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A mucosal vaccine prevents eosinophilic
allergic airway inflammation by modulating
immune responses to allergens in a murine
model of airway disease

Carmen Sevilla-Ortega 1,2, Alba Angelina 1, Leticia Martín-Cruz 1,3,
Mario Pérez-Diego 1, Angel Maldonado 1, Begoña Lavín 1,
Beatriz Marcos-Ramiro1, Luis Pérez de Llano 4, Auba Gayá5,
Francisco X. Real 5,6,7, Laura Conejero 2, José Luis Subiza2 &
Oscar Palomares 1

Allergic sensitization and viral infections are risk factors for asthma develop-
ment and progression. Sublingual vaccination with MV130, a whole heat-
inactivated polybacterial preparation, protects against viral infections, but its
impact on allergic sensitization and asthma development remains unknown.
Here we show MV130 prevents house dust mite (HDM)-induced local type 2
immune responses and associated eosinophilic airway inflammation, con-
ferring protection up to 9 weeks after vaccination. MV130 reduces patho-
physiological and clinical asthma features in an in vivo experimental mouse
model of HDM-induced allergic eosinophilic asthma, restoring normal airway
functionality. MV130 impairs allergen-specific IgE sensitization and systemic
type 2 inflammation endorsing type 1 and IL-10 responses. In human DCs,
MV130 induces a transcriptomic and metabolic reprogramming, and restores
non-pathological immune responses to allergens in healthy and asthmatic
donors. Additionally, the adoptive transfer of MV130-stimulated BMDCs was
sufficient to reproduce the protective features of the vaccine administration
in vivo. Collectively, we show MV130 reduces allergic sensitization and eosi-
nophilic asthma. Our findings support the exploration of mucosal interven-
tions aimed at reducing the risk of allergen-induced asthma development.

Asthma is one of themost common chronic inflammatory disorders of
the airways affecting children and adults with significant socio-
economic burden1,2. It is characterized by variable and recurring
symptoms (reversible airflow obstruction, wheezing, cough, and chest

tightness), bronchial hyperresponsiveness (BHR) and chronic airway
inflammation3,4. Asthma is a complex syndrome encompassing differ-
ent phenotypes/endotypes that can be broadly stratified as type 2 (T2)
or non-T2 immune-mediated according to T2 biomarkers and clinical
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features3,5,6. Allergic eosinophilic asthma is one of the most common
T2 asthma pheno-endotype3,4,7. Upon encounter with allergens and
environmental insults, bronchial epithelial cells produce alarmins
(TSLP, IL-33 or IL-25)8 that activate dendritic cells (DCs) and type 2
innate lymphoid cells (ILC2s), leading to allergic sensitization and T2
inflammatory responses characterized by high levels of serum
allergen-specific IgE and increased numbers of allergen-specific Th2
and ILC2s in lungs and peripheral blood4. Activated allergen-specific
Th2 cells and ILC2s produce large amounts of T2 cytokines (IL-4, IL-5,
IL-9 and IL-13) contributing to eosinophilia, BHR, mucus production
and IgE levels as the key pathophysiological features linked to the
clinical signs and symptoms3,4,9.

Compelling experimental evidence demonstrated that allergic
sensitization and recurrent viral infections represent two main risk
factors for asthma development and progression to difficult-to-treat
and severe asthma10,11. Therapeutic strategies aimed at reducing viral
infections and impairing allergic sensitization have been pointed out
as promising alternatives toprevent asthmaonset and severity12. In this
regard, polybacterial preparations (PBPs), consistingof either bacterial
lysates or whole heat-inactivated bacterial formulations, have
demonstrated capacity to prevent recurrent respiratory viral infec-
tions in children by different ways of action13–15. In addition, PBPs,
specific bacterial species or microbial-derived products, might well
represent potential alternative treatments for allergic airway
inflammation16–19.

MV130 is a whole heat-inactivated PBP consisting of 90% of Gram
positive (V102 Staphylococcus aureus (15%), V101 S. epidermidis (15%)
and V104 Streptococcus pneumoniae (60%)) and 10% of Gram negative
(V113 Klebsiella pneumoniae (4%), V105Moraxella catarrhalis (3%) and
V103 Haemophilus influenzae (3%)) bacteria20. MV130 acts on DCs of
patients suffering recurrent respiratory tract infections enhancing
their capacity to generate Th1, Th17 and IL-10-producing T cells against
both related and unrelated antigens20. A phase III clinical trial showed
that sublingual MV130 is safe and prevents recurrent wheezing in
children conferring protection for at least 6 months after treatment
discontinuation, thus pointing out to long-lasting innate trained
immunity (TI) mechanisms14. Supporting these data, in vivo mouse
models showed that MV130 protects against viral infections by TI
mechanisms inducing metabolic and epigenetic reprogramming of
innate cells and hematopoietic precursors21. These data convincingly
demonstrated that MV130 mucosal vaccination induces TI and pro-
tects against recurrent viral infections. Therefore, MV130 falls within
the concept of Trained Immunity-based Vaccine (TIbV), a new gen-
eration of vaccines that have the ability to induce non-specific
responses to a variety of stimuli, including pathogens such as viru-
ses, in addition to their nominal bacterial antigens22. MV130 may have
an indirect effect on allergic inflammation by conferring protection
against respiratory viruses23,24. On the other hand, it could also have a
direct effect on such inflammation, as has been suggested for other
bacterial products18,19. However, the potential capacity of MV130 to
prevent allergic sensitization and eosinophilic airway inflammation as
well as the underlying mechanisms remains elusive. Herein, we show
that MV130 prevents house dust mite (HDM)-induced eosinophilic
allergic airway inflammation and all the associated asthma features in
an in vivo experimental mouse model, conferring protection up to
9 weeks upon treatment discontinuation. MV130 protects from the
induction of type 2 innate and adaptive immune responses to allergens
by impairing HDM-induced Th2 cells and ILC2s, thus blocking the
recruitment of inflammatory eosinophils (iEos) without affecting
homoeostatic resident eosinophils (rEos). MV130 also impairs IgE
sensitization and systemic T2 responses without altering type 1 and IL-
10 homoeostatic responses. In human DCs from healthy donors,
MV130 inhibits their capacity to polarize HDM-induced Th2 responses
and enhances Th1 and IL-10-producing T cells. Mechanistically, MV130
induces transcriptional and metabolic reprogramming in human DCs

characterized by the activation of TNF-α-, IFN-γ-, IL-6- and IL-10-
mediated pathways connected to increased glycolysis and reduced
oxidative phosphorylation (OXPHOS), which might well be involved in
themodulationof immune responses to allergens. Adoptive transfer of
MV130-stimulatedmurine bonemarrow-derivedDCs (BMDCs) prior to
in vivo HDM exposure impaired allergic sensitization and local airway
inflammation through mechanisms associated with TLRs-mediated
signalling pathways.

Results
MV130 impairs asthma immunopathology in a murine model of
airway disease
To assess the in vivo capacity of MV130 to impair allergic sensitization
and subsequent eosinophilic airway inflammation, we initially used a
conventional experimental mouse model of HDM-induced allergic
eosinophilic asthma (Fig. 1a)25. Mice were intranasally (i.n.) sensitized
on day 1 and challenged afterwards during 5 consecutive days (days
8–12) with HDM allergen extracts. Mice were i.n. treated either with
MV130 (HDM+MV130 group) or vehicle (HDM group) for 3 con-
secutive days (days 2–4) prior to allergen challenge (Fig. 1a). Non-
sensitized mice receiving only PBS (PBS group) or receiving MV130
(days 2–4) alone without allergen sensitization/challenge (MV130
group) were used as controls (Fig. 1a). The HDM+MV130 group dis-
played a significant reduction of serum total IgE accompanied by a
significant decrease of serum HDM-specific IgE and IgG1 compared to
HDM-sensitized mice treated with vehicle (HDM group) (Fig. 1b).
MV130 administration to HDM-sensitized mice significantly reduces
HDM-induced infiltration of inflammatory cells into the airways peri-
bronchial and perivascular areas (Fig. 1c) aswell as the cell recruitment
into the bronchoalveolar lavage fluid (BALF) (Fig. 1d). Remarkably,
MV130 significantly reduced the number of eosinophils in BALF in
HDM+MV130 group compared to sensitized mice treated with vehi-
cle, which was also accompanied by a significant reduction in B cell, T
cell, Th2 cell and ILC2 numbers without significant changes observed
in the number of neutrophils (Fig. 1e, Supplementary Fig. 1). The
number of macrophages was significantly reduced in the HDM group,
which were restored to PBS group levels in HDM+MV130 group
(Fig. 1e). These data indicate that MV130 impairs HDM allergic sensi-
tization and HDM-induced eosinophil and inflammatory cell recruit-
ment to the airways, which is one of the main pathological features of
allergic eosinophilic asthma26,27. BHR, mainly driven by airway smooth
muscle cell thickening and hypercontractility, is also a hallmark of
asthma that significantly contributes to the main clinical symptoms
during asthma attacks27,28. Our results show that sensitized mice
receiving MV130 displayed a significantly less, or no, smooth muscle
cell thickening compared to HDM-allergic mice receiving vehicle
(Fig. 1f). Supporting these data, functional experiments demonstrated
that MV130 treatment of sensitized mice significantly reduced
enhanced pause (Penh) values after dose-dependent methacholine
(Mch) challenges as an index of airway obstruction, indicating a sig-
nificant reduction of bronchoconstriction in the HDM+MV130 group
compared to sensitized mice receiving vehicle (HDM group) (Fig. 1g).
The third key hallmark of asthma pathophysiology is goblet cell
hyperplasia and mucus overproduction, which compromises the nor-
mal airway flow27,29. Periodic acid-Schiff (PAS)-staining experiments
demonstrated that MV130 treatment of sensitized mice abolished
HDM-induced mucus overproduction and restored it to basal levels
(Fig. 1h). To further assess airway function, wemonitored the changes
in the airway resistance index (RI) after exposing mice to increasing
doses of Mch. Increased Mch doses lead to significant rise in airway RI
in the HDM group while airway RI values of the HDM+MV130 group
resembled those of control mice for all the assayed Mch concentra-
tions (Fig. 1i). Of note, non-significant changes in the measured para-
meters in Fig. 1 were observed between PBS and MV130 control non-
sensitized groups indicating thatmice receivingMV130 alone display a
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Fig. 1 | MV130 blocks the key pathophysiological asthma features in an
experimental model of HDM-induced eosinophilic allergic airway inflamma-
tion. a Scheme of employed models. b Serum total IgE, HDM-specific IgE and IgG1
levels (PBS n = 19, MV130 n = 5, HDM n = 19, HDM+MV130 n = 18 mice; 4 indepen-
dent experiments). c Left, representative hematoxylin and eosin (H&E) staining in
formalin-fixed lung sections. Scale bars: 20μm. Right, quantification of peribron-
chial inflammatory infiltrates in 1000μm2 of lung sections (n = 10 bronchioles/
mouse for 2 mice per group). d Quantification of total cell numbers in BALF (PBS
n = 13, MV130 n = 6, HDM n = 18, HDM+MV130 n = 19 mice; 4 independent
experiments). e Quantification of different cell types in BALF (PBS n = 13, MV130
n = 6, HDM n = 16, HDM+MV130 n = 17 mice; 4 independent experiments). f Left,
representative α-smooth muscle actin (α-SMA) staining of formalin-fixed lung
sections. Scale bars: 20μm. Right, quantification of α-SMA staining area (μm2)
relative to total bronchiole area (n = 10 bronchioles/mouse of 2-3 mice per group).
g Enhanced pause (Penh) measurement at increasing doses of methacholine as

