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Dysbiotic lung microbial communities of neonates from allergic mothers confer neonate responsiveness to suboptimal allergen
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In humans and animals, offspring of allergic mothers have increased responsiveness to allergens. This is blocked in mice by maternal supplementation with α-tocopherol (αT). Also, adults and children with allergic asthma have airway microbiome dysbiosis with increased Proteobacteria and may have decreased Bacteroidota. It is not known whether αT alters neonate development of lung microbiome dysbiosis or whether neonate lung dysbiosis modifies development of allergy. To address this, the bronchoalveolar lavage was analyzed by 16S rRNA gene analysis (bacterial microbiome) from pups of allergic and non-allergic mothers with a basal diet or αT-supplemented diet. Before and after allergen challenge, pups of allergic mothers had dysbiosis in lung microbial composition with increased Proteobacteria and decreased Bacteroidota and this was blocked by αT supplementation. We determined whether intratracheal transfer of pup lung dysbiotic microbial communities modifies the development of allergy in recipient pups early in life. Interestingly, transfer of dysbiotic lung microbial communities from neonates of allergic mothers to neonates of non-allergic mothers was sufficient to confer responsiveness to allergen in the recipient pups. In contrast, neonates of allergic mothers were not protected from development of allergy by transfer of donor lung microbial communities from either neonates of non-allergic mothers or neonates of αT-supplemented allergic mothers. These data suggest that the dysbiotic lung microbiota is dominant and sufficient for enhanced neonate responsiveness to allergen. Importantly, infants within the INHANCE cohort with an anti-inflammatory profile of tocopherol isoforms had an altered microbiome composition compared to infants with a pro-inflammatory profile of tocopherol isoforms. These data may inform design of future studies for approaches in the prevention or intervention in asthma and allergic disease early in life.
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Introduction

Allergic asthma is the most common chronic airway disease in children. With the increase in prevalence of allergic diseases, approaches to limit development of allergy early in life are needed (1–3). A maternal history of allergic disease remains the greatest risk factor for development of allergies and asthma in offspring (4). Although mothers and their children occupy the same homes with the same pollutants and environmental contaminants and allergens, when controlling for these factors, there is increased sensitivity to development of allergy in the offspring of allergic mothers. Moreover, maternal transmission of reactivity to allergen in the offspring is not specific for the type of allergen in patients and animal models (5–11). Consistent with this non-specificity for type of allergen, transfer of splenic dendritic cells (DCs), but not macrophages, from neonatal mice of allergic mothers transfers allergen responsiveness to recipient neonates from non-allergic mothers (4, 12). Neonates from allergic mothers have increased lung DC subsets, including monocyte-derived DCs (mDCs) and resident DCs (rDCs) but no change in regulatory DCs (pDCs or CD103 + DCs) (13, 14). The development of responsiveness to allergen results from complex interactions with environmental factors, including allergens and dietary lipids (13, 14).

We have demonstrated that responsiveness to allergen by neonates of allergic mothers is modifiable by the dietary lipids α-tocopherol (αT) and γT in maternal diets (13, 14). In adult mice, we demonstrated that γ-T elevates allergic responses to chicken egg ovalbumin (OVA) (15, 16) and to house dust mite extract (HDM) (17) and that γT potently ablates the anti-inflammatory benefit of α-T during allergic responses (15, 16). We also demonstrated that dietary supplementation of allergic mothers during pregnancy and nursing with αT inhibited, whereas γT increased development of allergen (OVA) responsiveness and DC numbers in the offspring of allergic mothers (13, 14). During allergic inflammation, tocopherols function as anti-oxidants and regulate signal transduction during DC differentiation and leukocyte transendothelial migration (18–20). We demonstrated that tocopherols regulate cell signal transduction by binding to a regulatory domain of protein kinase C; when bound to PKC, αT is an antagonist and γT is an agonist of PKCα (15, 18, 20–23).

In humans, we demonstrated that plasma with low αT & >10 µM γT associates with lower lung function in children (24) and in adults (25). Based on the prevalence of serum γ-T > 10 µM in adults in the USA and adults in the 2011 USA census, up to 4.5 million U.S. adults had >10 µM serum γ-T and may have had 500 ml lower FEV1 and FVC (25). We also demonstrated that γ-T associated with increased odds for asthma in China (17). It is reported that patients with asthma or allergy have low levels of α-tocopherol (26–29), suggesting that an increase in α-tocopherol may be necessary, in combination with other regimens, to decrease allergic disease. We also reported that higher plasma αT and lower γT concentrations in children at 3 years of age associate with better lung function at 6–19 years of age in project VIVA (24). Together the preclinical studies in mice and humans indicate that a higher plasma γT concentration is a pro-inflammatory tocopherol profile and a higher plasma αT with lower γT concentration is an anti-inflammatory tocopherol profile with regards to allergic inflammation and lung function. Thus, the preclinical studies and data for clinical associations suggest that tocopherols may modify mediators that regulate the development of allergic disease.

It is suggested that risk for allergic disease in humans is associated with in utero and early exposures to environmental factors (30). Microbiota are acquired from the environment in utero and as neonates. Since the advent of non-culture-dependent microbe characterization, the lungs have been known to harbor commensal and pathogenic microbes (31). The airways are colonized by a diverse range of bacterial, archaeal, protozoal and fungal microorganisms known collectively as the airway microbiome. Microbes occupy the airways during health and disease, but the abundance and diversity of microbes is altered during lung diseases including asthma. Briefly, microbes of the Proteobacterium phylum are elevated during allergic asthma, including members of the Streptococcus, Haemophilus, and Moraxella genera (32–35). Streptococcus colonization during early life is a strong predictor of allergic asthma development (35). Alterations in the microbiota have a profound association with allergic asthma development during childhood (35). It is not known whether αT supplementation modifies the lung microbiome in offspring of allergic mothers. Moreover, it is not known whether lung microbiome of offspring of allergic mothers affects the development of responsiveness to allergen in the offspring lung.

We report that in mice, the lung microbiome of offspring of allergic mothers is altered before allergen challenge of the neonate. This is blocked by maternal supplementation with αT. Moreover, transfer of the lung microbial communities of offspring of allergic mothers to offspring of non-allergic mothers confer responsiveness to allergen. In infants, a pro-inflammatory profile of tocopherol isoforms associates with an altered airway microbiome.



Methods


Animals

Adult C57BL/6 female and male mice were from Jackson Laboratory, Bar Harbor, Maine and maintained under specific pathogen free (SPF) conditions at Indiana University Lab Animal Resource Center. C57BL/6 mice are used in this study because C57BL/6 mice have been vital for our studies of mediators that regulate the development of allergic responses by offspring of allergic mothers (13, 14, 36). The studies were approved by the Indiana University Institutional Review Committee for animals.



Tocopherol and basal diets

αT is necessary for mouse and human placental development (37, 38). Standard basal mouse chow diet contains 45 mg αT/kg of diet and 45 mg γT/kg of diet and supports fetal development in mice. Supplemented αT diets contain 250 mg αT/kg of diet and 45 mg γT/kg of diet (13, 14). Translation of mouse basal α-T doses to humans is calculated as we previously described (page 173 of 39). Taking into account differences in food consumption and metabolism (39), a 45 mg αT/kg of diet for mice is 57 mg αT/day for human adults. For healthy adult humans, 15 mg αT/day is recommended, but asthmatics have low plasma αT (26–29). The 250 mg αT/kg of diet for mice is 285 mg αT/day for human adults, which is well below upper safety limits of 1,000 mg αT/day in human pregnancy and near the 268 mg (400IU) d-αT in pre-eclampsia pregnancy trials (40–45). A relevant dose is a dose that achieves similar fold changes in tissues in mice and humans.

For supplementation of diets with tocopherol, D-α-tocopherol (>98% pure) from Sigma was sent to Dyets, Inc (Bethlehem, PA) to produce the diets with 250 mg αT/kg of diet (catalog#103373) (13, 46). The purity of these tocopherols that were used to make the diets and the tocopherol concentrations in the diets were confirmed by HPLC with electrochemical detection as previously described (13, 46). These αT supplemented diets increase tocopherols 3-fold in mothers and pups (13, 14, 47–49). This is similar to fold tissue changes achievable in humans (15, 16, 21–23, 46).



Allergens

In our studies, pups received the same allergen or different allergen than the mother because in mice (5–11) and humans (4), allergen responses by offspring are not specific to the allergen to which the mother had been exposed. We induced allergic lung inflammation in mothers or pups with OVA or HDM. OVA is a well-characterized model purified allergen that, in humans, can also be inhaled when exposed to powered egg or when gasping during egg allergic reactions. HDM extract is a model environmental allergen from Greer and has been used in allergy shot induction of tolerance in humans. Mothers with allergic responses and allergic inflammation at the time of mating (15, 46, 50) are mated to non-allergic fathers (13, 14). On gestational day 18 (GD18) [during time of fetal hematopoiesis], we collect mother plasma, placentas, and fetal livers (site of hematopoiesis in the fetus) (13, 14). To assess offspring development of allergy, pups receive a suboptimal allergen sensitization/challenge protocol (Figure 1) (13, 14). There are no differences by sex so data include both sexes (13, 14).
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FIGURE 1
Enhanced responsiveness to challenge with HDM or OVA by pups of mothers with allergy was inhibited by maternal supplementation with α-tocopherol. The allergen of the mother and offspring can differ. (A,C) Allergic and non-allergic mothers received basal diet or diet supplemented with αT (250 mg αT/kg of diet) during pregnancy and nursing. Timeline for allergen-sensitization and allergen-challenge of mothers and offspring. (B,D) Pup BAL eosinophils, monocytes, lymphocytes and neutrophils. (E) Relative IL-5 mRNA expression in lungs of HDM-challenged pups of allergic and non-allergic mothers with basal or αT-supplemented diets. BAL, bronchoalveolar lavage. n = 8–10 mice/group. Saline treated pups did not have allergic inflammation (data not shown). *p < 0.05.




