases, including atopic dermatitis (Petersen et al., 
2019; Russell et al., 2012; Wesemann and Nagler, 2016). For instance, neo-
natal gut microbial community types associated with an increased atopy 
risk were reported to influence T cell differentiation through microbial 
metabolites (Fujimura et al., 2016). Furthermore, intestinal short-chain 
fatty acids were shown to strengthen the skin barrier function by stimu-
lating keratinocyte metabolic activity and maturation (Trompette et al., 
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2022). Together, these studies point to gut microbiota as an attractive fo-
cus for intervention aimed at controlling allergic disorders such as atopic 
dermatitis.

Probiotics, defined as live microorganisms that confer health benefits 
to the host (Hill et al., 2014; Kim et al., 2023; Sanders et al., 2019; Wang et 
al., 2023), have been explored as modulators of the gut microbiota and 
immune responses. Oral administration of various probiotic strains, such 
as Lactobacillus acidophilus, Lacticaseibacillus paracasei (formerly L. 
paracasei), Limosilactobacillus fermentum (formerly L. fermentum), 
and Bifidobacterium longum, has been shown to alleviate AD in animal 
models (Fang et al., 2022; Kim et al., 2019, 2020, 2024; Won et al., 2011). In 
addition, oral treatment with vaginally derived bacteria, such as L. crispa-
tus and L. gasseri, has been reported to promote health in organs beyond 
the gut, including the lungs and reproductive organs (Perez et al., 2025; 
Tobita et al., 2010). Together, these findings underscore the gut-skin bidi-
rectional communication, commonly described as the gut-skin axis (De 
Pessemier et al., 2021). However, the precise mechanisms by which probi-
otics modulate allergic skin inflammation remain to be fully elucidated.

Here, we identified Lactobacillus crispatus KBL693, originally isolated 
from the human vaginal tract, as a promising probiotic candidate that at-
tenuates AD symptoms. Through in vitro assays, we demonstrated its ca-
pacity to suppress hallmark immune responses associated with AD. Oral 
administration of KBL693 alleviated AD-like phenotypes in a mouse mod-
el, accompanied by reduced type 2 immune responses as well as an in-
crease in regulatory T cells (Tregs) in gut-draining mesenteric lymph 
nodes (mLNs). Collectively, these findings support KBL693 as a live bio-
therapeutic product with potential for AD treatment.

Materials and Methods

Bacteria preparation
Lactobacillus crispatus KBL693 was previously obtained from vaginal 

swabs of healthy Korean adults. For in vitro experiments, the bacterium was 
inoculated into Lactobacillus MRS broth (BD Difco, USA) in the presence of 
L-cysteine (0.05%) at a 1% (v/v) inoculation ratio, and anaerobically cultured at 
37°C for 24 h. The bacterial cultures were subsequently subcultured into fresh 
MRS broth and incubated under the same conditions for an additional 24 h. 
Following centrifugation at 3,434 ×  g, bacterial cells were collected, rinsed 
two times, and resuspended in phosphate-buffered saline (PBS). For enumera-
tion, bacterial suspensions were incubated with SYTO 9 (10 μM; Invitrogen) for 
15 min, then bacterial counts were measured using a CytoFLEX flow cytome-
ter (Beckman Coulter).

For in vivo experiments, the bacterial pellet of Lactobacillus crispatus 
KBL693 was mixed with cryoprotectant agents and lyophilized at -80°C for 12 
h. The lyophilized KBL693 was stored at -20°C until further use. Bacterial pow-
der was resuspended in PBS with the addition of 0.05% L-cysteine hydrochlo-
ride at 5 ×  107 or 5 ×  109 CFU/ml and mixed for 30 min.

Cell lines
RBL-2H3 (rat basophilic leukemia, ATCC) and EL4 (mouse T lymphoblast, 

ATCC) cell lines were used to study mast cell degranulation and type 2 im-
mune cytokine production, respectively. RBL-2H3 cells were grown in DMEM 
(Gibco) with the addition of 10% FBS (Welgene), 1 × NEAA (Gibco), 0.1% sodi-
um bicarbonate (Gibco), penicillin and streptomycin (P/S; 100 U/ml and 100 
μg/ml, respectively). EL4 cells were grown in DMEM (Gibco) containing 10% 

FBS (Welgene), P/S (100 U/ml and 100 μg/ml, respectively). All culture proce-
dures were carried out at 37°C with 5% CO2.

In vitro mast cell degranulation and IL-4 measurement
For mast cell degranulation, RBL-2H3 seeding was performed in flat-bot-

tomed 96-well plates at 2 ×  105 cells/well and cultured in the presence of 0.5 
μg/ml anti-DNP IgE (Sigma-Aldrich) for 24 h at 37°C with 5% CO2. After wash-
ing twice with 200 μl Siraganian buffer (BioSolution), bacteria were added at a 
1:100 cell-to-bacteria ratio and incubated for 20 min. As a positive control, 
quercetin (40 μM; Sigma-Aldrich) was included. Degranulation was induced 
by adding 10 μg/ml DNP-HSA (Sigma-Aldrich) for 1 h. Supernatants were har-
vested, filtered, and assayed for β-hexosaminidase activity. For the assay, 50 μl 
of each sample was mixed with the equal volume of 3.5 mg/ml p-nitrophe-
nyl-N-acetyl-β-glucosaminide (PNAG; Sigma-Aldrich) in citrate buffer (pH 4.5) 
and incubated for 2 h at 37°C. Adding 50 μl sodium bicarbonate buffer (pH 10) 
terminated the reaction. Measurements of absorbance at 405 nm were carried 
out with a microplate spectrophotometer (Tecan), and results were normal-
ized to the vehicle control group (100%).

For IL-4 measurement, EL4 cells were seeded in flat-bottomed 96-well 
plates (2 ×  104 cells/well) and maintained for 24 h. Bacteria were then added 
at a 1:100 cell-to-bacteria ratio with PMA and ionomycin (40 ng/ml and 2 μg/
ml, respectively). Supernatants were harvested, filtered, and assayed using an 
ELISA kit (BD Bioscience) following kit protocol.