determined by whole-body plethysmography (WBP)#.HDM vs MV130, *HDM vs
HDM+MV130, and +HDM vs PBS comparisons (PBS n = 3, MV130 n = 4, HDM n = 4,
HDM+MV130 n = 5 mice per experiment; a representative example of 2 indepen-
dent experiments is shown). h Left, representative periodic acid Schiff (PAS)
staining of formalin-fixed lung sections. Scale bars: 20μm. Right, quantification of
the percentage of μm2 of PAS positive staining relative to μm2 of bronchiole (n = 10
bronchioles/mouse of 2 mice per group). i Invasive lung function measurement of
resistance index (RI) to increase doses of methacholine#.HDM vs MV130, *HDM vs
HDM+MV130, and +HDM vs PBS comparisons (PBS n = 5, MV130 n = 4, HDM n = 5,
HDM+MV130 n = 3 mice; 3 independent experiments). Values are mean± SEM.
Statistical significance was determined using unpaired One-way ANOVA (c and
e (macrophages, B and T cells)), unpaired Kruskal–Wallis (b, d, e, f and h), two-side
unpaired Student’s t test (e (ILC2s)) or unpaired Two-way ANOVA (g and i):
*p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001. Exact p values and source data
are available in the Source Data file.
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similar basal profile for the assayed parameters than those observed
for the PBS control group (Fig. 1b–i). Collectively, these results
demonstrate that MV130 impairs allergic sensitization and the key
pathophysiological features of HDM-induced allergic eosinophilic
asthma, thus restoring normal airway functionality.

MV130 inhibits iEos recruitment without affecting
homoeostatic rEos
Eosinophils have been long regarded as key pathogenic cells in the
context of T2 asthma, but recent findings uncovered the existence of
different lung eosinophil subsets displaying specific locations, phe-
notypes and functions30,31. Therefore, we sought to investigate in our
experimental asthma model the effects of MV130 on: i) inflammatory
eosinophils (iEos, Siglec-Fhigh CD101high CD62Llow) recruited to the air-
ways after HDM challenge and ii) homoeostatic resident eosinophils in
the lung parenchyma (rEos, Siglec-Fint CD101-/low CD62L+), by quantify-
ing their frequencies in single cell suspensions from whole lungs by
flow cytometry (Fig. 2a, b, Supplementary Fig. 2). MV130 treatment
significantly reduced the frequency of iEos infiltrating the airways after
HDM challenge without affecting the frequency of rEos, which was
similar in all the assayed conditions (Fig. 2c). To further explore the
localization and frequency of the different eosinophil subsets within
the tissue, we stained lung sections with specific antibodies against
major basic protein (MBP) as a surrogate eosinophil marker to visua-
lize and quantify eosinophil numbers in peribronchial areas and lung
parenchyma by confocal microscopy (Fig. 2d–f). Quantification of the
frequency of MBP+ eosinophils in the whole lung sections confirmed
that MV130 significantly impaired the HDM-induced eosinophil infil-
tration in the airways (Fig. 2d). Interestingly, this reduction was only
observed within the iEos infiltrating peribronchial areas upon HDM
challenge but not within rEos located in the lung parenchyma (Fig. 2e,
f). These results were further confirmed by Congo Red histochemistry
experiments (Fig. 2e, f). Next, we assessed the activation state of the
iEos infiltrating peribronchial areas by staining lung sections with
eosinophil peroxidase (EPX) and quantifying confocal microscopy
images (Fig. 2g). The percentage of EPX+ iEoswas significantly reduced
in peribronchial areas of mice treated with MV130 compared to
vehicle-treated mice, indicating that the infiltration of activated iEos
induced by HDM challenge is significantly reduced byMV130 (Fig. 2g).
Supporting these data, EPX activity was also significantly decreased in
BALF frommice treatedwithMV130 compared to vehicle-treatedmice
(Fig. 2h). Collectively, our data demonstrate that MV130 impairs the
HDM-induced infiltration of activated iEos in the airways without
affecting homoeostatic rEos.

MV130 restores non-pathological responses to allergens in the
airways
HDM-induced allergic airway eosinophilia might be driven by innate
and adaptive immune responses involving ILC2s and allergen-specific
Th2 cells, respectively3,27. Therefore, we assessed in our experimental
asthma model how MV130 could impact both innate and adaptive
immune responses against HDM. We first studied adaptive T cell
responses by intracellular staining and flow cytometry of single cell
suspensions of whole lung tissues (Supplementary Fig. 3a, b for gating
strategy). MV130 significantly increased the frequency of lung IFN-γ-
producing T cells compared to vehicle-treated mice, restoring the
basal levels observed in the control mice (Fig. 3a). Remarkably, MV130
also significantly reduced the relative numbers of lung IL-5-producing
T cells induced by HDM compared to vehicle-treated mice without
significant changes in IL-10-producing T cells (Fig. 3b, c).Moreover, we
observed a significant high positive correlation between the percen-
tage of lung IL-5-producing T cells and the percentage of iEos in the
airways. Additionally, there was a significant inverse correlation
between the percentage of lung IFN-γ-producing T cells and the per-
centage of iEos (Fig. 3d). This suggests that the MV130-mediated

restoration of proper T cells responses is associated with the impair-
ment of the iEos recruitment to the airways in our HDM-induced
eosinophilic allergic asthma model. Although changes in IL-10-
producing T cells were not observed, MV130 treatment induced a
significant increase in the frequency of lung FOXP3+ regulatory T
(Treg) cells compared to vehicle-treated and control mice (Fig. 3e).
Next, we quantified the expression levels of CD23 (low affinity IgE
receptor involved in IgE-mediated allergen presentation and activation
of Th2 cells by DCs) on DC subsets from draining mediastinal lymph
nodes (MLNs) under the different assayed conditions (Supplementary
Fig. 3c for gating strategy). ThepercentageofCD23+migratory, but not
resident, DCs in MLNs from vehicle-treated mice was significantly
higher compared to control mice. This was restored to basal levels in
MV130-treated mice, indicating that MV130 impairs the HDM-induced
increase in CD23 expression on DCs migrating to MLNs (Fig. 3f).

Next, we studied the impact ofMV130 treatment on the activation
of ILC2s (Supplementary Fig. 3d for gating strategy). MV130 treatment
significantly inhibited the HDM-induced increase of ILC2s in the lungs
(Fig. 3g). Of note, a significant decrease of the percentage of HDM-
induced activated IL-5-, IL-13- and IL-5/IL-13-producing ILC2s in the lung
was also observed (Fig. 3g). Activated-ILC2s producing high levels of
T2 cytokines significantly contribute to bronchial epithelium damage
in asthma patients3,32. We analysed the epithelial bronchial barrier
integrity in our experimental model by measuring albumin levels in
BALF and quantifying lactate dehydrogenase (LDH) activity as surro-
gate markers of epithelial barrier leakage and damage33,34. MV130
treatment significantly reduced HDM-induced increased levels of
albumin and LDH activity in BALF compared to vehicle-treated mice,
restoring in both cases the levels observed in control mice (Fig. 3h).
Supporting these data, MV130 treatment also significantly increased
themRNAexpression levels of the tight junction proteins occludin and
ZO-1 in the lungs compared to vehicle-treated mice (Supplementary
Fig. 4). These data indicate that MV130 treatment prevents HDM-
induced epithelial barrier damage in our experimental asthma model.
Collectively, our results demonstrate that MV130 treatment is able to
restore non-pathological local innate and adaptive immune responses
in HDM-induced eosinophilic airway inflammation.

MV130 abrogates systemic T2 immune responses in HDM-
sensitised mice
To assess allergen-specific systemic responses, splenocytes of control
mice (PBS or MV130 alone), vehicle-treated (HDM) andMV130-treated
(HDM+MV130) groups were in vitro stimulated with HDM for 3 days
(Fig. 4a). Splenocytes from vehicle-treated HDM-sensitized mice pro-
duced significantly higher levels of the T2 cytokines IL-5 and IL-13 than
those from both control groups (Fig. 4b). In contrast, HDM-stimulated
splenocytes from MV130-treated mice did not produce detectable
levels of IL-5 and IL-13 (Fig. 4b).We did not observe significant changes
in the levels of IFN-γ and IL-10 produced by HDM-stimulated spleno-
cytes from vehicle- or MV130-treated mice (Fig. 4b). Remarkably, IL-5/
IFN-γ, IL-5/IL-10, IL-13/IFN-γ, and IL-13/IL-10 ratios were significantly
lower in the MV130-treated than vehicle-treated mice (Fig. 4c), indi-
cating that MV130 treatment impairs systemic T2 immune responses
without altering type 1 and IL-10 homoeostatic responses.