Separation of microbiota from mouse BAL

For lung microbiota transfers and microbiota taxa analyses, the microbes were separated from the BAL by differential centrifugation as follows: the BAL was centrifuged for 10 min at 1200 rpm to pellet host cells and supernatant collected. This supernatant was centrifuged at 10 min at 15,000 rpm (500×g) to pellet the microbiome. The supernatant, which contains soluble proteins and mucins (51), was removed and pellet contains the microbiota. The microbiota were 96 ± 0.7% viable as determined by the Biotium Bacterial Viability and Gram Stain Kit with analyses by flow cytometry. Also for visualization of microbiota, separated BAL microbial communities from allergen-challenged pups of allergic and from non-allergic mothers were suspended in a minimal volume, fixed in a small spot on a glass slide, stained with a gram stain for bacteria, and analyzed by microscopy.



OVA administration, lung microbiota transfers and analysis of inflammation

C57BL/6 female mice were maintained on chow diet. The mice were sensitized by intraperitoneal injection (200 μl) of OVA grade V (Sigma-Aldrich Co.) (5 μg)/alum (1 mg) or saline/alum (1 mg) on days 0 and 7 (13, 14). The mice were exposed to nebulized saline or 3% (w/v) OVA in saline for 15 min on 3 consecutive days at 8, 12, and 16 weeks of age and then mated. The pregnant and nursing dams received basal diet (45 mg αT/kg of chow) or αT-supplemented diet (250 mg αT/kg of chow) as indicated in the figures.

In experiments with transfer of lung microbial communities, BAL was collected from neonates at PND5. The BAL microbial communities were separated by differential centrifugation For transfer of microbial communities, the pelleted donor microbiota were suspended in saline and immediately administered to lungs of recipient pups to most closely represent the donor microbiome levels and abundance. The few hours between collection of BAL microbiota from donor pups to administration to recipient pups was within the timeframe described for survival of aerobic microbes, as these aerobic microbes can survive for days in PBS (52). The BAL microbial communities of 2 donors were combined for each recipient and administered in 10 µl intranasally to each PND4 recipient pup for adequate inoculation, similarly to studies by others with viral inoculation of neonates (53).

For allergen challenge of the pups, six-day old pups were sub-optimally sensitized by treating with only one 50 µl i.p. injection (rather than two injections) of 5 µg OVA/1 mg alum (13, 14). At 13, 14, and 15 days old, the pups were challenged for 15 min with 3% OVA. At 16 days old, the pups were weighed, euthanized and tissues collected. Pup bronchoalveolar lavage (BAL) cells were stained and counted as previously described (13, 14). OVA-specific IgE was determined by ELISA as previously described (13, 14).



16S rRNA gene analysis of mouse BAL

For microbiome analyses, the microbes were separated from the BAL by differential centrifugation. To limit confounding contributions from contaminant bacteria during collection and sequencing reagents (54, 55), data from the BAL microbiome of pups of allergic mothers were compared to control BAL groups and N = 8–10 pups from 3 to 4 mothers per group. The same sterile reagents were used within an experiment. 16S rRNA gene amplicons were generated via PCR amplification using primers 5′TATGGTAATTGTGTGCCAGCMGCCGCGGTAA3′ and 5′AGTCAGTCAGCCGGACTACHVGGGTWGCTAAT3′ (56). The full sequencing protocol is published by Kumar et al. (56) The 16S rRNA gene sequencing was performed on the Illumina MiSeq platform. The ASV table for the mouse microbiome studies was generated by an analysis pipeline using CLC Genomic Workbench Microbial Module (CLCGW-MM). This includes the preprocessing of V4 16S amplicon (250 bp) reads, mapping to SILVA 16S v.132 SSURef, and filtering of initial ASVs (relative abundance > 1 × 10−5) as described in the University of Alabama at Birmingham protocol (56, 57). The nomenclature for Bacteroidetes has recently been updated to Bacteroidota (58), therefore we are using these synonymously in this manuscript. Differential abundant analysis was done by a built-in function in the CLCGW-MM, which generated FDR and log2fold differences in the taxa between two comparison groups. Data are shown as % abundance of 16S rRNA gene amplicon counts of total counts within specific taxonomic levels. Alpha and beta diversity analyses were performed using Quantitative Insights into Microbial Ecology v2 2022.8 (59, 60). Principal component analysis was performed using EMPeror (61).



qPCR analysis of cytokines and chemokines

Total RNA was isolated from 50 to 100 mg lung tissue using the QIAGEN RNeasy Mini Kit (catalog #74136). cDNA was prepared using a MMLV Reverse Transcriptase kit (QuantaBio, catalog #95047) and analyzed by PCR on an ABI 7300 Thermal Cycler (Applied Biosystems). Taqman probes and Taqman Universal Master Mix were used as directed (Applied Biosystems, catalog #4304437). Taqmanprobes used were GAPDH (catalog #4331182) and MUC5AC (catalog#4331182). IL-5, IL-13, IL-33, and CCL11 expression levels were quantified using SsoAdvanced Universal SYBR Green (Biorad catalog# 1725271) with the following primers obtained from Integrated DNA Technologies.
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INHANCE cohort

INHANCE cohort (62, 63) is an urban cohort (birth to 18 months of age) in the Indianapolis area (n = 180, 70% Black or mixed-race Black; NIH K23 AI135094-01 PI Kloepfer). Of these 180 infants, 43 of the 3–5 months of age infants and 50 of the 12–18 months of age infants had nasal 16S microbiome data (62, 63) and sufficient plasma volume available for tocopherol analyses by HPLC.Human 16S rRNA gene sequencing data were analyzed using Quantitative Insights into Microbial Ecology v2 2022.8 (59, 60). Human sequences were aligned with the SILVA 138.1 taxonomy database (57). Also serum tocopherol concentrations at 3–5 months or 12–18 months of age were measured by HPLC with electrochemical detection (64) as previously described (24). Because we have demonstrated that in children and adults that better lung function associates with increasing αT when gamma-tocopherol (γT) concentrations are lower (24, 25, 65–67), the INHANCE cohort infants were placed in groups based on below or above median αT and median γT concentrations (64 and manuscript in preparation) withQ1 (high γT, low αT), Q2 (high γT, high αT), Q3 (low γT, low αT) and Q4 (low γT, high αT). Q4 has an anti-inflammatory profile of tocopherols and Q2 has a pro-inflammatory profile for tocopherol isoforms for allergic lung inflammation and lung function as in our previous reports in children and adults (13, 14, 24, 25, 66, 68).


Data availability

The raw fastq files of the 16S rRNA analysis from mouse BAL in (Figures 2–5) are deposited as NCBI BioProject repository, accession number ID PRJNA925891. The raw fastq files of the 16S rRNA analysis in INHANCE cohort in (Figure 8) are deposited as NCBI BioProject repository, accession number ID PRJNA928382.
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FIGURE 2
Pups of allergic mothers have altered lung bacteria microbial composition. Mouse treatments were as in (Figure 1A). BAL microbiota from pups at (A) PND4 and (B,C) 24 h after OVA-challenge (PND16) was separated and analyzed by 16S rRNA gene sequencing and a microbiome analysis pipeline. (A) At PND4, before allergen exposure, there was increased Proteobacteria and decreased Bacteroidota in the lungs of offspring of allergic mothers (log2FC > 0.6, FDR < 0.1) as compared to offspring of non-allergic mothers with basal diet. (B) ASV table of the relative abundance of phyla within the total pup BAL bacterial microbiome. *p < 0.05 compared to other groups. (C) BAL microbiota from pup BAL PND16 were separated and concentrated by differential centrifugation as in the methods, suspended in minimal volume for fixation in a small spot on a glass slide and stained with gram stain from bacteria. Representative images of lung microbiota are shown.





Statistics

Data in the figures were analyzed by a one-way ANOVA followed by Tukey's or Dunnett's multiple comparisons test (JMP software, SAS Institute). Data in figures are presented as the means ± the standard errors. Data include both genders because there were no differences in outcomes by gender (data not shown). For analyses of the 16S microbiome from INHANCE cohort infants 3–5 months and 12–18 months of age, cutoffs were set for the data, including removal of 3 samples with insufficient ASV detection (<4% total ASV reads/sample compared to other samples), removal of ASV's that had less than 6/43 samples with reads, and to address extension of findings in mice to human, phyla were included in analyses for phyla observed in the mouse models. These participants were placed in 4 groups based on the median αT and γT concentrations (64). Then an abundance cutoff was set at >0.003% abundance for the sum of the ASV averages for the groups. This yielded 181 ASV for the 3–5 months age and 217 ASV for the 12–18 months age. Based on predetermined results in mice with αT supplementation and low γT, analyses were made in comparison to the group Q4 which had a serum αT concentration above the median and a serum γT below the median concentration. There was no formal adjustment for multiple testing because the analyses were selected based on preclinical mechanistic microbiome outcomes. Furthermore, the associations tested were established a priori at the onset of the project with microbiome as the primary analysis with tocopherol isoforms.