Animals and experimental design
NC/Nga mice (6 weeks, female) were provided from Japan SLC. The facility 

operated on a 12-h alternating light and dark schedule, and environmental 
conditions were regulated at 20–24°C and 30–70% humidity. Autoclaved tap 
water and diet were provided ad libitum. Animal studies were conducted in 
accordance with protocols approved by the Institutional Animal Care and Use 
Committee (IACUC) of Seoul National University, Republic of Korea. After one 
week of acclimation, mice were shaved using clippers and cream.

A DNCB-induced AD model was used to induce AD symptoms (Kim et al., 
2018; Scott et al., 2002). DNCB solution (1%) was freshly prepared in a 3:1 mix-
ture of acetone and olive oil and 200 μl was topically applied twice a week for 
3 weeks. Subsequently, 0.4% DNCB solution, prepared in the same way, was 
applied until sacrifice. KBL693 was orally administered daily during the 0.4% 
DNCB period. A dose of 1 ×  107 CFU/mouse was used for a marker analysis 
cohort, whereas 1 ×  109 CFU/mouse was used for the immune cell analysis 
cohort. On day 44, all mice were sacrificed and plasma and skin tissues were 
collected from the marker analysis cohort, and mLNs were collected from the 
immune cell analysis cohort.

Dermatitis scoring and dorsal thickness measurement
Dermatitis severity was assessed using a modified method described previ-

ously (Matsuda, 1997). In brief, erythema, edema, dryness, and abrasion of the 
DNCB-applied dorsal skin were each evaluated on a scale of 0–3, yielding a total 
score of 0–12. Dorsal thickness was measured with calipers on the DNCB-applied 
area.

Protein preparation and enzyme-linked immunosorbent 
assay (ELISA)

Skin tissues were chopped with scissors and processed using RIPA buffer 
(Thermo Fisher Scientific), into which protease and phosphatase inhibitors 
(Thermo Fisher Scientific) were incorporated, and a steel bead (QIAGEN) using 
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the TissueLyser II (30 Hz, 5 min, twice; QIAGEN). The supernatant obtained af-
ter centrifugation was used as the sample for protein marker measurement. IL-
4, IL-5, IL-13, and IL-17 were quantified using ELISA kits (BD Bioscience for IL-4 
and IL-5; R&D Systems for IL-13 and IL-17), following the protocols provided by 
the manufacturers. Plasma IgE was quantified using an ELISA kit (BD Biosci-
ence) under the recommended protocol.

RNA extraction and quantitative PCR
RNA was purified from skin tissue using a kit (iNtRON Biotechnology). In 

brief, skin tissues were processed in lysis buffer with a 5 mm stainless steel 
bead using the TissueLyser II (30 Hz, 5 min, twice). The remaining steps were 
performed following the kit manual. Complementary DNA (cDNA) synthesis 
was performed with a cDNA kit (Applied Biosystems) and a thermal cycler 
(Applied Biosystems). Quantitative PCR was carried out using Power SYBR 
green reagents (Applied Biosystems) using a QuantStudio 5 instrument (Ap-
plied Biosystems). Data analysis employed the 2-ΔΔCt method, with Gapdh as 
the reference. Primers were designed as follows:

Gapdh F: 5’-ATTGTCAGCAATGCATCCTG-3’, Gapdh R: 5’-ATGGACTGTGGT-
CATGAGCC-3’

Foxp3 F: 5’-AGAAGCTGGGAGCTATGCAG-3’, Foxp3 R: 5’-GCTACGATGCAG-
CAAGAGC-3’

Preparation of mesenteric lymph nodes and flow cytometry
Mesenteric lymph nodes (mLNs) were excised, minced, and filtered using a 

40 μm strainer (Celltrix) to generate single-cell suspensions. Cells were stained 
with live/dead viability dye (Tonbo Biosciences) for 30 min at 4°C, after which Fc 
receptors were blocked using anti-CD16/CD32 (clone 93, Invitrogen) for 5 min 
at 4°C. Subsequently, cells were subjected to a surface antibody cocktail for 30 
min at 4°C. The antibody cocktail included anti-CD4-FITC (clone RM4-5, Cat. No. 
100510, Biolegend), anti-TCRβ-PE-Cy7 (clone H57-597, Cat. No. 25-5961-82, 
eBioscience), and anti-Nrp-1-PE (clone 3E12, Cat. No. 145204, Biolegend). Foxp3 
staining was conducted after fixation and permeabilization with the Transcrip-
tion Factor Staining Buffer Set (Invitrogen) for 20 min at 4°C. Foxp3 intranuclear 

staining was performed with anti-Foxp3-PerCP-Cy5.5 (clone FJK-16s, Cat. No. 
45-5773-82, eBioscience) for 1 h at 4°C. Cell acquisition was performed on a 
FACSVerse flow cytometer (BD Biosciences). FlowJo software (Tree Star) was 
used for data analysis. The gating scheme is presented in Fig. S3.

Statistical analysis
Results are reported as Mean ±  SEM. Statistical analyses and graphing 

were carried out using GraphPad Prism. Before pairwise comparisons, Shap-
iro-Wilk test and F-test were applied to verify whether the dataset satisfied 
normal distribution and equal variance. When the conditions were met, Stu-
dent’s t-test was applied, otherwise the Mann-Whitney U test was employed. 
Two-way ANOVA was used for time-course data and violations of sphericity 
were corrected using the Greenhouse-Geisser method. A threshold of p value 
below 0.05 was considered statistically significant.