MV130 prevents allergic sensitization and airway inflammation
To assess the potential capacity of MV130 to prevent allergic sensiti-
zation and eosinophilic airway inflammation in vivo, we developed a
prophylactic model (Fig. 5a). Mice were i.n. administered with vehicle
(HDM group) or with MV130 (MV130/HDM group) for 3 consecutive
days per week for 2 weeks and then left resting 1, 2, 4 or 9 weeks prior
to HDM sensitization following our conventional protocol (mice were
sensitized after the resting period and challenged one week later
during 5 consecutive days with HDM allergen extract) (Fig. 5a). As
controls, we included a group receiving only PBS during the whole
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protocol (PBS group) and another group receiving prophylactic
MV130 alone without subsequent HDM sensitization (MV130 group).
The prophylactic treatment with MV130 prevents HDM allergic sensi-
tization after 1, 2, 4 or 9 weeks of treatment discontinuation, as
demonstrated by the significant reduction of total IgE and HDM-
specific IgG1 levels compared to mice treated with vehicle (Fig. 5b). Of
note, the lack of allergic sensitization in mice prophylactically treated

with MV130 was also accompanied by a significant impairment of the
number of inflammatory cells in BALF, including eosinophils, B cells,
and Th2 cells when comparing to mice receiving vehicle for all the
assayed resting periods, thus conferring long-lasting protective effects
(Fig. 5c–f). Collectively, we demonstrate that the prophylactic admin-
istration of MV130 prevents allergic sensitization and eosinophilic
airway inflammation in vivo in a mouse model of HDM-induced
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eosinophilic airway inflammation up to 9 weeks of treatment
discontinuation.

MV130 impairs HDM-induced T2 allergic profile by regulating
human DCs
To assess the capacity of MV130 to interfere with the development of
HDM-induced T2 immune responses in humans, we first stimulated
human peripheral blood mononuclear cells (PBMCs) from healthy
donorswith vehicle (Ctrl-),MV130 alone, HDMalone or in combination
with MV130 for 4 days. MV130-stimulated PBMCs produced sig-
nificantly higher levels of IFN-ɣ and IL-10, and lower levels of IL-5
compared to unstimulated PBMCs (Supplementary Fig. 5a). HDM+
MV130-stimulated PBMCs produced significantly lower levels of IL-5
and significantly higher levels of IFN-γ and IL-10 than HDM-stimulated
PBMCs in culture supernatants after 4 days of stimulation (Suplem-
mentaryFig. 5a). Consequently, the IFN-γ/IL-5 and IL-10/IL-5 ratioswere
significantly higher in HDM+MV130-stimulated PBMCs than PBMCs
stimulated with HDM alone, indicating that MV130 is able to shift the
cytokine signature imprinted by HDM in PBMCs from a Th2 allergic
profile to a Th1 and IL-10 non-pathogenic immune responses to aller-
gens (Suplemmentary Fig. 5b). Considering the key role of DCs in the
orchestration of T cell responses and allergic sensitization, we wanted
to further explore howMV130 directly immunomodulates humanDCs’
responses in the presence of HDM. For that purpose, we purified
monocytes fromPBMCsof healthy andHDM-allergic asthmatic donors
and generated human monocyte-derived DCs (HmoDCs) following
conventional protocols (Fig. 6a)35. Stimulation of HmoDCs from heal-
thy and allergic asthma patients with MV130 alone significantly
increased the production of TNF-α, IL-6 and IL-10 compared to vehicle-
stimulated HmoDCs (Fig. 6b). Similarly, HDM+MV130-stimulated
HmoDCs from both healthy and asthma patients produced sig-
nificantly higher levels of pro-inflammatory TNF-α, IL-6 and the anti-
inflammatory IL-10 cytokines than HDM-stimulated HmoDCs, sug-
gesting that MV130 promotes type 1/IL-10 anti-allergic profiles in both
healthy and allergic asthma patients HmoDCs (Fig. 6b). To further
confirm these findings, we co-cultured HmoDCs from healthy or
allergic asthma donors with allogeneic naïve CD4+ T cells in the pre-
sence of the different stimuli as previously (Fig. 6c)35. Of note, this
in vitro experimental allogenic setting allowed us to explore how
MV130 regulates the polarization capacity of HmoDCs in the presence
of HDM in a non-antigen specific manner upon T cell activation due to
mismatch of MHC molecules. MV130-stimulated HmoDCs from heal-
thy and asthmatic donors generated T cells producing higher levels of
IFN-γ and IL-10 than those generated by vehicle-stimulated HmoDCs
without detection of IL-5 production (Fig. 6d, e). T cells generated by
HDM+MV130-stimulated HmoDCs from both healthy and allergic
asthma patients produced significantly higher IFN-γ and IL-10 than
those generated by HmoDCs stimulated with HDM alone. In addition,
T cells generated by HDM+MV130-stimulated HmoDCs from healthy
donors showed a significant reduction of IL-5 production than those
generated by HDM-stimulated HmoDCs, which was not observed for
allergic asthmapatients (Fig. 6d, e). Of note, the IFN-γ/IL-5 and IL-10/IL-

5 ratios were significantly higher in the co-cultures of T cells and
HmoDCs from both healthy and asthmatic patients upon stimulation
with HDM+MV130 compared to stimulation with HDM alone (Fig. 6d,
e). Collectively, all these data demonstrate thatMV130 counteracts the
Th2 polarization capacity imprinted by HDM to HmoDCs from healthy
and allergic asthmatic patients by endorsing a shift towards Th1 and IL-
10, which might well promote non-pathological immune responses to
the allergens contained in HDM.

MV130 induces transcriptomic and metabolic rewiring in
human DCs
To gain insight into the molecular mechanisms involved in the mode of
action of MV130 on human DCs underlying the capacity to prevent
allergic sensitization, weperformedgene set enrichment analysis (GSEA)
using our previous global comparative transcriptomic analysis micro-
array dataset (deposited in E-MTAB-5259) from MV130- vs vehicle-
stimulated HmoDCs from healthy donors20,36. MV130-stimulated
HmoDCs displayed a significant enrichment of the pro-inflammatory
TNF-α-, IFN-γ-, IL-6-, and the anti-inflammatory IL-10-mediated signalling
pathways (Fig. 7a), which is fully in agreement with our experimental
results (Fig. 6b, d). TNFAIP3 (A20), IRF7 or CD274 (PDL1) genes, pre-
viously reported to be downregulated in asthmatic patients and whose
expression levels correlates with the “farm protective effect”37, were
highly enriched in MV130-stimulated HmoDCs (Fig. 7b). Compared to
MV130-stimulated HmoDCs, vehicle-stimulated HmoDCs showed a sig-
nificant enrichment in the asthma pathway gene set (Fig. 7a) and in the
high-affinity receptor for IgE (FcεRI)-signalling pathway, which play a key
role in allergic asthma (Fig. 7b). These data strongly support thatMV130
displays anti-allergic eosinophilic asthma features by imprinting human
DCs with the capacity to generate type 1 immune responses with IL-10
production. In addition to immune signalling pathways, GSEA showed
important metabolic gene sets differently enriched between groups.
mTOR signalling pathway, a key regulator of energetic metabolism, and
glycolysis pathway gene sets were significantly enriched in MV130-
stimulated HmoDCs (Fig. 7a, c). To validate these data, we determined
the real-time glycolytic proton efflux rate (glycoPER) of vehicle (Ctrl-)- or
MV130-stimulated HmoDCs using a Seahorse analyser. MV130-
stimulated HmoDCs showed an enhanced glycolytic metabolism in
basal conditions (basal glycolysis) and after inhibition of the electron
transport chain (compensatory glycolysis) compared to control-
stimulated HmoDCs (Supplementary Fig. 6). Next, we wanted to inves-
tigate whether MV130-induced enhanced glycolysis could be also sus-
tained in HDM-stimulated HmoDCs. For that, HmoDCs were stimulated
with vehicle (Ctrl-), HDM or HDM+MV130 for 24h and the metabolic
dynamic changes weremonitored in a Seahorse analyser (Fig. 7d). HDM/
MV130-stimulated HmoDCs showed a significantly higher basal glyco-
lysis and compensatory glycolysis than HmoDCs stimulated with HDM
alone (Fig. 7e). GSEA also showed that OXPHOS and tricarboxylic acid
(TCA) signalling pathways were significantly enriched in vehicle-
stimulated HmoDCs (Fig. 7a, f). HDM+MV130-stimulated HmoDCs
showed a significant reduction of the mitochondrial membrane poten-
tial without significant changes in the mitochondrial mass compared to

Fig. 2 | MV130 inhibits the HDM-induced recruitment of inflammatory eosi-
nophils (iEos) without affecting homoeostatic resident eosinophils (rEos).
a Representative flow cytometry dot plots of Siglec-F and CD125 expression on live
CD45+ gated mouse isolated lung cells. b Histograms of CD101 (in red) and CD62L
(in green) expression on inflammatory eosinophils (iEos) and resident eosinophils
(rEos). Fluorescence minus one (FMO) of each fluorophore is shown in yellow.
c Percentage of lung iEos and rEos relative to CD45+ live lung cells (n = 8 mice per
group; 2 independent experiments).dPercentageof eosinophilmajor basicprotein
(MBP) positive staining in lung sections (n = 15 fields/lung/mouse for 1 mouse per
group). e Representative MBP (left) and Congo Red (right) stained mouse lung
sections of the peribronchial area (1 independent experiment). Scale bars: 50 μm.