Results


Enhanced responsiveness to challenge with HDM or OVA by pups of mothers allergic to OVA is inhibited by dietary supplementation of the mother with α-tocopherol

Pups of allergic mothers respond to suboptimal OVA sensitization with allergen and this allergen responsiveness of the offspring is reduced by dietary supplementation of the mother with αT during pregnancy and nursing (13, 14). It is not known whether the pups of allergic mothers also respond to HDM and whether this is modified by αT. Pups of OVA-challenged mothers were responsive to suboptimal sensitization and challenge with OVA (Figures 1A,B) or HDM (Figures 1C,D) with increased numbers of leukocytes (Figures 1B,D) and this was blocked by maternal dietary supplementation with α-tocopherol as compared to pups from allergic mothers with a basal diet (Figures 1B,D). OVA increased numbers of eosinophils, monocytes and lymphocytes in the BAL (Figures 1B,D), OVA-specific IgE (13, 14), and lung cytokines (13, 14) in pups of allergic mothers as compared to pups of non-allergic mothers. HDM challenge of pups of allergic mothers (Figure 1C) also increased numbers of eosinophils, monocytes and lymphocytes in the BAL (Figure 1D) and lung IL-5 expression (Figure 1E). It has been demonstrated that pups of allergic mothers that are challenged with saline do not have allergic lung inflammation and that BAL cell numbers are similar to allergen-challenged pups of non-allergic mothers.(5) There were no sex differences in pup weight or eosinophilia as we previously reported (13, 14), so data include both sexes.



Pups of allergic mothers but not pups of non-allergic mothers exhibited lung bacterial microbiome dysbiosis

The airway microbiome is altered in adult humans with allergic asthma and in adult mice with allergic lung inflammation (69). This airway microbiome dysbiosis in adults has an increased abundance of Proteobacteria and decreased Bacteroidota (69–71). It is not known whether the lung microbiome is altered in pups of allergic mothers. It is also not known whether the lung microbiome plays a role in regulation of airway response to allergen. Interestingly, at PND4 before pup exposure to allergen, the BAL of pups of allergic mothers with a basal diet had increased abundance of Proteobacteria and decreased abundance of Bacteroidota (log2FC > 0.6, FDR < 0.1) as compared to pups of non-allergic mothers with a basal diet (Figure 2A). To assess whether allergen alters the bacterial microbiome of pups, the pups of allergic mothers and pups of non-allergic mothers were challenged with a purified allergen. OVA was used as a purified protein allergen, thereby avoiding contaminant bacterial 16S in the extracts from HDM. The microbiota, that was separated from the BAL of allergen-challenged PND16 pups, contained gram negative and gram positive microbiota as determined by gram-staining of BAL bacteria fixed to glass slides (Figure 2C). The 16S analyses of the PND16 BAL microbiota of allergen-challenged pups of allergic mothers demonstrated an increase in abundance of Bacteriodota and decrease in abundance of Proteobacteria (Figure 2B). There were increases in several taxa within the Proteobacteria, Firmicutes, Fusobacteria and Verrucomicrobia, but decreases in taxa with the Bacteroidota and several other Firmicutes, Proteobacteria and Archaea as compared to pups of non-allergic mothers and as compared to pups of allergic mothers supplemented with αT (Figure 3).
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FIGURE 3
Pups of allergic mothers have altered bacteria microbiome. Mouse treatments were as in (Figure 1A). Pup BAL microbiota were separated and analyzed by 16S rRNA gene sequencing at PND16. Shown are the % abundance for pup BAL bacteria with a significant difference in the OVA/Basal group compared to the other groups. *p < 0.05.




Transfer of the BAL microbial community of pups of allergic mothers to pups of non-allergic mothers sustained the donor microbiome in the recipient pups

Neonate bacterial load increases over PND0-14 (72). To address a potential function for the microbiome dysbiosis in allergen responsiveness, the microbial community was obtained from the BAL of PND4 pups without allergen exposure. The donor PND4 BAL microbial community was separated from the BAL and transferred intranasally to recipient PND4 pups. Then, the PND4 pups without donor microbiota and the PND4 pups that received the microbiota transfers were challenged with allergen (Figure 4A). For the transfers, the pup groups are designated as maternal treatment of the donor pups → maternal treatment of the recipient pups. The donor sample 16S microbiome had increased Proteobacteria and decreased Bacteroidota taxa in the lungs of offspring of allergic mothers (log2FC > 0.6, FDR < 0.1) (Figure 2A).
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FIGURE 4
After intranasal microbiome transfers and airway allergen challenge, there was pup BAL microbiota with increased Proteobacteria and decreased Bacteroidota taxa for pups that were either recipient pups of mothers in the OVA,basal group or were pups receiving microbiome from pups of mothers in the OVA,basal group. (A) Timeline for treatment of mothers and pups. (B) Donor BAL microbiome was administered intranasally in 10 µl to PND4 recipient pups (as indicated in figures as the group of pups providing donor BAL microbiome for transfer into a recipient group of pups, i.e., donor → recipient group). Yellow arrows on the x-axis are those groups with donor and recipients within the same group. In RED BOX are groups with recipient or donor microbiota of PND16 pups of allergic mothers (OVA/basal). Blue arrows within panel B indicate that Bacteroidota are decreased and Gamma-Proteobacteria are increased in groups in red box. N = 8/group. In panels B,C only, the OVA was in 0.09% saline; nevertheless, it did not alter the fold effect on BAL cell inflammation which is included in (Figure 5) with data from 7 microbiome transfer experiments. (C) In RED BOX are recipient or donor microbiota of PND16 pups from allergic mothers (OVA/basal). Data are presented as percent abundance of bacteria taxa. *, p < 0.05 as compared to Saline,basal → Saline,basal group (yellow arrow in graphs in C). Sal/B, saline-treated mother with basal diet. Sal/αT, saline-treated mother with αT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. OVA/αT, OVA allergen-treated mother with αT-supplemented diet.


The PND4 donor microbiota were also analyzed for alpha-diversity and beta-diversity. The PND4 donor microbiota groups had a similar Shannon within-group alpha-diversity index; the Shannon Index incorporates total number of bacterial species and relative differences in the abundance of various species in the microbiota community of a group (Supplementary Figure S1A). For beta-diversity analysis, the donor groups did not separate in the Principal Component Analysis (PCA) of the Unweighted Unifrac and Weighted Unifrac between-group beta-diversity analysis of bacterial microbiota (Supplementary Figures S2B,C, left panels); the weighted-Unifrac analysis incorporates only the relative abundance of taxa shared between samples and the unweighted-Unifrac analysis incorporates only the presence/absence of taxa between groups. In contrast, when incorporating both overall abundance per sample and abundance of each taxa of the microbiota communities by the Bray-Curtis beta-diversity distance analyses, there was clustering by PCA for the donor saline groups and for the donor OVA groups, which was unaffected by αT (Supplementary Figure S2A, left panel).
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FIGURE 5
Recipient or donor microbiota from pups of allergic mothers (OVA,basal) conferred responsiveness to allergen in the recipient pups (red box). Mice were treated as in timeline in (Figure 4A) BAL (A) eosinophils, (B) monocytes, (C) lymphocytes, and (D) neutrophils are presented as mean ± SEM. Data are from 7 experiments. N = 10–36/group. Sal/B, saline-treated mother with basal diet. Sal/αT, saline-treated mother with αT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. OVA/αT, OVA allergen-treated mother with αT-supplemented diet. *p < 0.05 as compared to the saline,basal → saline,basal group., +p < 0.1 as compared to no donor → Saline/basal group.


Alpha-diversity was also assessed for the PND16 pup microbiota from the BAL of allergen-challenged pups with and without microbiota transfer. Without the microbiota transfers, the BAL of allergen-challenged PND16 pups from allergic mothers (the no donor → OVA/B group in Supplementary Figure S1B) had decreased alpha-diversity as compared to the saline groups (the no donor → Sal/B group and the no donor → Sal/αT group) (Supplementary Figure S1B). With the microbiota transfers, the BAL of allergen-challenged PND16 pups of allergic mothers (OVA) as either donor or recipients (designated as microbiota donor → recipient pairs of pups) had reduced alpha-diversity (Supplementary Figure S1B, red box) as compared to several control groups, including the no donor → Sal/B, the Sal/B → Sal/B, the no donor → Sal/αT or the OVA/αT → OVA/αT (Supplementary Figure S1B).

Beta-diversity was assessed for the PND16 pup microbiota from the BAL of allergen-challenged pups with and without microbiota transfer. There was minimal separation of the PND16 groups in the PCA plot of the Unweighted Unifrac and Weighted Unifrac between-group beta-diversity bacterial microbiota analyses (Supplementary Figures S2B,C, right panels). In the PCA plot of the Bray-Curtis beta-diversity distance analyses of the allergen-challenged pups without donor microbiota transfers (Supplementary Figure S2A, right panel with cone-shaped symbols), there was some separation of the no donor → OVA/B group as compared to the other no donor groups. In the PCA plot of the Bray-Curtis beta-diversity distance analyses of the allergen-challenged pups that received donor microbiota transfers, there was unique clustering of microbiota from pups of allergic mothers with basal diet (OVA/B) as either donors or recipients (Supplementary Figure S2A, right panel with sphere-shaped symbols); these are the groups with allergic inflammation in Figure 5.