Results

In vitro activity of KBL693 in suppressing type 2 immunity
Given the involvement of mast cells and Th2 cytokines in atopic derma-

titis (AD) pathogenesis, we examined whether Lactobacillus crispatus 
KBL693 could attenuate mast cell degranulation and IL-4 production in vi-
tro (Fig. 1A). Mast cell degranulation was assessed in RBL-2H3 with an IgE-
DNP stimulation system. KBL693 significantly suppressed degranulation 
(45.6 ±  4.15% in KBL693-treated group vs 100 ±  5.71% in vehicle group, 
p <  0.001, n =  6; Fig. 1B), reaching levels comparable to the non-stimu-
lated controls. In parallel, IL-4 secretion was measured in PMA/ionomy-
cin-stimulated EL4 cells, where KBL693 markedly reduced IL-4 production 
(154.6 ±  8.37 pg/ml vs 260.5 ±  19.55 pg/ml, p =  0.002, n =  6; Fig. 1C).

Effect of KBL693 on DNCB-induced AD symptoms
To evaluate the in vivo efficacy of KBL693, we orally administered it to a 

mouse model of DNCB-induced AD for 23 days (Fig. 2A). KBL693 treat-
ment significantly reduced dermatitis score (p =  0.003 in two-way ANO-
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Fig. 1. In vitro activity of Lactobacillus crispatus KBL693 in suppressing mast cell degranulation and IL-4 production. (A) A schematic overview. 
(B) Mast cell degranulation using RBL-2H3 basophilic cells after IgE-DNP stimulation. (C) IL-4 production by PMA/ionomycin-stimulated EL4 
lymphoblasts. Data are shown as the Mean ± SEM (n = 6/group). Statistical significance was determined by Student’s t-test (B) and Mann-
Whitney U test (C) compared with vehicle group (**, p < 0.01; ***, p < 0.001).
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Fig. 2. Effect of KBL693 on DNCB-induced AD symptoms. (A) A schematic of the experimental design. (B) Representative images of mice. (C) Time-
course of dermatitis score. (D) Time-course of dorsal skin thickness. The time point for initiation of KBL693 treatment is indicated by a purple arrow (C, D). 
Data are shown as the Mean ± SEM (n = 8/group). Statistical significance was determined by two-way ANOVA compared with DNCB/vehicle group (**, p 
< 0.01; ***, p < 0.001).
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VA; Fig. 2B and 2C). In addition, each individual criterion of the score was 
also significantly decreased (Fig. S1A–S1D): erythema (p =  0.045), edema 
(p =  0.028), dryness (p =  0.008), and abrasion (p =  0.041). Dorsal skin 
thickness also exhibited a sustained reduction beginning at the time of 
KBL693 administration (p <  0.001 in two-way ANOVA; Fig. 2D).

Effects of KBL693 on type 2 immune biomarkers
Given the phenotypic improvements observed in vivo, we next exam-

ined molecular markers associated with allergic responses, which are inti-
mately connected with AD (Akdis et al., 2020). Skin protein levels of Th2 
cytokines, including IL-4, IL-5, and IL-13, were significantly reduced (26.8 
±  2.53 pg/ml vs 38.8 ±  3.94 pg/ml in vehicle, p =  0.03, 37.1 ±  5.58 pg/
ml vs 58.3 ±  4.39 pg/ml, p =  0.02, and 23.0 ±  1.44 pg/ml vs 28.7 ±  2.02 
pg/ml, p =  0.04, respectively; Fig. 3A–3C) and KBL693 also markedly sup-
pressed the Th17 cytokine IL-17 (50.8 ±  1.8 pg/ml vs 69.9 ±  3.1 pg/ml, p 
=  0.004; Fig. 3D). In addition, plasma IgE levels were significantly reduced 
by KBL693 treatment (1.1 ±  0.14 μg/ml vs 2.2 ±  0.29 μg/ml, p =  0.03; 
Fig. 3E), while Foxp3 gene expression in skin tissue showed a trend to-
ward increase with KBL693 treatment (2.72 ±  0.38 vs 1.84 ±  0.11, p =  
0.08; Fig. 3F).

Treg expansion by KBL693
Given that KBL693 was administered orally, we analyzed immune cell 

populations in the mesenteric lymph nodes (mLNs), adjacent to the intes-
tine. KBL693 treatment significantly reduced the overall T cell population 
(41.6 ±  1.33% vs 47.0 ±  1.62%, p =  0.02; Fig. 4A). Among the subtypes, 
CD4+ T cell proportions were not affected (30.2 ±  1.38% vs 32.3 ±  0.98%, 
p =  0.23; Fig. 4B), whereas CD4- T cells were significantly decreased by 

KBL693 (10.7 ±  1.85% vs 14.0 ±  0.66%, p =  0.02; Fig. 4C). Within the 
CD4+ T cell, regulatory T cells (Tregs) were significantly increased following 
KBL693 administration (14.4 ±  0.64% vs 11.5 ±  0.69%, p =  0.02; Fig. 4D 
and 4E). Further subdivision of Tregs based on neuropilin-1 (Nrp-1) ex-
pression revealed that induced Tregs (iTregs), which differentiate periph-
erally in the gut (Yadav et al., 2012), were not altered (9.27 ±  0.72% vs 
7.84 ±  0.51%, p =  0.14; Fig. 4F–4G), whereas natural Tregs (nTregs), de-
rived from the thymus and circulating in the periphery, were significantly 
increased by KBL693 (5.14 ±  0.13% vs 3.72 ±  0.31%, p =  0.007; Fig. 4F 
and 4H). For absolute cell numbers, total cells in the mLN were increased 
by KBL693 (3.13 ×  106 ±  1.72 ×  105 cells vs 2.18 ×  106 ±  3.06 ×  105 
cells, p =  0.04; Fig. S2A), whereas the counts of T, CD4+ T, and CD4- T cells 
remained unchanged (Fig. S2B–S2D). By contrast, the counts of Tregs, 
iTregs, and nTregs were all significantly expanded following treatment 
with KBL693 (1.14 ×  105 ±  5.05 ×  103 cells vs 6.88 ×  104 ±  8.28 ×  103 
cells, p =  0.003, 7.32 ×  104 ±  2.97 ×  103 cells vs 4.64 ×  104 ±  5.07 ×  
103 cells, p =  0.004, and 4.13 ×  104 ±  3.52 ×  103 cells vs 2.26 ×  104 ±  
3.53 ×  103 cells, p =  0.008, respectively; Fig. S2E–S2G).