Black arrows point to the eosinophils. f Representative MBP (left) and Congo Red
(right) stained mouse lung sections of the lung parenchyma (1 independent
experiment). Scale bars: 50μm. Black arrows point to the eosinophils. g Left,
representative eosinophil peroxidase (EPX) positive stainedmouse lung sections of
peribronchial area. Right, percentage of EPX positive staining in lung sections
(n = 13 fields/lung/mouse for 1 mouse from each group). h Left, quantification of
EPX activity in BALF (PBS n = 3, HDM n = 4, HDM+MV130 n = 5mice; 1 independent
experiment). Values are mean± SEM. Statistical significance was determined using
unpaired One-way ANOVA (c, g and h) and unpaired Kruskal–Wallis test (d):
*p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001. Exact p values and source data
are available in the Source Data file.
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HmoDCs stimulated with HDM alone, resulting in a significantly lower
mitochondrial membrane potential/mitochondrial mass ratio in HDM+
MV130-stimulated HmoDCs (Fig. 7g). Collectively, MV130 induces tran-
scriptional and metabolic programmes in human DCs characterized by
the activation of TNF-α-, IFN-γ-, IL-6-, and IL-10-mediated pathways as
well as by increased glycolysis and reduced OXPHOS, which might well
contribute to the restoration of non-pathological immune responses
against HDM-induced airway eosinophilic inflammation.

Adoptive transfer of MV130-BMDCs prevents airway inflamma-
tion via MyD88
To assess the potential direct contribution of DCs to the MV130 anti-
allergic effects in vivo, bone marrow-derived DCs (BMDCs) from wild
type C57BL/6J mice were generated, stimulated for 18 h with vehicle
(Vehicle-BMDCs) or MV130 (MV130-BMDCs) and i.n. transferred to
wild typemice on day one. After 8 h of BMDCs adoptive transfer, mice
were sensitized and challenged with HDM following our conventional

protocol (Vehicle-BMDCs/HDM and MV130-BMDCs/HDM groups)
(Fig. 8a). As control, we included a group receiving only PBS during the
whole protocol (PBS group). Intranasal administration of MV130-
BMDCs prevented HDM allergic sensitization as demonstrated by the
significant reduction of total IgE, HDM-specific IgG1 and IgE levels
compared tomice treated with Vehicle-BMDCs (Fig. 8b). Of note, mice
transferred with MV130-BMDCs displayed a significant impairment of
the total number of cells in BALF, including eosinophils, neutrophils, B
cells, T cells and Th2 cells compared to the Vehicle-BMDCs/HDM
group (Fig. 8c, d). Collectively, our airway adoptive transfer experi-
ments demonstrate that MV130-BMDCs prevent allergic sensitization
and eosinophilic airway inflammation in vivo, reinforcing the impor-
tant role played by DCs in the MV130 protective effects. We have
previously shown that TLR- and NOD-mediated signalling pathways
contribute to immune responses in MV130-activated human DCs20. To
gain deeper insights into the molecular mechanisms involved in the
MV130-imprinted effects in DCs and in the observed in vivo anti-

Fig. 3 | MV130 restores non-pathological innate and adaptive immune
responses against HDM. Left, representative flow cytometry dot plots of intra-
cellular staining of IFN-γ- (a), IL-5- (b) or IL-10-producing (c) lung T cells, respec-
tively, relative to CD3+ lung T cells. Right, percentage of IFN-γ-, IL-5- or IL-10-
producing lung T cells, respectively, relative to CD3+ lung T cells (n = 4 mice per
group of one representative experiment out of 2). d Correlation between the per-
centage of iEos and the % of IL-5– (left) and IFN-γ- (right) producing lung T cells,
respectively. “r” indicates Pearson correlation coefficient. e Left, representative
flow cytometry dot plots of CD4+CD25+FOXP3+ lung Treg cells. Right, percentage of
CD4+CD25+FOXP3+ Treg cells relative to live cells in the lungs (n = 4mice per group
of one representative experiment out of 2). f Percentage of CD23+ resident and
migratory DCs in mediastinal lymph nodes (MLNs) (PBS n = 6, HDM n = 6, HDM+

MV130 n = 10 mice; 2 independent experiments). g Percentage of total ILC2s, and
IL-5-, IL-13- and IL-13/IL-5-producing ILC2s of CD45+ live lung cells (PBS n = 6, HDM
n = 11, HDM+MV130 n = 11 mice; 2 independent experiments). h Left, levels of
serum albumin in BALF 24 h after last HDM challenge (PBS n = 7, HDM n = 10,
HDM+MV130 n = 11 mice; 2 independent experiments). Right, lactate dehy-
drogenase (LDH) levels in BALF 72 h after last HDM challenge (PBS n = 12, HDM
n = 14, HDM+MV130 n = 13 mice; 2 independent experiments). Values are mean ±
SEM. Statistical significance was determined using two-side unpaired Student’s t
test (a), unpairedOne-way ANOVA (b, e, and h), unpairedKruskal–Wallis test (c and
g), two-side Pearson test (d) and unpaired Two-way-ANOVA (f): *p <0.05, **p <0.01,
***p <0.001 and ****p <0.0001. Exact p values and source data are available in the
Source Data file.
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allergic capacity, BMDCs were in vitro generated from wild type and
MyD88−/− C57BL/6J mice (Fig. 8e). Both BMDCs types were stimulated
with vehicle (Ctrl-), MV130, or with MV130 after previous incubation
with Gefitinib (a pharmacological inhibitor of RIPK2, the adaptor
protein of NOD1/NOD2-mediated signalling pathways) (Fig. 8e).
MV130 stimulation significantly increased the expression of CD40 (a
key molecule previously involved in the tolerogenic effects of IL-10
regulatory DCs)38 in wild type and MyD88−/− BMDCs compared to
control and Gefitinib/MV130 groups (Fig. 8f). MV130-induced CD40
expression was significantly higher in wild type thanMyD88−/− BMDCs,
indicating the important contribution of MyD88-mediated signalling
pathways coupled to TLRs in such induction (Fig. 8f). Gefitinib sig-
nificantly reduced theMV130-induced expression of CD40 inwild type
and MyD88−/− BMDCs, reaching only basal levels in MyD88−/− BMDCs,
indicating that NOD-mediated signalling pathways partially contribute
to MV130-induced CD40 expression in BMDCs (Fig. 8f). Of note,
MV130-induced cytokine production (TNF-α, IL-6 and IL-10) was
abolished in MyD88−/− BMDCs compared to wild type BMDCs in all the
assayed conditions, indicating TLRs-mediated signalling as the main
pathways involved in the cytokine signature imprinted by MV130 in
BMDCs (Fig. 8g). Gefitinib significantly reduced the production of all
the assayed cytokines in MV130-stimulated wild type BMDCs without
reaching basal levels in any case, indicating that NOD-mediated path-
ways might also partially contribute to MV130-induced cytokine pro-
duction but at a lesser extent than TLRs (Fig. 8g). Therefore, we
assessed the impact of MyD88 inhibition in the in vivo anti-allergic
effects of MV130-BMDCs using the airway adoptive transfer model
previously described (Fig. 8a). MyD88−/− BMDCs were stimulated with
vehicle (Vehicle-MyD88−/− BMDCs) or MV130 (MV130-MyD88−/−

BMDCs) for 18 h and then i.n. administered to mice. After 8 h of
MyD88−/− BMDCs adoptive transfer, mice were sensitized and chal-
lenged with HDM following our conventional protocol (Fig. 8a). Of
note, MV130-stimulated MyD88−/− BMDCs were not able to prevent
HDM allergic sensitization showing no significant differences in total
IgE or HDM-specific IgG1 levels compared tomice treatedwith vehicle-
stimulated MyD88−/− BMDCs (Fig. 8h). Similarly, mice treated with
MV130-MyD88−/− BMDCs displayed similar numbers of total cells in
BALF, eosinophils, neutrophils, B cells, T cells and Th2 cells than mice
treated with vehicle-MyD88−/− BMDCs (Fig. 8I, j). These data indicate
that MV130-stimulated BMDCs from MyD88−/− mice did not prevent
HDM allergic sensitization and eosinophilic airway inflammation
in vivo, demonstrating that MyD88-mediated signalling pathways

coupled to activated TLRs are crucial for the asthma preventive effect
of MV130-treated BMDCs.

Discussion
In this study, we uncover the unpreceded property of the mucosal
vaccine MV130 to prevent HDM allergic sensitization as well as HDM-
induced local and systemic T2 immune responses and associated
eosinophilic airway inflammation. MV130 abolished all the key patho-
physiological and clinical features associated with asthma in an in vivo
experimental mouse model of HDM-induced allergic eosinophilic
asthma. We demonstrated that MV130 promotes non-pathological
innate and adaptive immune responses against HDM by inhibiting
HDM-induced Th2 cells and ILC2s in vivo, which impairs the recruit-
ment of iEos into the bronchial mucosa without affecting homoeo-
static rEos in the lung parenchyma, thus restoring normal airway
functionality. MV130 also impairs allergen-specific IgE sensitization
and systemic T2 immune responses without altering type 1 and IL-10
homoeostatic responses. Of note, our data demonstrated that the
prophylactic administration of MV130 prevents allergic sensitization
and HDM-induced eosinophilic airway inflammation in vivo up to
9 weeks after treatment discontinuation, thus demonstrating long-
lasting protective effects. In addition, we showed in human DCs from
both healthy andHDM-allergic asthmadonors thatMV130 counteracts
the Th2 polarization capacity imprinted by HDM and endorses a shift
towards Th1 and IL-10 immune responses. Mechanistically, MV130
induces transcriptional programs in human DCs leading to the acti-
vation of TNF-α-, IFN-γ-, IL-6- and IL-10-mediated pathways and
imprints metabolic reprogramming with increased glycolysis and
reduced OXPHOS, which might well contribute to the generation of
non-pathological immune responses to the allergens. In vivo airway
transfer experiments demonstrated that MV130-treated BMDCs sup-
press HDM-induced eosinophilic airway inflammation through
mechanisms partially dependent on MyD88-mediated signalling
pathways, thus reinforcing the key role played by DCs in these effects.
Our findings might well contribute to open future interventions based
on mucosal whole heat-inactivated PBPs to prevent allergic airway
inflammation and to reduce the risk of allergic asthma development.