Notably, when either the BAL microbial community of the donor pup or the recipient pup was from an allergic mother with basal diet (OVA/B), the recipient pup BAL had an increase in abundance of the class Gamma-proteobacteria and decrease in abundance of the class Bacteroidia (Figure 4B), as compared to the saline/B → saline/B group of pups (Figure 4B). In Figure 4C, when the BAL microbial community was from a group with a donor pup or the recipient pup from an allergic mother with basal diet (OVA/B), there was an increase in a Proteobacteria and a Fusobacteria and a decrease in several Bacteriodota taxa and a Firmicute. These data suggest that the BAL microbial community of the pups of allergic mothers with basal diet was dominant.



Transfer of the dysbiotic BAL microbial community of pups of allergic mothers to pups of non-allergic mothers conferred enhanced responsiveness to allergen in the recipient pups, demonstrating a functional role for the lung microbiome

The BAL cells were assessed for the pups in (Figure 4). Without microbiota transfers, the pups of allergic mothers had increases in BAL eosinophils, monocytes and lymphocytes (Figure 5), no-donor groups). After intranasal microbiome transfers and airway allergen challenge, there were increased numbers of BAL eosinophils, monocytes and lymphocytes in the pups that were either recipient pups of mothers in the OVA,basal group or were pups receiving microbiome from pups of mothers in the OVA,basal group (i.e. OVA/B as donor or recipient) as compared with the pups of the control saline/B → saline/B group (Figure 5). The donor → recipient pup groups without an OVA/B group in the donor or the recipients did not develop lung eosinophilia after allergen exposure (Figure 5). Interestingly, the mice were in a specific-pathogen-free facility and dysbiosis of the transferred microbial communities was sustained in recipient pups (Figure 4) and only exhibited in pups with allergic lung responses (Figure 5). These novel transfer studies demonstrate that the dysbiotic microbiome of pups of allergic mothers enhances pup responsiveness to allergen.



The transferred BAL microbial community influenced induction of allergen-specific IgE and the allergen-induced expression of cytokines

Mediators of allergic inflammation were measured including serum allergen-specific antibodies, the chemokines and cytokines that mediate eosinophilia, and the mucin Muc5ac. We have reported that anti-OVA IgE is increased in the OVA/B group and this is reduced by OVA/αT (13). The serum of pups in the OVA/B → OVA/B group and OVA/B → Sal/B group had elevated anti-OVA IgE after allergen exposure (Figure 6), suggesting that the transfer of microbial communities of pups of allergic mothers with basal diet is sufficient to mediate enhanced induction of anti-OVA IgE in these pups. In contrast, there were no increases in anti-OVA IgG2b and anti-OVA IgG1 (Figure 6). The chemokine CCL11, which mediates recruitment of eosinophils, and IL-33, which is important in induction of allergic inflammation, was increased in the groups with OVA/B as donor or recipient and in the no donor → OVA/B group (Figure 7). Similarly, IL-5 and IL-13 had a significant increase in the no donor → OVA/B group and had either a trend or significant increase in most of the microbiota transfer groups with pups of OVA/B-treated moms that were either the donor or recipient of the microbe transfers (Figure 7). Muc5ac was increased in several groups that had OVA/B as donor or recipient (Figure 7). The pups with transfers of microbial communities from pups of saline-treated mothers did not have an increase in CCL11, IL-13, IL-5 or Muc5ac (Figure 7). There was also no increase in IL-33 for the recipient pups with saline-treated mothers, except a small increase for the OVA/αT → saline/B group (Figure 7). Thus, transfer of microbial communities with the OVA/B group as the donor or recipient regulated these mediators of allergic inflammation.
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FIGURE 6
Recipient or donor microbiota from pups of allergic mothers (OVA,basal) conferred allergen sensitization with increased IgE but not increased IgG2b or IgG1 (red box). Mice were treated as in timeline in (Figure 4A). Serum (A) anti-OVA IgE, (B) anti-OVA IgG2b, and (C) anti-OVA IgG1 as determined by ELISA. Data are presented as mean ± SEM. N = 6–9/group. Sal/B, saline-treated mother with basal diet. Sal/αT, saline-treated mother with αT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. OVA/αT, OVA allergen-treated mother with αT-supplemented diet. *p < 0.05 as compared to the saline,basal → saline,basal group. +p < 0.1 as compared to no donor → Saline/basal group.
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FIGURE 7
Recipient or donor microbiome from pups of allergic mothers (OVA,basal) conferred allergen-induced increases in CCL11, IL-13, IL-5, IL-33, and Muc5ac(red box). Mice were treated as in timeline in (Figure 4A). Lung cytokine expression was determined by qPCR. (A) CCL11. (B) IL-13. (C) IL-5. (D) IL-33. (E) Muc5ac. N = 6–9/group. Data are presented as mean ± SEM. N = 6–9/group. Sal/B, saline-treated mother with basal diet. Sal/αT, saline-treated mother with αT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. OVA/αT, OVA allergen-treated mother with αT-supplemented diet. *p < 0.05 as compared to the saline,basal → saline,basal group. **p < 0.05 as compared to saline/αT → saline/αT group.




A human infant plasma pro-inflammatory tocopherol isoform profile associated with altered lung microbiome

We have demonstrated that in children and adults that better lung function associates with increasing αT concentrations when the gamma-tocopherol (γT) concentration is lower (24, 25, 65–67). To extend our microbiota studies in mice to humans, it was determined whether infants within the INHANCE cohort with an anti-inflammatory tocopherol isoform profile (high αT with low γT levels) had an altered microbiota composition compared to infants with a pro-inflammatory tocopherol isoform profile (high γT levels). To assess infant microbiome associations with an anti-inflammatory tocopherol profile, the INHANCE cohort infants that had 16S microbiota data and sufficient plasma volume for tocopherol analysis were placed in groups based on median αT and γT concentrations (64). The median serum tocopherol concentrations at 3–5 months of age were 28 µM αT and 2.6 µM γT and at 12–18 months of age were 19 µM αT and 2 µM γT (Table 1). The higher medians for 3–5 months infants are consistent with increased tocopherol concentrations during pregnancy (24) that will influence early life tocopherol concentrations in infants. The four groups are Q1 (high γT, low αT), Q2 (high γT, high αT), Q3 (low γT, low αT) and Q4 (low γT, high αT) were defined using the median serum tocopherol concentrations (Table 1). Thus, the microbiome of groups Q1, Q2 and Q3 groups were compared to Q4 because Q4 had the anti-inflammatory profile (low γT, high αT) for allergic lung inflammation, lung function and wheeze (13, 14, 24, 25, 66, 68) and had the highest lung function (64). To examine the associations of αT without elevated γT, as this was the condition in the mouse studies in (Figures 1–7), Q4 was compared to Q3. In infants 3–5 months of age, there was a significance or trend for higher % abundance in some Firmicutes and Bacteroidota taxa in Q4 compared to Q3 (Figure 8A). As infants, the airway microbiome matures from birth to 1 year of life (73–75). In INHANCE infants at 12–18 months of age, there was significantly lower % abundance in a Firmicute in Q4 compared to Q3 (Figure 8B). Moreover, for the group Q2, which has a pro-inflammatory tocopherol isoform profile with allergic lung inflammation and function (13, 14, 24, 25, 66, 68), there was a significantly higher % abundance in taxa of a Firmicute and an Proteobacteria (Figure 8B). These data suggest that tocopherol profiles associate with altered microbiome abundance of several taxa in infants.
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FIGURE 8
Infants with an anti-inflammatory tocopherol isoform profile (higher αT, lower γT) for allergic responses had a different abundance of bacterial microbiota compared to other tocopherol isoform profiles. Serum αT and γT for infants in the INHANCE cohort were measured by HPLC. Four groups of infants (Q1, Q2, Q3, Q4) for 3–5 months and for 12–18 months infants were generated using high and low αT and γT concentrations in (Table 1) that were defined as higher or lower than the median concentration for the tocopherol isoform for the age group. (A) 3–5 months and (B) 12–18 months of life. p values are given for significant differences or trends in taxa compared to group Q4.



TABLE 1 Grouping of infants by median serum αT and γT concentrations in the INHANCE cohort. Serum αT and γT for infants in the INHANCE cohort were measured by HPLC. Median serum αT and γT concentrations for infants at (A) 3–5 months and (B) 12–18 months of life. Four groups Q1, Q2, Q3, and Q4 of infants for 3–5 months and for 12–18 months infants were generated using high and low αT and γT concentrations defined as higher or lower than the median for the tocopherol isoform for the age group. N, number of participants in group.
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Discussion

We report that pups of allergic mothers had allergic lung inflammation and lung microbial community dysbiosis with increased Proteobacteria and decreased Bacteroidota before and after allergen sensitization. This indicated a sustained dysbiosis in the pups of allergic mothers. The generation of lung microbe community dysbiosis was blocked by supplementation of the mothers with αT during gestation and nursing. We also demonstrated a functional effect of the microbiome dysbiosis. Fascinatingly, in studies with BAL microbe community transfers, the lung microbiome dysbiosis of neonates of allergic mothers mediated enhanced neonate responsiveness to allergen with increases in eosinophils, monocytes, lymphocytes, CCL11, IL-5, IL-13, IL-33 in the lungs of recipient pups. There was also increased serum anti-OVA IgE. In contrast, neonates of allergic mothers were not protected from development of allergy by the transfer of non-dysbiotic microbial communities from either neonates of non-allergic mothers or neonates of αT-supplemented allergic mothers. These data suggest that the dysbiotic lung microbiome is dominant and sufficient for enhanced neonate responsiveness to allergen. Furthermore, human infants with an anti-inflammatory tocopherol profile compared to a pro-inflammatory tocopherol profile had an altered abundance of several Proteobacteria, Firmicutes and Bacteriodota taxa.