Discussion

Atopic dermatitis (AD) is a chronic inflammatory skin disease with in-
creasing prevalence worldwide. In this study, we performed in vitro assays 
to investigate whether KBL693 could reduce mast cell degranulation and 
IL-4 secretion, which are main effector processes in allergic responses un-
derlying AD (Akdis et al., 2020). As shown in Fig. 1, Lactobacillus crispatus 
KBL693 significantly inhibited mast cell degranulation and IL-4 produc-
tion. Given that IL-4 drives IgE class switching and elevated IgE enhances 
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Fig. 3. Effects of KBL693 on type 2 immune biomarkers. (A–D) Cytokine levels in skin tissue, including IL-4 (A), IL-5 (B), IL-13 (C), and IL-17 (D). (E) 
IgE levels in plasma. (F) Relative expression of Foxp3 in skin tissue. Data are shown as the Mean ± SEM (n = 5–6/group). Statistical significance 
was determined by Student’s t-test (B, C) and Mann-Whitney U test (A, D–F) compared with DNCB/vehicle group (*, p < 0.05; **, p < 0.01; ***, p 
< 0.001).

mast cell sensitivity to allergen (Pène et al., 1988), these findings suggest 
that KBL693 may attenuate allergic responses by targeting multiple steps 
in the pathogenic cascade of AD. These observations prompted us to fur-
ther evaluate the in vivo efficacy of KBL693 in an animal model of AD.

To determine whether the therapeutic effects of KBL693 observed in 
vitro could be translated in vivo, we assessed its efficacy in a DNCB-in-
duced mouse model of AD. As shown in Fig. 2, DNCB application induced 
AD-like symptoms, including increased dermatitis scores and epidermal 
thickness, providing a basis for evaluating the efficacy of KBL693. KBL693 
significantly alleviated dermatitis score as well as each of its four sub-indi-
ces (erythema, edema, dryness, and abrasion), suggesting that its benefits 
may extend to a broad range of patient subgroups. In particular, the re-
duction of skin thickness implies that KBL693 can mitigate the repetitive 
itch-scratch cycle commonly observed in patients with chronic AD (Wald-
man et al., 2018). Moreover, therapeutic efficacy was evident even when 
treatment was initiated after disease establishment, underscoring the po-
tential of KBL693 as a viable therapeutic intervention rather than merely a 
preventive strategy. Together, these findings highlight that KBL693 allevi-
ates DNCB-induced AD-like symptoms, supporting its therapeutic poten-
tial for AD.

Given that KBL693 exhibited immunomodulatory potential in vitro, we 
investigated whether it could also modulate type 2 immune responses in 
vivo by assessing relevant cytokine markers. As shown in Fig. 3, the sup-

pression of degranulation and IL-4 secretion observed in vitro was consis-
tent with the in vivo findings, indicating that KBL693 can attenuate aller-
gic responses through multiple mechanisms. Considering that IL-5 and IL-
13 are key factors of eosinophil recruitment and tissue remodeling (Akdis 
et al., 2020; Fania et al., 2022), KBL693 may exert an amplified impact on 
suppressing allergic inflammation by attenuating these cytokines in addi-
tion to IL-4. In the acute phase of AD, Th2 cells are primarily responsible 
for allergic responses, whereas in the chronic phase, additional immune 
pathways, including Th17, become involved to sustain skin inflammation 
and amplify the repetitive itch-scratch cycle of keratinocytes, ultimately 
contributing to epidermal thickening (Tsoi et al., 2020; Waldman et al., 
2018). Importantly, KBL693 lowered IL-17 levels in addition to Th2 cyto-
kines, suggesting that it may alleviate allergic responses not only during 
the initial pathogenic phase of AD but also in chronic phase characterized 
by sustained inflammation. Collectively, the suppression of type 2 cyto-
kines together with the reduction of IL-17 strengthens the evidence that 
KBL693 mitigates allergic inflammation through both acute and chronic 
immune pathways.

Regulatory T cells (Tregs) represent a key mechanism for reducing ex-
cessive inflammation (Sakaguchi et al., 2020), and several probiotics have 
been reported to exert their beneficial effects through Treg modulation 
(Kim et al., 2018, 2020). Consistent with this notion, we observed a trend 
toward increased Foxp3 gene expression in skin tissue following KBL693 

Fig. 3
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treatment (Fig. 3F), suggesting that enhanced Treg activity may contrib-
ute to the attenuation of Th2- and Th17-mediated inflammation. Given 
that KBL693 was administered orally and alleviated cutaneous lesions, 
these observations raise the possibility of a gut-skin axis mediating im-
mune regulation. Consistent with this concept, fecal microbiota trans-
plantation suppresses cutaneous allergic inflammation (Kim et al., 2021), 
whereas cutaneous inflammation can, in turn, perturb intestinal immuni-
ty (Pinget et al., 2022), indicating bidirectional gut-skin crosstalk. Accord-
ingly, we profiled gut-draining mesenteric lymph nodes (mLNs) as a key 
site where intestinal CD103+ dendritic cells can induce Tregs (Coombes et 
al., 2007; Fig. 4). KBL693 treatment reduced total T cell proportions and 
CD4-TCRβ+ cells, presumed to represent CD8+ T cells, indicating an overall 
dampening of immune activation. Moreover, Tregs were increased in the 
mLNs, providing additional evidence that KBL693 enhances immunoreg-
ulatory capacity at the gut level.