Asthma represents a major health problem affecting around 400
million people in the world, being T2 allergic eosinophilic asthma the
most common pheno-endotype2,39. Corticosteroids and bronchodila-
tors remain the mainstay asthma treatment, but the prevention and
management of severe asthma continues to be challenging1,3.

Fig. 4 | MV130 abrogates systemic T2 immune responses in HDM-
sensitised mice. a Schematic representation of the model employed to assess
in vitro responses of splenocytes from the different groups after HDM stimulation.
b Cytokine production after 3 days of stimulation of splenocytes with HDM from
the different groups (PBS n = 15, MV130 n = 8, HDM n = 12, HDM+MV130 n = 10
mice; 4 independent experiments). c Ratios of cytokine production (HDM n = 12,

HDM+MV130 n = 10 mice; 4 independent experiments). Values are mean ± SEM.
Statistical significance was determined using unpaired One-way ANOVA (b),
unpaired Kruskal–Wallis (b, IFN-ɣ) and two-side unpaired Student’s t test (c):
*p <0.05, **p <0.01 and ***p <0.001. Exact p values and source data are available in
the Source Data file.
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Biologicals have demonstrated efficacy in reducing exacerbations,
improving lung function, and reducing oral corticosteroid use, but
their main drawbacks include the high costs, the lack of suitable bio-
markers and not yet firmly demonstrated disease-modification
capacity1–3,39. Allergen-specific immunotherapy consisting in the
administration of high doses of the causative allergens to induce tol-
erance is able to modify the course of the disease, but it is not
recommended for severe asthma due to safety concerns1,2,39. There-
fore, there is an unmet need for the development of strategies for
asthma prevention and treatment.

A plethora of epidemiologic, preclinical, and clinical studies
uncovered the protective role of living in a farming environment

(“farm protective effect”) and specific microbial exposure early in life
for the prevention of asthma and other allergic diseases40–42. These
data focused the actual research on mimicking, with standardized
products, the beneficial properties of that environmental
exposure11,16,17,37,43. In this context, different types of PBPs, specific
bacterial species ormicrobial-derivedproducts are in the spotlight due
to the demonstrated capacity to prevent recurrent viral infections,
which is together with allergic sensitization a main risk factor for
asthma development13–17. Among these PBP, the mucosal MV130 vac-
cine has demonstrated preclinical and clinical efficacy against viral
infections through mechanisms dependent on TI, being the first PBP
described with these properties14,15,21,44. Therefore, it is reasonable to

Fig. 5 |MV130prophylactic treatmentprevents allergic sensitization andHDM-
induced eosinophilic airway inflammation, conferring protection up to
9 weeks after treatment discontinuation. a Schematic representation of the
prophylactic treatment with MV130 or vehicle, resting period (1, 2, 4 or 9 weeks)
and following HDM-induced asthma model. Two control groups without sensiti-
zationwere included,MV130 group receiving PBS in the sensitization and challenge
and MV130 during immunization and a PBS group receiving only PBS; i.n., intra-
nasal. b Serum total IgE, HDM-specific IgG1 levels (n = 3–9mice from each group; 2
independent experiments). c Quantification of total cell numbers of different

populations in bronchoalveolar lavage fluid (BALF) as determined by flow cyto-
metry (n = 3–9 mice from each group; 2 independent experiments).
d Quantification of total cell numbers of eosinophils, e B cells and f Th2 cells in
BALF (n = 3–9 mice from each group; 2 independent experiments). Values are
mean ± SEM. Statistical significance was determined using unpaired Two-way
ANOVA (b) and unpaired One-way ANOVA (c–f) tests: *p <0.05, **p <0.01,
***p <0.001 and ****p <0.0001. Exact p values and source data are available in the
Source Data file.
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foresee that avoiding early viral infection with MV130 could prevent
the development of wheezing attacks and asthma exacerbation in
children22. Nonetheless, the potential capacity of MV130 to impair T2
eosinophilic allergic airway inflammation remained unknown. Differ-
ent non-specific strategies for HDM-induced airway inflammation have
been previously assayed with diverse outcomes, including TLR7 ago-
nists, CpG motifs encapsulated in viral-like particles, non-specific
mRNA lipid nanoparticles, living or heat-inactivated lactic acid bacteria
strains among others, suggesting bacteria and bacteria-derived

products as potential suitable strategies for the prevention and treat-
ment of allergic asthma45–48.

Here, we show that MV130 prevents eosinophilic airway inflam-
mation in an in vivo experimental mouse model of HDM-induced
allergic eosinophilic asthma by restoring local and systemic innate and
adaptive immune responses. Other PBPs such as OM-85 or specific
interventions with Acinetobacter lwoffii have the capacity to prevent
eosinophilic airway inflammation at the local level when administered
via the i.n. route18,19. We also demonstrate that MV130 not only impairs

Fig. 6 | MV130 impairs HDM-induced T2 allergic profile by generating human
DCswith the capacity topolarizeTh1 and IL-10 immune responses. a Scheme of
the employed protocol for HmoDCs generation from healthy and HDM-allergic
asthmatic donors and in vitro stimulation. b Cytokine production in cell-free
supernatants after stimulation of HmoDCs with vehicle (Ctrl-), MV130, HDM or
HDM/MV130 for 24 h (Ctrl- n = 17, MV130 n = 6, HDM n = 19, HDM+MV130 n = 19
healthy donors and Ctrl- n = 6, MV130 n = 6, HDM n = 6, HDM+MV130 n = 6
asthmatic donors). c Scheme of the employed protocol for HmoDCs and allo-
geneic naïve T cells co-cultures. d Left, cytokines produced by allogeneic naïve
CD4+ T cells primed by HmoDCs in the presence of vehicle (Ctrl-), MV130, HDM or
HDM/MV130 after 3 days (Ctrl- n = 9, MV130 n = 4, HDM n = 9, HDM+MV130 n = 9

healthy donors). Right, ratios of indicated cytokines were determined for HDM
and HDM/MV130 stimulations (HDM n = 7, HDM+MV130 n = 7 healthy donors).
e Left, cytokines produced by allogeneic naïve CD4+ T cells primed by HmoDCs in
the presence of vehicle (Ctrl-), MV130, HDM or HDM/MV130 (n = 6 asthmatic
donors). Right, ratios of indicated cytokines were determined for HDM andHDM/
MV130 stimulations (n = 6 asthmatic donors). Values are mean ± SEM. Statistical
significance was determined using two-side paired Wilcoxon or Student’s t test
(b, d, e) depending on the normal distribution of the compared samples analysed
by D’Agostino-Pearson normality test: *p < 0.05, **p < 0.01 and ****p <0.0001.
Exact p values and source data are available in the Source Data file.
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airway eosinophilia but also abolishes HDM-specific IgE sensitization
and systemic allergen-specific T2 responses. MV130 treatment sig-
nificantly reduced the percentage of CD23+ migratory DCs in MLNs.
CD23 expression on antigen presenting cells plays a key role in the
activation of allergen-specific Th2 cells during recall responses via
facilitated antigen presentation49,50. In addition, our GSEA showed that
FcεRI-signalling pathway is enriched in human DCs at the steady state
compared to MV130-stimulated human DCs. We have previously
shown that blocking allergen-induced IgE-FcεRI crosslinking with
monoclonal antibodies targeting IgE impairs the capacity of human
plasmacytoidDCs to generate Treg cells51,52. All these data indicate that
MV130 downregulates the expression of both high- and low-affinity
receptors for IgE on DCs as a mechanism by which this mucosal vac-
cinemightwell promotenon-pathological adaptive immune responses
against allergens.

In addition to blocking systemic IgE sensitization, MV130 abol-
ished all the clinical features associated with asthma, including air-
way eosinophilia, BHR, mucus production and epithelial barrier
damage, which resulted in the restauration of normal airway func-
tionality. At the local airways, MV130 increased IFN-γ-producing

Th1 cells, IL-10-producing T cells and FOXP3+ Treg cells whereas
inhibited both IL-5-producing Th2 cells and IL-5/IL-13-producing
ILC2s, which impaired iEos infiltration into the bronchial mucosa
without affecting homoeostatic rEos. Of note, instead of the detri-
mental role of iEos in asthma, rEos in the lung parenchyma display
homoeostatic functions and have been found to inhibit the matura-
tion and pro-Th2 function of allergen loaded DCs30,31. Epithelial bar-
rier dysfunction is a major driver of asthma development as
compromise the defence against viral infections and enhances the
risk of allergic sensitization and asthma attacks53–55. Smooth muscle
layer thickening and Goblet cell hyperplasia also contributes to
worsening BHR, airway remodelling and lung function decline26,27. In
our experimental asthma model, MV130 also significantly impaired
HDM-induced epithelial barrier damage, smooth muscle thickening
and mucus overproduction, which together with the inhibition of
airway eosinophilia contribute to reduce BHR and to restore normal
airway functionality. Despite these promising in vivo results, one
major limitation of our study is that we only used one mouse strain
(C57BL/6J) and allergen model (HDM) to assess the anti-allergic
effects of MV130 as a proof-of concept. Future studies using

Fig. 7 | MV130 imprints transcriptomic and metabolic rewiring in human DCs.
a Bar plot showing gene set enrichment analysis (GSEA) the selected significantly
enriched gene sets for HALLMARK, KEGG, GOBP and BIOCARTA data bases from
24h MV130- vs vehicle (Ctrl-)-stimulated HmoDCs Gene Array (n = 4 healthy
donors). Enriched gene sets inMV130-stimulated HmoDCs were represented in red
and vehicle (Ctrl-)-stimulated HmoDCs were represented in blue. NES (Abs), NES
absolute value. All FDR q values < 0.25. b GSEA for HALLMARK_IFN-GAMMA_R-
ESPONSE, BIOCARTA_IL-10_PATHWAY and GOBP_FCƐR_SIGNALING_PATHWAY
gene sets showing the genes enriched in the indicated biological pathways differ-
entially enriched in MV130- or vehicle (Ctrl-)-stimulated HmoDCs (n = 4 healthy
donors). c GSEA for HALLMARK_GLYCOLISIS gene set significantly enriched in
MV130-stimulated HmoDCs from Gene Array results (n = 4 healthy donors).
d Scheme of the employed protocol with HmoDCs for in vitro metabolic studies.