In humans, the onset of atopy and asthma correlates with home environment, viral infections, and antibiotic exposures (76). It has been suggested that the diversity of overall bacterial environmental exposures rather than any one exposure may be contribute to immune skewing and allergen responses (77). Human adults with allergic asthma have airway microbe community dysbiosis with decreased Bacteroides and increased Firmicutes and Proteobacteria (78–81). This includes an increase in the Proteobacteria Haemophilus in asthmatics (82). The increase in abundance of Proteobacteria, including Haemophilus and Moraxella, is also observed in adult patients with neutrophilic asthma and the abundance of these microbiota was associated with asthma severity (83). In another study of induced sputum from patients with severe asthma, an enrichment of Moraxella, Haemophilus, or Streptococcea associated with severe airway obstruction and airway neutrophilia (84). Because multiple bacterial taxa associate with regulation of allergic or neutrophilic asthma, it suggests that individual taxa of the bacterial microbial community in the lung may be less important than the interactions of bacteria in general or shared features of the bacteria. A similar airway microbial community is present in infants with wheeze. In mice and human infants, the nasal and lung airway differ in bacteria species, but are similar at the family level (85), suggesting that there may be a similar regulation or function of the species in allergic airway inflammation. It has been reported that PND6 neonatal mice have a predominance of Firmicutes and gamma-Proteobacteria in the lung but then as adults, mice acquire an increase in abundance of Bacteroidota (72). In IL13-transgenic adult mice with allergic lung inflammation, there is increased Proteobacteria and decreased Bacteroides in airways (69). Similarly, in infants, hypopharyngeal Streptococcus pneumoniae, Moraxella catarrhalis, and/or Haemophilus influenzae at 1 month of age associated with persistent wheeze, increased blood eosinophil counts and elevated total IgE at age 4, and asthma diagnosis at age 5 (33). In children, infection of M. catarrhalis or S. pneumoniae and rhinovirus associated with greater severity of respiratory illness, including asthma exacerbations, suggesting that respiratory bacteria may contribute to airway inflammation (86). In our studies, we demonstrated that the neonatal mice of allergic mothers have an altered BAL microbiome with increased Proteobacteria and decreased Bacteroidota as early as postnatal day 4. Then after allergen challenge, there was also a microbiome dysbiosis with a combination of increased Proteobacteria or Firmicutes and decreased Bacteroidota; this is consistent with the reports of associations of increased Proteobacteria and decreased Bacteroides in infants with wheeze (34). We also demonstrated that Shannon alpha-diversity was reduced in groups with allergic inflammation and that the groups with allergic inflammation separated in the PCA plot of the Bray-Curtis beta-diversity. These data are consistent with studies demonstrating changes in airway microbiota community diversity in subjects with wheeze or asthma (62, 87).

Reports have demonstrated airway dysbiosis with allergic asthma but have not assessed whether lung microbial community dysbiosis has a functional effect on allergen sensitization. To go beyond associations of lung microbe composition with allergic lung inflammation in neonates, analyses of the function of lung microbiome in neonates are necessary. The function of microbial communities in tissues has mostly been studied in the gut, including mouse models with the transfer of gut microbial communities in disease states or in germ-free conditions. In an adult mouse model, administration of Escherichia coli to the lung can skew the type of Th responses and protect the mice from induction of allergic airway inflammation (88). Also, Herbst and colleagues reported that induction of allergy in germ-free neonatal mice was protected by colonization by co-housing with specific-pathogen-free (SPF) non-allergic mice before allergen sensitization, suggesting a potential protective effect of microbiota of SPF mice, although this was colonization with microbiota composition of non-allergic mice (89). However, the function of this control microbiota in non-germ-free conditions is not known. In non-germ-free conditions, microbe transfers have been studied in adult mice that were most often pretreated with antibiotics to disrupt the microbe taxa abundance and provide a niche for transferred microbes. In our studies with SPF conditions, antibiotics were not needed as the PND4 pups are rapidly growing neonates, likely providing niches for establishment of the transferred microbial communities. In our studies, transfer of the dysbiotic microbial communities from pups of allergic mothers to pups of non-allergic mothers established a dysbiotic microbial composition in the recipient pups and increased responsiveness to allergen. Thus, the dysbiotic microbial communities of neonates is sufficient for enhanced responsiveness to allergen and a dysbiotic microbial composition is sustained in recipient pups through the allergen challenge. However, the transfer of microbiome from pups not susceptible to allergen hyperresponsiveness (neonates of non-allergic mothers) to pups of allergic mothers did not protect the pups of allergic mothers from hyperresponsiveness to allergen.

Early life development of asthma and allergic disease results from complex interactions of genetic and environmental factors (90), including the dietary lipids, tocopherols (13, 14). In adults and children, increasing plasma αT concentrations associates with better lung function and γT associates with lower lung function (24, 25, 65, 67, 68). In mechanistic studies in adult and neonate mouse models of allergic lung inflammation, αT blocks development of lung eosinophilia and this is counteracted by γT (13–15, 21, 46, 68). In mechanistic studies, αT blocks the development of allergic inflammation in adults and neonates, at least, through functioning as an antagonist for protein kinase C during VCAM-1 signaling in endothelial cells, thereby, blocking VCAM-1-dependent eosinophil recruitment into tissues (15, 22, 91). αT also blocks development of subsets of dendritic cells involved in allergic disease (CD11c + CD11b+ DCs) in vitro and in vivo (13, 18). In our studies herein, maternal supplementation with αT blocked development of microbiome dysbiosis and allergen-induced lung eosinophilia in offspring of allergic mothers. However, transfer of microbial communities from pups of non-allergic mothers or from allergic mothers with αT-supplemented diet did not block microbial community dysbiosis or the hyperresponsiveness to allergen, as detected by increased BAL eosinophilia when the recipient pups were from allergic mothers with a basal diet. This suggests that the microbiome of offspring of allergic mothers is dominant. Consistent with a dominant microbiome profile, the transfer of BAL microbial communities from pups of allergic mothers to recipient pups of allergic mothers or non-allergic mothers with or without αT yielded a dysbiotic lung microbial composition and responses to allergen challenge with development of BAL eosinophilia.

Inflammation with eosinophilia is regulated by the chemokines CCL11 and the cytokines IL-13, IL-5, and IL-33. These mediators were induced in the no donor → OVA/B group of pups; in these studies only IL-33 expression was blocked by maternal supplementation of allergic mothers with αT (no donor → OVA/αT group). Because CCL11, IL-13 and Muc5ac are produced by airway epithelium, it suggests that αT did not intervene in epithelial-generated mediators of allergic inflammation. In pups with lung microbiome transfers, all pups with either microbiome of OVA/B group as donor or recipients had increases in several of the mediators of allergic inflammation, including CCL11, IL-13, IL-5 or IL-33. This indicates that in the presence of the microbial community dysbiosis, there was elevated responsiveness to allergen by increasing multiple allergen-induced mediators of allergic inflammation. Some variation in effects on CCL11, IL-13, IL-5 and IL-33 in the microbiome transfer studies with donor or recipient pups of the OVA/αT group may result from αT effects on cell signaling because besides αT anti-oxidant functions, αT is also an antagonist of PKCs by binding the regulatory domain of PKCs (15, 18, 20–23). This suggests that maternal αT has some effects on cytokine expression that may, in part, be independent of the transferred dysbiotic microbiota. We also found that recipient pups of allergic mothers on basal diet (OVA/B) had increased serum anti-OVA IgE, except for the pups of the OVA/αT → OVA/B group. However, suggesting although there were low undetectable levels of serum anti-OVA IgE, anti-OVA specific IgE bound to FcεR on leukocytes in tissues may participate in the allergic response to allergen in this group of pups. It is suggested that in humans, serum IgE does not always associate with severity of allergic asthma and allergic diseases (92, 93). Allergen-specific IgE-mediated responses can occur at low serum levels of allergen-specific IgE when there is allergen-specific IgE bound to FcεR on leukocytes in the tissue (94, 95) Thus, supplementation of allergic mothers with αT not only blocked the development of allergic inflammation in mouse neonates, but also blocked the development of neonate lung dysbiosis.