Tregs can arise as natural Tregs (nTregs or thymic Tregs, tTregs) generat-
ed in the thymus or as induced Tregs (iTregs, or peripheral Tregs, pTregs) 
that differentiate in the periphery upon antigen encounter in mucosal ar-
eas. These subsets can be distinguished by the Nrp-1 marker (Yadav et al., 
2012). Our data indicate that KBL693 increased both the proportion and 
absolute number of Tregs in the mLNs (Fig. 4). Notably, nTregs were con-
sistently expanded at both the proportional and absolute levels, support-
ing the notion that KBL693 enhances thymus-derived Treg differentiation. 
Previous reports demonstrated gut microbiota can influence thymic func-
tion (Balcells et al., 2022; Nakajima et al., 2014), raising the possibility that 
KBL693 boosts Treg differentiation to increase circulating nTregs. Expan-
sion of this circulating pool may in turn facilitate the accumulation of 
Tregs in the skin and mLN, thereby reinforcing local immune suppression 
in AD. Although iTregs did not increase in proportion, their absolute 
counts were significantly elevated, suggesting that peripheral induction 
may also facilitate the overall expansion of the Tregs. Collectively, these 
findings indicate that KBL693 enhances Treg abundance in the mLNs and 
supports increased Treg activity (Foxp3 gene expression) in the skin, pro-
viding a plausible mechanism by which this strain suppresses allergic re-
sponses in AD.

These findings have several implications. First, because KBL693 exerted 
direct immunomodulatory effects in vitro, it is plausible that the strain 
stimulates host pattern recognition receptors, such as those recognizing 
flagellin, peptidoglycan, or lipopolysaccharide (Cho et al., 2025; Jordan et 
al., 2023; Seo et al., 2020). Identifying the specific bacterial component re-
sponsible for this activity would greatly broaden our understanding of the 
strain’s mechanism. Second, given the suggested gut-skin axis, it remains 
to be determined whether the effects of KBL693 are mediated by the gut-
to-skin immune cell migration or by bacterial components (or metabo-
lites) that circulate systemically and directly act on skin tissue. Elucidating 
the mechanisms underlying this gut-skin axis may not only advance our 
understanding of inter-organ immune communication but also facilitate 
the discovery of novel biomarkers for allergic diseases. Third, KBL693 is a 
strain of Lactobacillus crispatus, a species most commonly associated 
with the vaginal microbiota rather than the adult gut (Ravel et al., 2011). 
Coupled with evidence that maternal vaginal bacteria are transmitted at 
birth to help establish the early-life gut microbiota and are associated 
with immune tolerance (McCauley et al., 2022), our results suggest that 
vaginally derived strains delivered orally can influence systemic immunity. 
This perspective aligns with our mLN findings and provides a plausible 

route by which a vaginal-origin probiotic might affect cutaneous inflam-
mation via the gut-skin axis. While skin-draining lymph nodes (axillary, 
brachial, and inguinal) are central to cutaneous immunity, our study was 
limited to mLNs. Further studies incorporating immunophenotyping of 
skin-draining lymph nodes should help clarify KBL693’s mechanism.

In conclusion, we demonstrated that the vaginal strain Lactobacillus 
crispatus KBL693 alleviates hallmark features of AD. Notably, KBL693 in-
creased the frequency of nTregs in mLNs, thereby suppressing immune 
activation, including allergic responses. These findings support the poten-
tial of KBL693 as a strain-specific probiotic candidate for AD therapy.

Acknowledgments

This research was supported by Korea Institute of Planning and Evalua-
tion for Technology in Food, Agriculture and Forestry (IPET) through the 
Agricultural Microbiome R&D Program for Advancing innovative technol-
ogy, funded by Ministry of Agriculture, Food and Rural Affairs (MAFRA) 
(RS-2024-00396964).

Conflict of Interest

GP Ko is the founder of KoBioLabs, Inc. The other authors declare that 
the research was conducted in the absence of any commercial or financial 
relationship that could be construed as a potential conflict of interest.

Ethical Statements

All experimental procedures were approved by the Institutional Animal 
Care and Use Committee of Seoul National University, Republic of Korea 
(approval no. SNU-190919-3-1).

Supplementary Information

The online version contains supplementary material available at 
https://doi.org/10.71150/jm.2509005.

References

Akdis CA, Arkwright PD, Brüggen MC, Busse W, Gadina M, et al. 2020. Type 2 
immunity in the skin and lungs. Allergy. 75: 1582–1605. 

Asher MI, Montefort S, Björkstén B, Lai CKW, Strachan DP, et al. 2006. World-
wide time trends in the prevalence of symptoms of asthma, allergic rhino-
conjunctivitis, and eczema in childhood: ISAAC Phases One and Three re-
peat multicountry cross-sectional surveys. Lancet. 368: 733–743. 

Balcells F, Martínez Monteros MJ, Gómez AL, Cazorla SI, Perdigón G, et al. 
2022. Probiotic consumption boosts thymus in obesity and senescence 
mouse models. Nutrients. 14: 616.

Belkaid Y, Hand T. 2014. Role of the microbiota in immunity and inflamma-
tion. Cell. 157: 121–141. 

Bogaert D, van Beveren GJ, de Koff EM, Parga PL, Balcazar Lopez CE, et al. 
2023. Mother-to-infant microbiota transmission and infant microbiota 
development across multiple body sites. Cell Host Microbe. 31: 447–460. 

Cho HS, Yoo JS, Song X, Goh B, Diallo A, et al. 2025. Structure of gut microbial 
glycolipid modulates host inflammatory response. Cell. 188: 5295–5312. 

Coombes JL, Siddiqui KRR, Arancibia-Cárcamo CV, Hall J, Sun CM, et al. 2007. 

Song et al.  � L. crispatus KBL693 alleviates atopic dermatitis

710.71150/jm.2509005October 2025 Vol 63 No 10

https://doi.org/10.71150/jm.2509005
https://doi.org/10.1111/all.14318
https://doi.org/10.1111/all.14318
https://doi.org/10.1016/s0140-6736(06)69283-0
https://doi.org/10.1016/s0140-6736(06)69283-0
https://doi.org/10.1016/s0140-6736(06)69283-0
https://doi.org/10.1016/s0140-6736(06)69283-0
https://doi.org/10.3390/nu14030616
https://doi.org/10.3390/nu14030616
https://doi.org/10.3390/nu14030616
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1016/j.chom.2023.01.018
https://doi.org/10.1016/j.chom.2023.01.018
https://doi.org/10.1016/j.chom.2023.01.018
https://doi.org/10.1016/j.cell.2025.05.016
https://doi.org/10.1016/j.cell.2025.05.016
https://doi.org/10.1084/jem.20070590


A functionally specialized population of mucosal CD103+ DCs induces 
Foxp3+ regulatory T cells via a TGF-β- and retinoic acid-dependent mech-
anism. J Exp Med. 204: 1757–1764. 