e Left, real-time analysis of glycolytic Proton Efflux Rate (glycoPER) of HmoDCs
after stimulation with HDM, HDM+MV130 or vehicle (Ctrl-) by sequential addition
of rotenone/antimycin A (Rot/AA), and 2-deoxyglucose (2-DG). Right, quantifica-
tion of basal and compensatory glycolysis (n = 4 healthy donors). f GSEA for
HALLMARK_OXPHOS gene set significantly enriched in vehicle (Ctrl)-treated
HmoDCs from Gene Array results (n = 4 healthy donors). g Fluorescence intensity
of HDM- or HDM+MV130-stimulated HmoDCs stained with MitoTrackerTM Red
CMXRos (mitochondrial membrane potential) and MitoTrackerTM Green FM
(mitochondrial mass) relative to negative control-stimulated cells. MitoTracker
Red/MitoTracker Green ratio is also shown (n = 10 healthy donors). Values are
mean ± SEM. Statistical significance was determined using two-side paired Stu-
dent’s t test (e and g): *p <0.05, and **p <0.01. Exact p values and source data are
available in the Source Data file.
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Fig. 8 | MV130 reprograming of BMDCs via MyD88-mediated pathways pre-
vents HDM-induced eosinophilic allergic airway inflammation. a Schematic
representation of MV130-BMDCs or vehicle-BMDCs intranasal administration and
followingHDM-induced asthmamodel. b Serum total IgE andHDM specific IgE and
IgG1 levels (PBSn = 6, Vehicle-BMDCs/HDMn = 6,MV130-BMDCs/HDMn = 7mice; 2
independent experiments). cQuantification of total cell numbers and d of different
cell types in BALF determined by flow cytometry (PBS n = 6, Vehicle-BMDCs/HDM
n = 6, MV130-BMDCs/HDM n = 7 mice; 2 independent experiments). e Schematic
representation of bone marrow progenitors from wild type and MyD88−/− mice
differentiation to BMDCs and following in vitro stimulation with vehicle (Ctrl-),
MV130, or Gefinitib/MV130. f Geometric Mean Fluorescence Intensity (GeoMFI)

values for CD40 (Ctrl- n = 3-4, MV130 n = 4-5, Gefinitib/MV130 n = 5 biological
replicates; 1 independent experiment). g Cytokine production in cell-free super-
natants after in vitro stimulation of wild type and MyD88−/− BMDCs for 18 h (Ctrl-
n = 3-4, MV130 n = 4-5, Gefinitib/MV130 n = 7 biological replicates; 1 independent
experiment).h Serum total IgE andHDM specific IgG1 levels (n = 4mice per group).
i Quantification of total cell numbers and j different cell types in BALF determined
by flow cytometry (n = 4 mice per group). Values are mean ± SEM. Statistical sig-
nificance was determined using unpaired One-way ANOVA (b, c and i), unpaired
Two-wayANOVA (f and g) and two-side unpaired Student’s t test (d and j): *p <0.05,
**p <0.01, ***p <0.001 and ****p <0.0001. Exact p values and source data are
available in the Source Data file.
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alternative mouse strains and allergen models are warranted to
strengthen and generalize these findings.

To verify that MV130 could also promotes proper immune
responses against HDM in humans, we studied its capacity to immu-
nomodulate human DCs as key cells involved in linking innate and
adaptive immune responses3,4. We showed that MV130+HDM-stimu-
lated human DCs from both healthy and HDM-allergic asthma donors
produced higher TNF-α, IL-6 and IL-10 than humanDCs stimulatedwith
HDM alone. MV130 also generated human DCs from both healthy and
allergic asthma donors able to inhibit HDM-induced Th2 polarization
and to enhance Th1 and IL-10-producing T cells. Supporting these data
our GSEA showed that TNF-α-, IFN-γ-, IL-6- and IL-10-mediated path-
ways are significantly enriched in MV130-stimulated human DCs from
healthy donors. It has been also shown that the in vivo anti-allergic
properties ofAcinetobacter lwoffii ismediated by local production of IL-
6 in the airways leading to the generation of IL-10-producing T cells18.
Deeper analysis of genes included in MV130-stimulated human DCs
enriched data sets, reveals an enrichment in TNFAIP3 (also known as
A20), a gene highly associated with the “farm protective effect” for
asthma and reported downregulated in asthmatic children37,40.
Remarkably, GSEA also uncovered gene set enrichments associated to
the mTOR and glycolysis pathways in MV130-stimulated human DCs
and gene set enrichment associated to OXPHOS pathways within
unstimulated DCs, suggesting that MV130 induces metabolic repro-
gramming in humanDCs thatmight be linked to the restoration of non-
pathological immune responses against HDM. It has been previously
shown that rFlaA:Betv1 immunomodulatory functions on DCs is medi-
ated by the mTOR-dependent metabolic switch to glycolysis, which is
connected to DCs’ cytokine production of IL-6, IL-12, TNF-α and IL-10,
and to the inhibition of T2 allergic responses56. Our in vitro metabolic
experiments, including real-time metabolic assays in a Seahorse ana-
lyser, confirmed thatMV130 enhanced glycolysis and reducedOXPHOS
in human DCs, which is sustained upon HDM stimulation. In line with
our human DCs in vitro experiments, in vivo i.n. administration of
MV130-stimulated BMDCs inhibited T2 pathological responses against
HDM and prevented allergic sensitization and eosinophilic airway
inflammation by mechanisms partially depending on MyD88-mediated
signalling pathways. All these results highlight the key role played by
DCs in the reported anti-allergic and anti-asthmatic effects of MV130
both in mice and humans.

In conclusion, MV130 may not only protect against respiratory
viruses, but also prevent allergic sensitization and eosinophilic asthma
by modulating innate and adaptive immune responses to HDM. Our
findings suggest that MV130 is a promising mucosal vaccine with the
potential to reduce the risk of allergic asthma development. Clinical
trials to confirm its safety and efficacy in this indication are warranted.

Methods
Ethics statement
All mice procedures included in this study were reviewed and ethically
approved by Universidad Complutense de Madrid (UCM) and Comu-
nidad Autónoma de Madrid (CAM) within the context of project
IND2019/BMD17182 from CAM and PID2020-114396RB-I00 from Minis-
terio de Ciencia e Innovación (Spain) to O.P. under PROEX 152/18,
PROEX3221.1/21 from CAM. Blood samples from adult healthy donors
(>18 years old; 54% male and 46% female) were obtained from the
Transfusion Centre of Madrid (approved by CAM; approval reference:
PO.DIS.09). Blood samples from 6 adults moderate-to-severe HDM-
allergic asthmatic patients (>18 years old; 50% male and 50% female)
were obtained from Lucus Augusti University Hospital (approved by the
local ethics committee for drugs research of Galicia (CEIm-G) and Lucus
Augusti University Hospital; approval reference: Pneu-01-2025). All par-
ticipants in this study signed informed consent documents, and the data
were treated according to recommended criteria of confidentiality,
following the ethical guidelines of the 1975 Declaration of Helsinki.

Media and reagents
RPMI 1640 (Lonza) supplemented with 10% foetal bovine serum (FBS),
100μg/mL normocin (InvivoGen), 50μg/mL penicillin/streptomycin,
1% non-essential aminoacids, 1% MEM vitamins and 1mM sodium
pyruvate (all from Life Technologies) (cRPMI). Polybacterial prepara-
tion,MV130 composed ofwholeheat-inactivatedbacteria (60%V104 S.
pneumoniae, 15% V102 S. aureus, 15% V101S. epidermidis, 4% V113 K.
pneumoniae, 3% V105M. catarrhalis and 3% V103H. influenzae), House
Dust Mites (HDM, Dermatophagoides pteronyssinus) extract and 0.1%
NaCl vehicle were provided by Inmunotek S.L. (Der p 1: 40,58 µg/mL;
Der p 2: 8,42 µg/mL; LPS: 2EU/µg).

Animals
C57BL/6J female mice (6–8 weeks) were obtained from Charles River,
and Myd88−/− C57BL/6J mice (B6.129P2(SJL)-Myd88tm1.1Defr/J mice)
from Jackson Laboratory. All animals were acclimatized for 1 week
before experiments and housed in a specific pathogen-free environ-
ment at 20–24 °C and 45–55% humidity with a 12 h light-dark cycle and
permitted ad libitum consumption of water and a standard chow diet
(hybridpellet, Altromin) at the Animal Facility Unit at UCM.

Mice asthma models
Acute HDM asthma model was developed in C57BL/6J female mice
(6–8 weeks; Charles River) by intranasal (i.n.) administration of 1μg of
HDM (Inmunotek S.L.) on day 1 and subsequently i.n. challenges with
10μg of HDMon days 8–1225. As shown in Supplementary Fig. 7, this is a
well-established HDM asthma model where the first HDM i.n. adminis-
tration is essential to induce allergen sensitization, which is indis-
pensable to mount HDM-specific IgE responses and HDM-mediated
eosinophilic airway inflammation upon the subsequent HDM chal-
lenges. On days 2–4, mice were i.n. treated with 50μL of MV130 at 300
FTU (approx.109 bacteria/mL; therefore, approx. 5 ×107 bacteria/day;
Inmunotek S.L) or vehicle (0.1% NaCl). MV130 dose was selected based
on published studies demonstrating efficacy to protect against viral
respiratory infections in mice21 and initial pilot studies assessing the
capacity to prevent eosinophilic infiltration in BALF. Three days after
the last HDM-challenge lung function was measured, mice were sacri-
ficed and blood, bronchoalveolar lavage fluid (BALF), lungs, mediastinal
lymph nodes (MLNs) and spleen were collected. For type 2 innate
lymphoid cells (ILC2s) studies, mice were sacrificed one day after the
last HDM-challenge. A non-treated group receiving PBS during sensiti-
zation and challenge was also included as a control group (PBS group).
A control group receiving MV130 alone at days 2–4 without sensitiza-
tion or challenge was also included as a control group (MV130 group).