 In the airway microbial composition of infants in the INHANCE cohort (62, 63), nasal microbiome diversity at 3 months of age is lower in the infants with wheeze in the first year of life, with a decrease in Corynebacterium and increase in the proteobacteria Moraxella (62). Increased Moraxella is seen in episodes of wheeze (35, 96–100). Also, lung function in children associates with profiles of tocopherol isoforms (24). But it was not reported if the tocopherol isoform profiles early in life associate with infant airway microbiome composition. In our analyses of the INHANCE cohort, infants at 3–5 months of age in group Q4 with an anti-inflammatory tocopherol profile of higher αT and lower γT (13–15, 21, 24, 25, 46, 65, 67, 68) had a significant lower abundance of the family Staphylococcaceae genus Jeotgalicoccus as compared to the opposing group Q1 that had a proinflammatory profile of tocopherol isoforms with low αT high γT (13–15, 21, 24, 25, 46, 65, 67, 68). Because Staphylococcaceae in the lung has been associated with asthma (32), group Q1 might associate with development of asthma later in life, but this will need further longitudinal study. Additionally, group Q4 had a significantly higher % abundance of the phyla Firmicute genus Enterococcus as compared to group Q3 which has a low αT low γT. The Enterococcus genus are present as commensals in lung and gut and Enterococcus can limit the growth of pathogenic bacteria, although outgrowth of some Enteroccocus spp. can be pathogens (101–104). The 3–5 months old infants in group Q4 also had a significantly higher % abundance for the phyla Firmicute genus Peptoniphilus and a trend for higher % abundance of the genus Dialister as well as the Bacteriodota family Chitinophagaceae as compared to group Q3. Peptoniphilus genus is present in a healthy microbiome community of the nasopharynx (105) and is decreased in the nasopharynx with disease such as chronic rhinosinusitis (106). Diallister spp. are enriched in healthy human lung compared to lung with infection (107) and is increased in nasopharynx for adult subjects with non-exacerbated asthma as compared to exacerbated asthma (106, 108). Chitinophagaceae are present in myconium and the lung (109–111). Moreover, Chitinophagaceae are considered beneficial bacteria in the lower respiratory tract because Chitinophagaceae limit colonization by pathogens in animal models (111–113). Thus, the higher abundance in these taxa in group Q4, as compared to group Q3 at 3–5 months of age, is consistent with an anti-inflammatory tocopherol isoform profile and is consistent with a potential for lower airway disease.

In infants at age 12–18 months in the INHANCE cohort, there was a significantly lower % abundance in a Firmicute family Lachnospiraceae in group Q4 compared to group Q3. This was similar to our neonate mouse studies with αT supplementation demonstrating less Lachnospiraceae and less allergic lung inflammation. In the 12–18 months age group, group Q4 had a lower abundance of phyla Firmicutes family Oscillospiraceae and phyla Proteobactera class Alpha-proteobacteria family Paracaedibacteraceae as compared to group Q2, that has a pro-inflammatory tocopherol isoform profile for allergic inflammation. Interestingly, Oscillospiraceae are not detected in lung until inflammation is induced by TLR stimulation in mice and rats (114, 115). This is interesting because TLR stimulation plays a role in allergic responses (116). Proteobacteria are elevated in infant lungs with increased prevalence of wheeze (62) and in our neonatal mice with increased allergic lung inflammation. These differences in group Q4 and group Q2 bacterial microbiota suggest that group Q2 has a microbial community that may have an increased potential for elevated airway inflammation as compared to group Q4. A limitation of the INHANCE study is use of the readily accessible infant upper airway microbiome as a surrogate of microbiome in lower airways as these sites have both microbiome similarities and differences, as previously discussed (62, 85). Nevertheless, the studies of upper airway in infants and adults and the studies of lower airway in children and adults suggest that there is a lower microbiota diversity and increased Proteobacteria with wheeze or asthma (62, 78–81).

In conclusion, unbiased analyses of the lung microbial communities of mouse neonates of allergic mothers indicate that both before and after allergen challenge, there is an altered lung bacterial microbiome composition that is consistent with that found in infants with wheeze and adults with allergic asthma. Most importantly, we have gone beyond associations of lung microbial composition dysbiosis with allergic lung inflammation and have demonstrated that the lung microbiome composition of offspring of allergic mothers confers neonate responsiveness to allergen and development of allergic disease in mouse models. Thus, an early life airway microbiota dysbiosis may have a significant function in development of wheeze and allergic asthma in children. This is a novel regulatory mechanism for development of responses to allergen challenge early in life that may inform design of future studies for approaches in the prevention or intervention in asthma and allergic disease. Further mechanisms for microbiome regulation are currently under investigation by our research group. Moreover, the development of lung microbial community dysbiosis in the neonatal mice was blocked by maternal dietary supplementation with αT during pregnancy and nursing, suggesting a potential target for intervention early in life. In human infants at 3–5 months and at 12–18 months of age, there was an anti-inflammatory tocopherol isoform profile associated with microbiome taxa abundance composition that may have the potential to limit development of airway disease.
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SUPPLEMENT FIGURE 1

Alpha-diversity of donor pup BAL microbiota and allergen-challenged recipient pup microbiota. Data are from experiments in Figures 2, 3 and 4. Shannon Index for alpha-diversity which incorporates the total number of bacterial species and relative differences in the abundance of taxa in the community. (A) PND4 donor BAL microbiota communities. (B) PND16 BAL microbiota communities of allergen-challenged pups. Sal/B, saline-treated mother with basal diet. Sal/αT, saline-treated mother with αT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. OVA/αT, OVA allergen-treated mother with αT-supplemented diet. *. p < 0.045 for decrease as compared to no donor → Sal/B group. **. p < 0.035 for decrease as compared to Sal/B → Sal/B group. +. p < 0.04 for decrease as compared to no donor → Sal/αT group. ++. p < 0.045 for decrease as compared to OVA/αT → OVA/αT group.

SUPPLEMENT FIGURE 2

Beta-diversity of donor pup BAL microbiota and allergen-challenged recipient pup microbiota. Data are from experiments in Figures 2, 3 and 4. PND4 Donor pup and PND16 recipient pup BAL 16S microbiota were analyzed for beta-diversity with donor and transfer microbiome groups. The donor and transfer groups are displayed in separate three-dimension graphs for clarity but were generated by the same Principal Component Analyses (PCA). (A) PCA plots of the Bray-Curtis analysis that generated a dissimilarity distance matrix for microbiota between groups. Bray-Curtis dissimilarity between groups is a measure that incorporates both overall abundance per sample and abundance of each taxa of the microbiota communities. (B) PCA plots of the Weighted-Unifrac analyses between groups which incorporates the relative abundance of taxa shared between samples. (C) PCA plots of Unweighted-Unifrac analyses between groups which only incorporates the presence/absence of taxa. Sal/B, saline-treated mother with basal diet. Sal/αT, saline-treated mother with αT-supplemented diet. OVA/B, OVA allergen-treated mother with a basal diet. OVA/αT, OVA allergen-treated mother with αT-supplemented diet.



References

1. Friebele E. The attack of asthma. Environ Health Perspect. (1996) 104:22–5. doi: 10.1289/ehp.9610422

2. Vollmer WM, Osborne ML, Buist AS. 20-year Trends in the prevalence of asthma and chronic airflow obstruction in an HMO. Am J Respir Crit Care Med. (1998) 157:1079–84. doi: 10.1164/ajrccm.157.4.9704140

3. van Schayck CP, Smit HA. The prevalence of asthma in children: a reversing trend. Eur Respir J. (2005) 26:647–50. doi: 10.1183/09031936.05.00019805

4. Lim RH, Kobzik L. Maternal transmission of asthma risk. Am J Reprod Immunol. (2009) 61:1–10. doi: 10.1111/j.1600-0897.2008.00671.x

5. Hamada K, Suzaki Y, Goldman A, Ning YY, Goldsmith C, Palecanda A, et al. Allergen-independent maternal transmission of asthma susceptibility. J Immunol. (2003) 170:1683–9. doi: 10.4049/jimmunol.170.4.1683

6. Fedulov AV, Leme AS, Kobzik L. Duration of allergic susceptibility in maternal transmission of asthma risk. Am J Reprod Immunol. (2007) 58:120–8. doi: 10.1111/j.1600-0897.2007.00496.x

7. Hubeau C, Apostolou I, Kobzik L. Targeting of CD25 and glucocorticoid-induced TNF receptor family-related gene-expressing T cells differentially modulates asthma risk in offspring of asthmatic and normal mother mice. J Immunol. (2007) 178:1477–87. doi: 10.4049/jimmunol.178.3.1477

8. Hubeau C, Apostolou I, Kobzik L. Adoptively transferred allergen-specific T cells cause maternal transmission of asthma risk. Am J Pathol. (2006) 168:1931–9. doi: 10.2353/ajpath.2006.051231

9. Herz U, Joachim R, Ahrens B, Scheffold A, Radbruch A, Renz H. Allergic sensitization and allergen exposure during pregnancy favor the development of atopy in the neonate. Int Arch Allergy Immunol. (2001) 124:193–6. doi: 10.1159/000053708

10. Herz U, Joachim R, Ahrens B, Scheffold A, Radbruch A, Renz H. Prenatal sensitization in a mouse model. Am J Respir Crit Care Med. (2000) 162:S62–65. doi: 10.1164/ajrccm.162.supplement_2.ras-1

11. Jarrett E, Hall E. Selective suppression of IgE antibody responsiveness by maternal influence. Nature. (1979) 280:145–7. doi: 10.1038/280145a0

12. Fedulov AV, Kobzik L. Allergy risk is mediated by dendritic cells with congenital epigenetic changes. Am J Respir Cell Mol Biol. (2011) 44:285–92. doi: 10.1165/rcmb.2009-0400OC