De Pessemier B, Grine L, Debaere M, Maes A, Paetzold B, et al. 2021. Gut-skin 
axis: current knowledge of the interrelationship between microbial dysbi-
osis and skin conditions. Microorganisms. 9: 353.

Deckers IAG, McLean S, Linssen S, Mommers M, van Schayck CP, et al. 2012. 
Investigating international time trends in the incidence and prevalence of 
atopic eczema 1990–2010: a systematic review of epidemiological stud-
ies. PLoS One. 7: e39803. 

Fang Z, Pan T, Li L, Wang H, Zhu J, et al. 2022. Bifidobacterium longum me-
diated tryptophan metabolism to improve atopic dermatitis via the gut-
skin axis. Gut Microbes. 14: 2044723.

Fania L, Moretta G, Antonelli F, Scala E, Abeni D, et al. 2022. Multiple roles for 
cytokines in atopic dermatitis: from pathogenic mediators to endo-
type-specific biomarkers to therapeutic targets. Int J Mol Sci. 23: 2684.

Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, et al. 2016. Neonatal gut 
microbiota associates with childhood multisensitized atopy and T cell dif-
ferentiation. Nat Med. 22: 1187–1191. 

Gandhi NA, Bennett BL, Graham NMH, Pirozzi G, Stahl N, et al. 2016. Target-
ing key proximal drivers of type 2 inflammation in disease. Nat Rev Drug 
Discov. 15: 35–50. 

Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, et al. 2014. The Interna-
tional Scientific Association for Probiotics and Prebiotics consensus state-
ment on the scope and appropriate use of the term probiotic. Nat Rev 
Gastroenterol Hepatol. 11: 506–514. 

Jašarević E, Hill EM, Kane PJ, Rutt L, Gyles T, et al. 2021. The composition of 
human vaginal microbiota transferred at birth affects offspring health in a 
mouse model. Nat Commun. 12: 6289.

Jordan CKI, Brown RL, Larkinson MLY, Sequeira RP, Edwards AM, et al. 2023. 
Symbiotic Firmicutes establish mutualism with the host via innate toler-
ance and resistance to control systemic immunity. Cell Host Microbe. 31: 
1433–1449. 

Kim HW, Hong R, Choi EY, Yu KS, Kim N, et al. 2018. A probiotic mixture regu-
lates T cell balance and reduces atopic dermatitis symptoms in mice. 
Front Microbiol. 9: 2414.

Kim WK, Jang YJ, Han DH, Jeon K, Lee C, et al. 2020. Lactobacillus paracasei 
KBL382 administration attenuates atopic dermatitis by modulating im-
mune response and gut microbiota. Gut Microbes. 12: 1819156.

Kim WK, Jang YJ, Han DH, Seo B, Park SJ, et al. 2019. Administration of Lacto-
bacillus fermentum KBL375 causes taxonomic and functional changes in 
gut microbiota leading to improvement of atopic dermatitis. Front Mol 
Biosci. 6: 92.

Kim WK, Jang YJ, Park SJ, Min SG, Kwon H, et al. 2024. Lactobacillus aci-
dophilus KBL409 ameliorates atopic dermatitis in a mouse model. J Mi-
crobiol. 62: 91–99. 

Kim JH, Kim K, Kim W. 2021. Gut microbiota restoration through fecal micro-
biota transplantation: a new atopic dermatitis therapy. Exp Mol Med. 53: 
907–916. 

Kim K, Lee E, Kim M, Lee KS, Sol IS, et al. 2023. Therapeutic effectiveness of 
probiotics for atopic dermatitis: A systematic review and meta-analysis of 
randomized controlled trials with subgroup analysis. Asian Pac J Allergy 
Immunol. Online ahead of print. doi: 10.12932/AP-280323-1576. 

Langan SM, Irvine AD, Weidinger S. 2020. Atopic dermatitis. Lancet. 396: 
345–360. 

Lynch SV, Pedersen O. 2016. The human intestinal microbiome in health and 
disease. N Engl J Med. 375: 2369–2379. 

Matsuda H, Watanabe N, Geba GP, Sperl J, Tsudzuki M, et al. 1997. Develop-
ment of atopic derrmatitis-like skin lesion with lgE hyperproduction in 
NC/Nga mice. Int Immunol. 9: 461–466. 

McCauley KE, Rackaityte E, LaMere B, Fadrosh DW, Fujimura KE, et al. 2022. 
Heritable vaginal bacteria influence immune tolerance and relate to ear-
ly-life markers of allergic sensitization in infancy. Cell Rep Med. 3: 100713.

Nakajima A, Negishi N, Tsurui H, Kadowaki-Ohtsuji N, Maeda K, et al. 2014. 
Commensal bacteria regulate thymic Aire expression. PLoS One. 9: 
e105904. 

Pène J, Rousset F, Brière F, Chrétien I, Bonnefoy JY, et al. 1988. IgE production 
by normal human lymphocytes is induced by interleukin 4 and sup-
pressed by interferons gamma and alpha and prostaglandin E2. Proc Natl 
Acad Sci USA. 85: 6880–6884. 

Perez M, Armengol E, Del Casale A, Campedelli I, Aldea-Perona A. 2025. Lac-
tobacillus gasseri CECT 30648 shows probiotic characteristics and colo-
nizes the vagina of healthy women after oral administration. Microbiol 
Spectr. 13: e00211–25. 

Petersen EBM, Skov L, Thyssen JP, Jensen P. 2019. Role of the gut microbiota 
in atopic dermatitis: a systematic review. Acta Derm Venereol. 99: 5–11. 