For MV130 prophylactic experiments, C57BL/6J female mice
(6–8 weeks; Charles River) were i.n. administered with 50μL of vehicle
(HDM group) or with 50μL ofMV130 at 300 FTU (approx.109 bacteria/
ml; therefore, approx. 5 ×107 bacteria/day; Inmunotek S.L) (MV130-
HDMgroup) for 3 consecutive days for 2weeks and then left resting for
1, 2, 4 or 9 weeks prior to HDM sensitization following our conven-
tional protocol (one single dose of HDM for sensitization followed by 5
consecutive challenges with the allergen during the following week)
(Fig. 5a). As controls, we included one group receiving only PBS during
the whole protocol (PBS group) and another group receiving pro-
phylactic MV130 alone without subsequent HDM- sensitization/chal-
lenge (MV130 group).

Mouse lung function measurements
Mouse airway hyperresponsiveness (AHR) wasmeasured 72 h after the
last HDM challenge with aerosolized methacholine chloride (Mch)
(Sigma) using two different techniques. In conscious unrestrained
mice, lung function was measured by whole-body plethysmography
(WBP) (BUXCO Electronics Ltd.). PBS, followed by increasing con-
centrations of Mch (6.25, 12.5 and 25mg/ml) were nebulized, and lung
function was recorded for 3min, and enhanced pause (Penh) was
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calculated using FinePoint software (BUXCO Electronics Ltd.), which is
a dimensionless unit that correlates with bronchoconstriction. Airway
resistance (Resistance index, RI) was measured in anesthetized mice
with ketamine/medetomidine (75/1mg/kg, intraperitoneally, i.p) and
tracheostomized with an 18-gauge metal cannula inserted into the
trachea, preventing air leakage by tightly tied suture thread. The can-
nulawas connected to a computer-connectedmechanical ventilator of
Resistance and Compliance System (R&D, BUXCO Electronics Ltd.).
PBS followed by increasing concentrations of methacholine (12.5, 25
and 50mg/mL) were nebulized and lung function was recorded for
3min. RI (cmH2O/mL/s) was calculated using FinePoint software
(BUXCO Electronics Ltd.).

Serum collection
Mice were anaesthetised with isoflurane and peripheral blood was
collected via retro-orbital bleeding using lime glass Pasteur pipettes
andmicrotainer tubes (Beckton Dickinson). Samples were centrifuged
at 1000× g for 10min at room temperature. Serum was collected and
stored at −80 °C for further analysis.

Immunoglobulin measurement
Mouse total IgE and HDM-specific antibodies were measured by
enzyme-linked immunosorbent assay (ELISA) in mouse serum. Total
IgE was measured using a commercial ELISA kit (BD Biosciences) fol-
lowing manufacturer’s protocol. HDM-specific IgE and IgG1 were
measured by ELISA. High binding 96-well plates (Corning) were coated
with HDM (50μg/mL) in coating buffer overnight (ON) at 4 °C. Coated
plates were blocked with 10% FBS in PBS for 2 h at room temperature.
Plates were washed and incubated with serum samples ON at 4 °C.
After washing, rat anti-mouse IgE-HRP (Southern Biotech) or goat anti-
mouse IgG1-HRP (Thermo Fisher Scientific) were added and incubated
for 2 h at room temperature. O-phenyldiamine (OPD) was used to
develop the assay, and H2SO4 was added to stop the reaction for
absorbance reading at 492 nm.

Bronchoalveolar fluid isolation, cell population analysis and
epithelial assays
BALF isolation was performed, 24 h (for ILC2s and albumin studies) or
72 h (for the rest of analysis) after the last HDM-challenge by 3 con-
secutive flushes of the airways through catheterized trachea with
700μL of ice-cold 10mM EDTA in PBS. The first flush of the airways
was obtained separately and centrifuged (300 × g, 10min) to obtain
BALF supernatant. BALF supernatant was stored at −80 °C for future
analysis, and cell pellets were added to the rest of the BALF. Cells were
counted by Trypan blue exclusion by light microscope and cells were
washed in PBS/EDTA (2mM) 0.5% BSA. Cell profile was determined by
flow cytometry with a specific antibody cocktail (Supplementary
Table 1). The gating strategy for cell populations in BALF is shown in
Supplementary Fig. 1.

Epithelial damage was assessed by determining lactate dehy-
drogenase (LDH) activity in BALF using CyQUANT LDH Cytotoxicity
Assay Kit (Fisher), following manufacturer’s protocols. Bronchial epi-
thelial leakage to the airway lumen was assessed by measuring BSA
concentration in BALF using an albumin ELISA kit (Abcam), following
manufacturer’s protocols. Eosinophil peroxidase (EPX) activity inBALF
was measured by OPD substrate oxidation by EPX in the presence of
H2O2 at 37 °C pH 8 protected for light for 30min. H2SO4 was added to
stop the reaction; absorbance was measured at 492 nm.

Lung isolation and processing
The lungs from mice that were not used for BALF isolation were per-
fused with 10mL of ice-cold PBS through the right ventricle. After
perfusion, lungs were isolated aseptically and cut into small pieces
before enzyme digested for 1 h at 37 °C in PBS containing Liberase TL
(Roche) and DNase I (Roche) to obtain a single-cell suspension. Cell

suspensions were rinsed with ice-cold FBS to stop enzyme digestion
and passed through a 70μmnylon cell strainer. Cells were counted by
Trypan blue exclusion by light microscope and different cell popula-
tionswere analysed by flow cytometrywith a specific antibody cocktail
(Supplementary Table 1). The gating strategies were detailed in Sup-
plementary Fig. 2, and Supplementary Fig. 3a, b, 3d, for eosinophil, T
cell and ILC2 subsets, respectively.

Lung histology
Left lungs from mice that were not used for BALF isolation were iso-
lated aseptically and immediately fixed in 4% paraformaldehyde for
48 h. Afterwards, lungs were washed five times with PBS, embedded in
paraffin and sectioned (5-μm thick) for future analysis.

Lung sections were deparaffinized and stained with haematoxylin
and eosin (H&E) to evaluate airway inflammation, periodic acid-Schiff
(PAS) to analysemucus, andmodifiedHighman’sCongoRed to analyse
eosinophils, following conventional methods. Immunohistochemistry
was used to detect α-smooth muscle actin (α-SMA) to assess smooth
muscle thickening. H&E, PAS, α-SMA and Congo Red lung staining
were digitalized. Ten medium size airways per mice were analysed for
H&E, PAS, α-SMA quantification with Zen Blue and ImageJ software.

For major basic protein (MBP) and EPX immunofluorescence
staining, lung sections were deparaffinized and antigens were
retrieved with pepsin solution Digest-All™ 3 at 37 °C for 10min (Life
technologies). Sections were blockedwith 3%BSA, 0.1% TRITON in PBS
at room temperature for 1 h and then, stained with primary antibodies
ON at 4 °C (1:500, rat anti-mouse-MBP, MT2-14.7.3, and 1:500, mouse-
anti-mouse monoclonal-EPX, MM25-82.2.1) (Mayo Clinic). After wash-
ingwith0.1%TRITON in PBS, secondary antibodies (1:200, goat anti-rat
Alexa Fluor 555, Invitrogen and 1:200 goat anti-mouse-A488, Invitro-
gen) were added for 45min, protected from light at room tempera-
ture. After washing with 0.1% TRITON in PBS, sections were incubated
for 10min at room temperature with Hoechst for nuclear staining.
Finally, following washing steps with PBS, sections weremounted with
ProlonTMGold (Invitrogen) for future analysis. Immunofluorescence
images were obtained with THUNDER Imager 3D Tissue for quantifi-
cation of all lungs and with Olympus confocal microscope FV1200 for
high resolution images at 20× and 40× magnifications. MBP and EPX
quantification was carried out with ImageJ software by measuring the
area (μm2) of MBP or EPX staining on a total of 15 and 13 fields,
respectively, /μm2 of lung in the field ×100.

MLNs processing
MLNswere isolated aseptically,minced between frosted slides in RPMI
medium, and filtered through 40μm nylon cell strainers to obtain a
single-cell suspension. Cells were counted by Trypan blue exclusion by
light microscope and DC subsets were determined by flow cytometry
with a specific antibody cocktail (Supplementary Table 1). The gating
strategy was detailed in Supplementary Fig. 3c.

Spleen processing and splenocyte culture
Spleens were isolated aseptically, minced, and filtered through a 40μm
nylon cell strainers to obtain a single-cell suspension. Then, red blood
cells were lysed with ACK lysis buffer before being resuspended in
cRPMI and assessing splenocyte viability. Triplicates of 0.8 ×106 sple-
nocytes of each group of mice were cultured with HDM (100μg/mL) in
96-well flat-bottomplates (Corning). After 3 days of culture at 37 °C and
5% CO2, triplicates were pooled and cell-free supernatants were used to
quantify IL-13, IL-5, IL-10 and IFN-ɣ cytokines by ELISA.

RNA isolation, cDNA synthesis, and quantitative PCR
For lungmRNA expression, a portion of 20–30mg from the right lung
was harvested, snap-frozen in liquid nitrogen and stored at −80 °C.
Afterwards, samples were disrupted in liquid nitrogen with a pestle
and immediately homogenized in lysis buffer (RNeasy Mini Kit,
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Qiagen). Then, RNA from lysed samples was isolated with RNeasy Mini
Kit according to the manufacturer’s protocol. Complementary
DNA was generated with a PrimeScript RT Reagent Kit (Takara Bio).
Finally, quantitative PCR (qPCR) was performed by using
FastStart Universal SYBR Green Master (Roche). The sequences of the
primer pairs used are the following: Occludin (forward: ACAAGA-
GAAATTTTGATGCAGGTCT, reverse: CATCAGCAGCAGCCATG-
TACTC), Tjp1 (Zo-1)(forward: GGAGATGTTTATGCGGACGG, reverse:
CCATTGCTGTGCTCTTAGCG). Eef1a1 (forward: CGGCAGTCGCCTTG-
GACGTT, reverse: CGGTGGTTTTCACAACACCTGCGT) was employed
as a housekeeping gene.