13. Abdala-Valencia H, Berdnikovs S, Soveg F, Cook-Mills JM. alpha-Tocopherol supplementation of allergic female mice inhibits development of CD11c + CD11b+ dendritic cells in utero and allergic inflammation in neonates. Am J Physiol Lung Cell Mol Physiol. (2014) 307:L482–496. doi: 10.1152/ajplung.00132.2014

14. Abdala-Valencia H, Soveg F, Cook-Mills JM. γ-Tocopherol supplementation of allergic female mice augments development of CD11c + CD11b+ dendritic cells in utero and allergic inflammation in neonates. Am J Physiol Lung Cell Mol Physiol. (2016) 310:L759–771. doi: 10.1152/ajplung.00301.2015

15. Berdnikovs S, Abdala-Valencia H, McCary C, Somand M, Cole R, Garcia A, et al. Isoforms of vitamin E have opposing immunoregulatory functions during inflammation by regulating leukocyte recruitment. J Immunol. (2009) 182:4395–405. doi: 10.4049/jimmunol.0803659

16. Cook-Mills JM, Marchese M, Abdala-Valencia H. Vascular cell adhesion molecule-1 expression and signaling during disease: regulation by reactive oxygen Species and antioxidants. Antioxid Redox Signal. (2011) 15:1607–38. doi: 10.1089/ars.2010.3522

17. Cook-Mills J, Gebretsadik T, Abdala-Valencia H, Green J, Larkin EK, Dupont WD, et al. Interaction of vitamin E isoforms on asthma and allergic airway disease. Thorax. (2016) 2:954–6. doi: 10.1136/thoraxjnl-2016-208494

18. Lajiness JD, Amarsaikhan N, Tat K, Tsoggerel A, Cook-Mills JM. β-Glucosylceramides and tocopherols regulate development and function of dendritic cells. J Immunol. (2022) 209:1837–50. doi: 10.4049/jimmunol.2101188

19. Galli F, Azzi A, Birringer M, Cook-Mills JM, Eggersdorfer M, Frank J, et al. Vitamin E: emerging aspects and new directions. Free Radic Biol Med. (2017) 102:16–36. doi: 10.1016/j.freeradbiomed.2016.09.017

20. Abdala-Valencia H, Cook-Mills JM. VCAM-1 Signals activate endothelial cell protein kinase ca via oxidation. J Immunol. (2006) 177:6379–87. doi: 10.4049/jimmunol.177.9.6379

21. Abdala-Valencia H, Berdnikovs S, Cook-Mills JM. Vitamin E isoforms differentially regulate intercellular adhesion molecule-1 activation of PKCalpha in human microvascular endothelial cells. PLoS One. (2012) 7:e41054. doi: 10.1371/journal.pone.0041054

22. McCary CA, Yoon Y, Panagabko C, Cho W, Atkinson J, Cook-Mills JM. Vitamin E isoforms directly bind PKCalpha and differentially regulate activation of PKCalpha. Biochem J. (2012) 441:189–98. doi: 10.1042/BJ20111318

23. Cook-Mills JM, McCary CA. Isoforms of vitamin E differentially regulate inflammation. Endocr Metab Immune Disord Drug Targets. (2010) 10:348–66. doi: 10.2174/1871530311006040348

24. Kumar R, Ferrie RP, Balmert LC, Kienzl M, Rifas-Shiman SL, Gold DR, et al. Associations of α- and γ-tocopherol during early life with lung function in childhood. J Allergy Clin Immunol. (2020) 146:1349–57. doi: 10.1016/j.jaci.2020.04.019

25. Marchese ME, Kumar R, Colangelo LA, Avila PC, Jacobs Jr. DR, Gross M, et al. The vitamin E isoforms alpha-tocopherol and gamma-tocopherol have opposite associations with spirometric parameters: the CARDIA study. Respir Res. (2014) 15:31. doi: 10.1186/1465-9921-15-31

26. Kalayci O, Besler T, Kilinc K, Sekerel BE, Saraclar Y. Serum levels of antioxidant vitamins (alpha tocopherol, beta carotene, and ascorbic acid) in children with bronchial asthma. Turk J Peds. (2000) 42:17–21. PMID: 10731863.

27. Kelly FJ, Mudway I, Blomberg A, Frew A, Sandstrom T. Altered lung antioxidant status in patients with mild asthma. Lancet. (1999) 354:482–3. doi: 10.1016/S0140-6736(99)01812-7

28. Shvedova AA, Kisin ER, Kagan VE, Karol MH. Increased lipid peroxidation and decreased antioxidants in lungs of Guinea pigs following an allergic pulmonary response. Tox Appl Pharm. (1995) 132:72–81. doi: 10.1006/taap.1995.1088

29. Schunemann HJ, Grant BJ, Freudenheim JL, Muti P, Browne RW, Drake JA, et al. The relation of serum levels of antioxidant vitamins C and E, retinol and carotenoids with pulmonary function in the general population. Am J Respir Crit Care Med. (2001) 163:1246–55. doi: 10.1164/ajrccm.163.5.2007135

30. Bousquet J, Anto J, Auffray C, Akdis M, Cambon-Thomsen A, Keil T, et al. MeDALL (mechanisms of the development of ALLergy): an integrated approach from phenotypes to systems medicine. Allergy. (2011) 66:596–604. doi: 10.1111/j.1398-9995.2010.02534.x

31. Natalini JG, Singh S, Segal LN. The dynamic lung microbiome in health and disease. Nat Rev Microbiol. (2022):1–14. doi: 10.1038/s41579-022-00821-x

32. Losol P, Park HS, Song WJ, Hwang YK, Kim SH, Holloway JW, et al. Association of upper airway bacterial microbiota and asthma: systematic review. Asia Pac Allergy. (2022) 12:e32. doi: 10.5415/apallergy.2022.12.e32

33. Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bønnelykke K, et al. Childhood asthma after bacterial colonization of the airway in neonates. N Engl J Med. (2007) 357:1487–95. doi: 10.1056/NEJMoa052632

34. McCauley K, Durack J, Valladares R, Fadrosh DW, Lin DL, Calatroni A, et al. Distinct nasal airway bacterial microbiotas differentially relate to exacerbation in pediatric patients with asthma. J Allergy Clin Immunol. (2019) 144:1187–97. doi: 10.1016/j.jaci.2019.05.035

35. Teo SM, Mok D, Pham K, Kusel M, Serralha M, Troy N, et al. The infant nasopharyngeal microbiome impacts severity of lower respiratory infection and risk of asthma development. Cell Host Microbe. (2015) 17:704–15. doi: 10.1016/j.chom.2015.03.008

36. Walker MT, Ferrie RP, Hoji A, Schroeder-Carter LM, Cohen JD, Schnaar RL, et al. β-Glucosylceramide from allergic mothers enhances offspring responsiveness to allergen. Front Allergy. (2021) 2:647134. doi: 10.3389/falgy.2021.647134

37. Muller-Schmehl K, Beninde J, Finckh B, Florian S, Dudenhausen JW, Brigelius-Flohe R, et al. Localization of alpha-tocopherol transfer protein in trophoblast, fetal capillaries’ endothelium and amnion epithelium of human term placenta. Free Radic Res. (2004) 38:413–20. doi: 10.1080/10715760310001659611

38. Jishage K, Tachibe T, Ito T, Shibata N, Suzuki S, Mori T, et al. Vitamin E is essential for mouse placentation but not for embryonic development itself. Biol Reprod. (2005) 73:983–7. doi: 10.1095/biolreprod.105.043018

39. Cook-Mills JM. In: Watson RR, editors. Nutrition and functional foods for healthy aging. Elsevier (2019). Chapter 17. p. 167–88.

40. Villar J, Purwar M, Merialdi M, Zavaleta N, Ngoc NT, Anthony J, De Greeff A, Poston L, Shennan A. World health organisation multicentre randomised trial of supplementation with vitamins C and E among pregnant women at high risk for pre-eclampsia in populations of low nutritional status from developing countries. BJOG. (2009) 116:780–8. doi: 10.1111/j.1471-0528.2009.02158.x

41. McCance DR, Holmes VA, Maresh MJ, Patterson CC, Walker JD, Pearson DW, et al. Vitamins C and E for prevention of pre-eclampsia in women with type 1 diabetes (DAPIT): a randomised placebo-controlled trial. Lancet. (2010) 376:259–66. doi: 10.1016/S0140-6736(10)60630-7

42. Hauth JC, Clifton RG, Roberts JM, Spong CY, Myatt L, Leveno KJ, et al. Vitamin C and E supplementation to prevent spontaneous preterm birth: a randomized controlled trial. Obstet Gynecol. (2010) 116:653–8. doi: 10.1097/AOG.0b013e3181ed721d

43. Greenough A, Shaheen SO, Shennan A, Seed PT, Poston L. Respiratory outcomes in early childhood following antenatal vitamin C and E supplementation. Thorax. (2010) 65:998–1003. doi: 10.1136/thx.2010.139915

44. Kalpdev A, Saha SC, Dhawan V. Vitamin C and E supplementation does not reduce the risk of superimposed PE in pregnancy. Hypertens Pregnancy. (2011) 30:447–56. doi: 10.3109/10641955.2010.507840