Pinget GV, Tan JK, Ni D, Taitz J, Daien CI. 2022. Dysbiosis in imiquimod-in-
duced psoriasis alters gut immunity and exacerbates colitis development. 
Cell Rep. 40: 111191.

Ravel J, Gajer P, Abdo Z, Schneider GM, Koenig SSK. 2011. Vaginal microbi-
ome of reproductive-age women. Proc Natl Acad Sci USA. 108: 4680–
4687. 

Rook GAW, Lowry CA, Raison CL. 2013. Microbial ‘Old Friends’, immunoregu-
lation and stress resilience. Evol Med Public Health. 2013: 46–64. 

Russell SL, Gold MJ, Hartmann M, Willing BP, Thorson L, et al. 2012. Early life 
antibiotic-driven changes in microbiota enhance susceptibility to allergic 
asthma. EMBO Rep. 13: 440–447. 

Sakaguchi S, Mikami N, Wing JB, Tanaka A, Ichiyama K, et al. 2020. Regulato-
ry T cells and human disease. Annu Rev Immunol. 38: 541–566. 

Sanders ME, Merenstein DJ, Reid G, Gibson GR, Rastall RA. 2019. Probiotics 
and prebiotics in intestinal health and disease: from biology to the clinic. 
Nat Rev Gastroenterol Hepatol. 16: 605–616. 

Scott AE, Kashon ML, Yucesoy B, Luster MI, Tinkle SS. 2002. Insights into the 
quantitative relationship between sensitization and challenge for allergic 
contact dermatitis reactions. Toxicol Appl Pharmacol. 183: 66–70. 

Seo B, Jeon K, Moon S, Lee K, Kim WK, et al. 2020. Roseburia spp. abun-
dance associates with alcohol consumption in humans and its adminis-
tration ameliorates alcoholic fatty liver in mice. Cell Host Microbe. 27: 25–
40.e6. 

Tobita K, Yanaka H, Otani H. 2010. Anti‐allergic effects of Lactobacillus cris-
patus KT‐11 strain on ovalbumin‐sensitized BALB/c mice. Anim Sci J. 81: 
699–705. 

Trompette A, Pernot J, Perdijk O, Alqahtani RAA, Domingo JS, et al. 2022. 
Gut-derived short-chain fatty acids modulate skin barrier integrity by pro-
moting keratinocyte metabolism and differentiation. Mucosal Immunol. 
15: 908–926. 

Tsoi LC, Rodriguez E, Stölzl D, Wehkamp U, Sun J, et al. 2020. Progression of 
acute-to-chronic atopic dermatitis is associated with quantitative rather 
than qualitative changes in cytokine responses. J Allergy Clin Immunol. 
145: 1406–1415. 

Song et al.  � L. crispatus KBL693 alleviates atopic dermatitis

810.71150/jm.2509005October 2025 Vol 63 No 10

https://doi.org/10.1084/jem.20070590
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1084/jem.20070590
https://doi.org/10.3390/microorganisms9020353
https://doi.org/10.3390/microorganisms9020353
https://doi.org/10.3390/microorganisms9020353
https://doi.org/10.1371/journal.pone.0039803
https://doi.org/10.1371/journal.pone.0039803
https://doi.org/10.1371/journal.pone.0039803
https://doi.org/10.1371/journal.pone.0039803
https://doi.org/10.1080/19490976.2022.2044723
https://doi.org/10.1080/19490976.2022.2044723
https://doi.org/10.1080/19490976.2022.2044723
https://doi.org/10.3390/ijms23052684
https://doi.org/10.3390/ijms23052684
https://doi.org/10.3390/ijms23052684
https://doi.org/10.1038/nm.4176
https://doi.org/10.1038/nm.4176
https://doi.org/10.1038/nm.4176
https://doi.org/10.1038/nrd4624
https://doi.org/10.1038/nrd4624
https://doi.org/10.1038/nrd4624
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/s41467-021-26634-9
https://doi.org/10.1038/s41467-021-26634-9
https://doi.org/10.1038/s41467-021-26634-9
https://doi.org/10.1016/j.chom.2023.07.008
https://doi.org/10.1016/j.chom.2023.07.008
https://doi.org/10.1016/j.chom.2023.07.008
https://doi.org/10.1016/j.chom.2023.07.008
https://doi.org/10.3389/fmicb.2018.02414
https://doi.org/10.3389/fmicb.2018.02414
https://doi.org/10.3389/fmicb.2018.02414
https://doi.org/10.1080/19490976.2020.1819156
https://doi.org/10.1080/19490976.2020.1819156
https://doi.org/10.1080/19490976.2020.1819156
https://doi.org/10.3389/fmolb.2019.00092
https://doi.org/10.3389/fmolb.2019.00092
https://doi.org/10.3389/fmolb.2019.00092
https://doi.org/10.3389/fmolb.2019.00092
https://doi.org/10.1007/s12275-024-00104-5
https://doi.org/10.1007/s12275-024-00104-5
https://doi.org/10.1007/s12275-024-00104-5
https://doi.org/10.1038/s12276-021-00627-6
https://doi.org/10.1038/s12276-021-00627-6
https://doi.org/10.1038/s12276-021-00627-6
https://doi.org/10.12932/AP-280323-1576
https://doi.org/10.12932/AP-280323-1576
https://doi.org/10.12932/AP-280323-1576
https://doi.org/10.12932/AP-280323-1576
https://doi.org/10.1016/s0140-6736(20)31286-1
https://doi.org/10.1016/s0140-6736(20)31286-1
https://doi.org/10.1056/nejmra1600266
https://doi.org/10.1056/nejmra1600266
https://doi.org/10.1093/intimm/9.3.461
https://doi.org/10.1093/intimm/9.3.461
https://doi.org/10.1093/intimm/9.3.461
https://doi.org/10.1016/j.xcrm.2022.100713
https://doi.org/10.1016/j.xcrm.2022.100713
https://doi.org/10.1016/j.xcrm.2022.100713
https://doi.org/10.1371/journal.pone.0105904
https://doi.org/10.1371/journal.pone.0105904
https://doi.org/10.1371/journal.pone.0105904
https://doi.org/10.1073/pnas.85.18.6880
https://doi.org/10.1073/pnas.85.18.6880
https://doi.org/10.1073/pnas.85.18.6880
https://doi.org/10.1073/pnas.85.18.6880
https://doi.org/10.1128/spectrum.00211-25
https://doi.org/10.1128/spectrum.00211-25
https://doi.org/10.1128/spectrum.00211-25
https://doi.org/10.1128/spectrum.00211-25
https://doi.org/10.2340/00015555-3008
https://doi.org/10.2340/00015555-3008
https://doi.org/10.1016/j.celrep.2022.111191
https://doi.org/10.1016/j.celrep.2022.111191
https://doi.org/10.1016/j.celrep.2022.111191
https://doi.org/10.1073/pnas.1002611107
https://doi.org/10.1073/pnas.1002611107
https://doi.org/10.1073/pnas.1002611107
https://doi.org/10.1093/emph/eot004
https://doi.org/10.1093/emph/eot004
https://doi.org/10.1038/embor.2012.32
https://doi.org/10.1038/embor.2012.32
https://doi.org/10.1038/embor.2012.32
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1006/taap.2002.9469
https://doi.org/10.1006/taap.2002.9469
https://doi.org/10.1006/taap.2002.9469
https://doi.org/10.1016/j.chom.2019.11.001
https://doi.org/10.1016/j.chom.2019.11.001
https://doi.org/10.1016/j.chom.2019.11.001
https://doi.org/10.1016/j.chom.2019.11.001
https://doi.org/10.1111/j.1740-0929.2010.00795.x
https://doi.org/10.1111/j.1740-0929.2010.00795.x
https://doi.org/10.1111/j.1740-0929.2010.00795.x
https://doi.org/10.1038/s41385-022-00524-9
https://doi.org/10.1038/s41385-022-00524-9
https://doi.org/10.1038/s41385-022-00524-9
https://doi.org/10.1038/s41385-022-00524-9
https://doi.org/10.1016/j.jaci.2019.11.047
https://doi.org/10.1016/j.jaci.2019.11.047
https://doi.org/10.1016/j.jaci.2019.11.047
https://doi.org/10.1016/j.jaci.2019.11.047


Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, et al. 2007. 
The human microbiome project. Nature. 449: 804–810. 

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, et al. 2006. An 
obesity-associated gut microbiome with increased capacity for energy 
harvest. Nature. 444: 1027–1031. 

Vatanen T, Jabbar KS, Ruohtula T, Honkanen J, Avila-Pacheco J, et al. 2022. 
Mobile genetic elements from the maternal microbiome shape infant gut 
microbial assembly and metabolism. Cell. 185: 4921–4936. 

Waldman AR, Ahluwalia J, Udkoff J, Borok JF, Eichenfield LF. 2018. Atopic 
dermatitis. Pediatr Rev. 39: 180–193. 

Wang F, Wu F, Chen H, Tang B. 2023. The effect of probiotics in the preven-
tion of atopic dermatitis in children: a systematic review and meta-analy-

sis. Transl Pediatr. 12: 731–748. 
Weidinger S, Beck LA, Bieber T, Kabashima K, Irvine AD. 2018. Atopic derma-

titis. Nat Rev Dis Primers. 4: 1.
Wesemann DR, Nagler CR. 2016. The microbiome, timing, and barrier func-

tion in the context of allergic disease. Immunity. 44: 728–738. 
Won TJ, Kim B, Lim YT, Song DS, Park SY, et al. 2011. Oral administration of 

Lactobacillus strains from Kimchi inhibits atopic dermatitis in NC/Nga 
mice. J Appl Microbiol. 110: 1195–1202. 

Yadav M, Louvet C, Davini D, Gardner JM, Martinez-Llordella M, et al. 2012. 
Neuropilin-1 distinguishes natural and inducible regulatory T cells among 
regulatory T cell subsets in vivo. J Exp Med. 209: 1713–1722. 

Song et al.  � L. crispatus KBL693 alleviates atopic dermatitis

910.71150/jm.2509005October 2025 Vol 63 No 10

https://doi.org/10.1038/nature06244
https://doi.org/10.1038/nature06244
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1016/j.cell.2022.11.023
https://doi.org/10.1016/j.cell.2022.11.023
https://doi.org/10.1016/j.cell.2022.11.023
https://doi.org/10.1542/pir.2016-0169
https://doi.org/10.1542/pir.2016-0169
https://doi.org/10.21037/tp-23-200
https://doi.org/10.21037/tp-23-200
https://doi.org/10.21037/tp-23-200
https://doi.org/10.1038/s41572-018-0001-z
https://doi.org/10.1038/s41572-018-0001-z
https://doi.org/10.1016/j.immuni.2016.02.002
https://doi.org/10.1016/j.immuni.2016.02.002
https://doi.org/10.1111/j.1365-2672.2011.04981.x
https://doi.org/10.1111/j.1365-2672.2011.04981.x
https://doi.org/10.1111/j.1365-2672.2011.04981.x
https://doi.org/10.1084/jem.20120822
https://doi.org/10.1084/jem.20120822
https://doi.org/10.1084/jem.20120822

	Introduction 
	Materials and Methods 
	Bacteria preparation 
	Cell lines 
	In vitro mast cell degranulation and IL-4 measurement 
	Animals and experimental design 
	Dermatitis scoring and dorsal thickness measurement 
	Protein preparation and enzyme-linked immunosorbent assay (ELISA) 
	RNA extraction and quantitative PCR 
	Preparation of mesenteric lymph nodes and flow cytometry 
	Statistical analysis 

	Results
	In vitro activity of KBL693 in suppressing type 2 immunity 
	Effect of KBL693 on DNCB-induced AD symptoms 
	Effects of KBL693 on type 2 immune biomarkers 
	Treg expansion by KBL693 

	Discussion
	Acknowledgments
	Conflict of Interest 
	Ethical Statements 
	Supplementary Information 
	References