BMDCs generation, in vitro and in vivo experiments
BMDCs fromwild type or Myd88−/− C57BL/6J mice (6–8 weeks; Charles
River) were generated from bone marrow progenitors57, which were
flushed out of the femur and tibia, processed and cultured in cRPMI
with mouse GM-CSF (20ng/mL; Peprotech) for 8–10 days until com-
plete differentiation. For in vitro experiments BMDCs (WT or Myd88−/

−) were stimulated for 18 h at 37 °C and 5% CO2 with vehicle, MV130 or
MV130 in the presence of RIPK2 inhibitor Gefitinib (10 µM, InvivoGen).
Cell surfacemarker expression and cytokine productionwere analysed
byflowcytometry andELISA, respectively. For in vivo adoptive transfer
experiments, on day 8–10 of the differentiation, BMDCs (WT or
Myd88−/−) were stimulated with vehicle (Vehicle-BMDCs) or MV130
(MV130-BMDCs) for 18 h at 37 °C and 5% CO2. Then, vehicle- and
MV130-stimulated BMDCs were harvested, washed and intranasally
transferred into wildtype C57BL6/J mice (106 cells/50μL of PBS per
mouse) 8 h prior to mice sensitization to generate a Vehicle-BMDCs/
HDM group and a MV130-BMDCs/HDM group, respectively. A group
receiving PBS administration in the treatment, sensitization and chal-
lenge was included as a control. Three days after the last HDM-
challenge mice were sacrificed and blood and BALF were collected.

Peripheral blood mononuclear cells isolation and human-
monocyte-derived dendritic cells generation
PBMCs were obtained by FicollPaque Plus (GE-Healthcare) density
gradient centrifugation. Immature HmoDCs were generated from
blood monocytes obtained from total PBMC using anti-CD14
microbeads (Miltenyi Biotec) and autoMACs Pro (Miltenyi Biotec)
and cultured for 6 days with cRPMI medium containing 100ng/mL of
IL-4 and GM-CSF (PeproTech). The purity and phenotype of mono-
cytes and generated immature HmoDCs were analysed by flow cyto-
metry with lineage-specific markers.

Human cell cultures and co-culture experiments
PBMCs from healthy donors (106 cells/mL) were stimulated with
vehicle (Ctrl-), HDM (100μg/mL) or HDM+MV130 (100μg/mL/ 3 FTU
[approx.107 bacteria/mL]) for 4 days at 37 °C and 5% CO2. IL-2 (20 ng/
mL) was included in all conditions. Cell-free supernatants were used to
IL-10, IL-6, IL-5 and IFN-ɣ quantification by ELISA.

Immature HmoDCs (106 cells/mL) from healthy or HDM-allergic
asthmatic donors were stimulated with vehicle (Ctrl-), HDM (100μg/
mL), MV130 (3 FTU [approx.107 bacteria/mL]) or HDM+MV130
(100μg/mL/ 3 FTU [approx.107 bacteria/mL]) for 24 h at 37 °C and 5%
CO2. Cell-free supernatants were used for TNF-α, IL-6 and IL-10 cyto-
kine quantification by ELISA, and cell pellets were employed for
metabolic assays.

For co-culture experiments, naïve CD4+ T cells were isolated from
PBMC using the “Naïve CD4+ T Cell Isolation Kit” (Miltenyi Biotec) and
autoMACS Pro, according to manufacturer protocol. Immature
HmoDCs were co-cultured with purified allogenic naïve CD4+ T cells
(1:5 DC/T cell) for 3 days in the presence of vehicle (Ctrl-), HDM
(100μg/mL) orHDM+MV130 (100μg/mL/ 3 FTU [approx.107 bacteria/
mL]) at 37 °C and 5%CO2. Cell-free supernatants were used to IFN-ɣ, IL-
5 and IL-10 quantification by ELISA.

Gene array gene set enrichment analysis (GSEA)
Gene array data set ofMV130- or vehicle (Ctrl-)-stimulatedHmoDCs for
24 h were obtained from Expression Atlas repository (https://wwwdev.
ebi.ac.uk/gxa/experiments/E-MTAB-5259/Results) from our previous
work21. Gene set enrichment analysis (GSEA) was performed using the
GSEA program (http://software.broadinstitute.org/gsea/index.jsp).
GSEA was used to identify HALLMARK, Gene Ontology Biological
Process (GOBP), BIOCARTA and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) gene sets from the Molecular Signatures database
(MSigDB) that were significantly enriched in MV130 or vehicle (Ctrl-)
phenotype. Other graphical representations (bar plots) apart from
GSEA classic representations were produced with GraphPad Prism
software, 8.0 version.

Metabolic studies
Real-time metabolic profiling of HmoDCs was performed using a
Seahorse XFHSMini Analyzer (Agilent). HmoDCswere stimulated 24 h
with vehicle (Ctrl-), HDM (100μg/mL), MV130 (3 FTU [approx.107

bacteria/mL]) or HDM+MV130 (100μg/mL/ 3 FTU [approx.107 bac-
teria/mL)] at 37 °C and 5% CO2. After stimulation, cells were washed
and cultured with XF DMEM medium supplemented with 10mM glu-
cose, 1mM pyruvate and 2mM glutamine in poly-D-lysine-coated
8-well miniplates in a CO2-free incubator for 1 h at 37 °C before the
assay. To accurately monitor glycolysis, we analysed the glycolytic
proton efflux rate (glycoPER) at three consecutive stages: basal con-
ditions (no drugs administrated), inhibition of the electron transport
chain (0.5 µM Rotenone (Rot) and 0.5 µM Antimycin A (AA)) and inhi-
bition of glycolysis (50mM 2-deoxy-D-glucose (2-DG)) (Sigma-
Aldrich). Seahorse-derived data were analysed using Agilent Seahorse
Analytics.

Mitochondrial membrane potential andmitochondrial mass were
measured after 24 h of HmoDCs stimulation with the mentioned sti-
mulus usingMitoTrackerTM Red CMXRos andMitoTrackerTM Green FM
(all from ThermoFisher Scientific), respectively, following the manu-
facturer’s instructions with minor modifications. The fluorescence of
the probes was analysed using FLUOstar OPTIMA fluorescence reader
(BMG LabTech).

Cytokine quantification
Human TNF-α, IL-6, IL-10, IL-5, and IFN-ɣ, andmurine IL-5, IFN-ɣ in cell-
free supernatants were quantified by ELISA cytokine kits from BD
Biosciences. Murine IL-10 and IL-13 levels were assessed in cell-free
supernatants by ELISA using specific kits from Invitrogen and R&D
System, respectively. In all cases, the manufacturer’s protocols were
followed with minor modifications.

Flow cytometry
For surface stains, cells were washed with PBS/EDTA (2mM) 0.5% BSA
and labelling of cell-surface markers was performed at room tem-
perature for 15min for human samples or at 4 °C for 30min for mouse
samples protected from light with fluorescence-labelled antibodies
(Supplementary Table 1). After staining, cells were fixed in 0.1% PBS/
PFA for flow cytometry analysis. The gating strategies are detailed in
Supplementary Figs. 1–3c.

For intracellular cytokine staining, lung isolated cells werewashed
and restimulated with 25 ng/mL PMA plus 1mg/mL ionomycin (6 h for
T cells and 4 h for ILC2s) and 10mg/mL Brefeldin A (last 4 h for T cells
and last 3 h for ILC2s). After surface staining at 4 °C for 30min pro-
tected from light with fluorescence-labelled antibodies (Supplemen-
tary Table 1), cells were fixed and permeabilized with Cytofix/
Cytoperm (BD Biosciences) according to the manufacturer’s instruc-
tions. The cells were intracellular stained with the combination of
fluorochrome-labelled antibodies (Supplementary Table 1). Cells were
fixed in 1% PBS/PFA for flow cytometry analysis. The gating strategy is
detailed in Supplementary Fig. 3a, d.
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For FOXP3 intracellular staining, after surface staining, cells were
fixed and permeabilized with FOXP3 Fix/Perm buffer for 20min pro-
tected from light at room temperature (Supplementary Table 1). A
second permeabilization was carried out with FOXP3 Perm buffer for
15min in darkness at room temperature. Then, cells were stained with
Alexa Fluor 488 anti-mouse FOXP3 for 30min in darkness at room
temperature. Cells were fixed in 1% PBS/PFA for flow cytometry ana-
lysis. The gating strategy is detailed in Supplementary Fig. 3b. Fixed
cellswere analysed in the FACSAria III or FACSymphonyA1 cytometers
(Beckton Dickinson) in the Flow Cytometry and Fluorescence Micro-
scopy Unit at Complutense University of Madrid. Flow cytometry data
were analysed using FlowJo V10 software.

Statistical analysis
Mice were included in the studies in a blind manner and randomly
assigned to receive only saline (PBS group), vehicle (HDM group),
MV130 without sensitization (MV130 group) or MV130 with sensiti-
zation (HDM+MV130 group). Normal distribution of data was eval-
uated using the Shapiro–Wilk test. Statistical analyses were
performed using GraphPad Prism software, 8.0 version. All the data
were expressed as mean ± SEM of the corresponding parameter.
Parametric statistical analyses were calculated using paired or
unpaired One-way ANOVA, Two-way ANOVA or Student’s t test.
Nonparametric analyses were calculated using paired or unpaired
Kruskal–Wallis, Mann–Whitney U test, Wilcoxon test and Welch’s t
test. Correlations were performed by Pearson’s parametric correla-
tion test. Differences were considered statistically significant when
p < 0.05. For all figure panels, p-values are provided as a Supple-
mentary Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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