45. Gungorduk K, Asicioglu O, Gungorduk OC, Yildirim G, Besimoglu B, Ark C. Does vitamin C and vitamin E supplementation prolong the latency period before delivery following the preterm premature rupture of membranes? A randomized controlled study. Am J Perinatol. (2014) 31:195–202. doi: 10.1055/s-0033-1343774

46. McCary CA, Abdala-Valencia H, Berdnikovs S, Cook-Mills JM. Supplemental and highly elevated tocopherol doses differentially regulate allergic inflammation: reversibility of alpha-tocopherol and gamma-tocopherol's effects. J Immunol. (2011) 186:3674–85. doi: 10.4049/jimmunol.1003037

47. Traber MG, Siddens LK, Leonard SW, Schock B, Gohil K, Krueger SK, et al. Alpha-tocopherol modulates Cyp3a expression, increases gamma-CEHC production, and limits tissue gamma-tocopherol accumulation in mice fed high gamma-tocopherol diets. Free Radic Biol Med. (2005) 38:773–85. doi: 10.1016/j.freeradbiomed.2004.11.027

48. Meydani SN, Yogeeswaran G, Liu S, Baskar S, Meydani M. Fish oil and tocopherol-induced changes in natural killer cell-mediated cytotoxicity and PGE2 synthesis in young and old mice. J Nutr. (1988) 118:1245–52. doi: 10.1093/jn/118.10.1245

49. Meydani SN, Shapiro AC, Meydani M, Macauley JB, Blumberg JB. Effect of age and dietary fat (fish, corn and coconut oils) on tocopherol status of C57BL/6Nia mice. Lipids. (1987) 22:345–50. doi: 10.1007/BF02534004

50. Abdala-Valencia H, Earwood J, Bansal S, Jansen M, Babcock G, Garvy B, et al. Nonhematopoietic NADPH oxidase regulation of lung eosinophilia and airway hyperresponsiveness in experimentally induced asthma. Am J Physiol Lung Cell Mol Physiol. (2007) 292:L1111–1125. doi: 10.1152/ajplung.00208.2006

51. Kreda SM, Seminario-Vidal L, van Heusden CA, O'Neal W, Jones L, Boucher RC, et al. Receptor-promoted exocytosis of airway epithelial mucin granules containing a spectrum of adenine nucleotides. J Physiol. (2010) 588:2255–67. doi: 10.1113/jphysiol.2009.186643

52. Mandal RK, Jiang T, Kwon YM. Genetic determinants in Salmonella enterica serotype typhimurium required for overcoming in vitro stressors in the mimicking host environment. Microbiol Spectr. (2021) 9:e0015521. doi: 10.1128/Spectrum.00155-21

53. Lines JL, Hoskins S, Hollifield M, Cauley LS, Garvy BA. The migration of T cells in response to influenza virus is altered in neonatal mice. J Immunol. (2010) 185:2980–8. doi: 10.4049/jimmunol.0903075

54. Karstens L, Asquith M, Davin S, Fair D, Gregory WT, Wolfe AJ, et al. Controlling for contaminants in low-biomass 16S rRNA gene sequencing experiments. mSystems. (2019) 4:e00290–19. doi: 10.1128/mSystems.00290-19

55. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. (2014) 12:87. doi: 10.1186/s12915-014-0087-z

56. Kumar R, Eipers P, Little RB, Crowley M, Crossman DK, Lefkowitz EJ, et al. Getting started with microbiome analysis: sample acquisition to bioinformatics. Curr Protoc Hum Genet. (2014) 82: 18.8.1–18.8.29. doi: 10.1002/0471142905.hg1808s82

57. Van Der Pol WJ, Kumar R, Morrow CD, Blanchard EE, Taylor CM, Martin DH, et al. In silico and experimental evaluation of primer sets for species-level resolution of the vaginal microbiota using 16S ribosomal RNA gene sequencing. J Infect Dis. (2019) 219:305–14. doi: 10.1093/infdis/jiy508

58. Oren A, Garrity GM. Valid publication of the names of forty-two phyla of prokaryotes. Int J Syst Evol Microbiol. (2021) 71:005056. doi: 10.1099/ijsem.0.005056

59. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–7. doi: 10.1038/s41587-019-0209-9

60. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. (2013) 41:D590–596. doi: 10.1093/nar/gks1219

61. Vázquez-Baeza Y, Pirrung M, Gonzalez A, Knight R. EMPeror: a tool for visualizing high-throughput microbial community data. Gigascience. (2013) 2:16. doi: 10.1186/2047-217X-2-16

62. Kloepfer KM, Ross SE, Hemmerich CM, Slaven JE, Rusch DB, Davis SD. Increased microbiota diversity associated with higher FEV(0.5) in infants. Pediatr Pulmonol. (2020) 55:27–9. doi: 10.1002/ppul.24559

63. Aguilera AC, Dagher IA, Kloepfer KM. Role of the microbiome in allergic disease development. Curr Allergy Asthma Rep. (2020) 20:44. doi: 10.1007/s11882-020-00944-2

64. Wolff G, Slaven J, Colbert J, Andres U, Cook-Mills J, Kloepfer K. Food deserts and lung function during early life. J Allergy Clin Immunol. (2022) 149:AB84. doi: 10.1016/j.jaci.2021.12.302

65. Stone Jr. CA, Cook-Mills J, Gebretsadik T, Rosas-Salazar C, Turi K, Brunwasser SM, et al. Delineation of the individual effects of vitamin E isoforms on early life incident wheezing. J Pediatr. (2019) 206:156–163.e153. doi: 10.1016/j.jpeds.2018.10.045

66. Stone Jr. CA, McEvoy CT, Aschner JL, Kirk A, Rosas-Salazar C, Cook-Mills JM, et al. Update on vitamin E and its potential role in preventing or treating bronchopulmonary dysplasia. Neonatology. (2018) 113:366–78. doi: 10.1159/000487388

67. Cook-Mills JM, Abdala-Valencia H, Hartert T. Two faces of vitamin E in the lung. Am J Respir Crit Care Med. (2013) 188:279–84. doi: 10.1164/rccm.201303-200503ED

68. Cook-Mills JM, Averill SH, Lajiness JD. Asthma, allergy and vitamin E: current and future perspectives. Free Radic Biol Med. (2022) 179:388–402. doi: 10.1016/j.freeradbiomed.2021.10.037

69. Sohn KH, Baek MG, Choi SM, Bae B, Kim RY, Kim YC, et al. Alteration of lung and gut Microbiota in IL-13-transgenic mice simulating chronic asthma. J Microbiol Biotechnol. (2020) 30:1819–26. doi: 10.4014/jmb.2009.09019

70. Durack J, Christian LS, Nariya S, Gonzalez J, Bhakta NR, Ansel KM, et al. Distinct associations of sputum and oral microbiota with atopic, immunologic, and clinical features in mild asthma. J Allergy Clin Immunol. (2020) 146:1016–26. doi: 10.1016/j.jaci.2020.03.028

71. Hufnagl K, Pali-Schöll I, Roth-Walter F, Jensen-Jarolim E. Dysbiosis of the gut and lung microbiome has a role in asthma. Semin Immunopathol. (2020) 42:75–93. doi: 10.1007/s00281-019-00775-y

72. Gollwitzer ES, Saglani S, Trompette A, Yadava K, Sherburn R, McCoy KD, et al. Lung microbiota promotes tolerance to allergens in neonates via PD-L1. Nat Med. (2014) 20:642–7. doi: 10.1038/nm.3568

73. Mika M, Mack I, Korten I, Qi W, Aebi S, Frey U, et al. Dynamics of the nasal microbiota in infancy: a prospective cohort study. J Allergy Clin Immunol. (2015) 135:905–12. doi: 10.1016/j.jaci.2014.12.1909

74. Toivonen L, Karppinen S, Schuez-Havupalo L, Waris M, He Q, Hoffman KL, et al. Longitudinal changes in early nasal Microbiota and the risk of childhood asthma. Pediatrics. (2020) 146:e20200421. doi: 10.1542/peds.2020-0421

75. Peterson SW, Knox NC, Golding GR, Tyler SD, Tyler AD, Mabon P, et al. A study of the infant nasal microbiome development over the first year of life and in relation to their primary adult caregivers using cpn60 universal target (UT) as a phylogenetic marker. PLoS One. (2016) 11:e0152493. doi: 10.1371/journal.pone.0152493

76. Boutin RCT, Petersen C, Finlay BB. Microbial insights into asthmatic immunopathology. A forward-looking synthesis and commentary. Ann Am Thorac Soc. (2017) 14:S316–s325. doi: 10.1513/AnnalsATS.201707-534AW

77. Haahtela T, Laatikainen T, Alenius H, Auvinen P, Fyhrquist N, Hanski I, et al. Hunt for the origin of allergy—comparing the Finnish and Russian Karelia. Clin Exp Allergy. (2015) 45:891–901. doi: 10.1111/cea.12527

78. Huang YJ, Nariya S, Harris JM, Lynch SV, Choy DF, Arron JR, et al. The airway microbiome in patients with severe asthma: associations with disease features and severity. J Allergy Clin Immunol. (2015) 136:874–84. doi: 10.1016/j.jaci.2015.05.044

79. Zhang Q, Cox M, Liang Z, Brinkmann F, Cardenas PA, Duff R, et al. Airway Microbiota in severe asthma and relationship to asthma severity and phenotypes. PLoS One. (2016) 11:e0152724. doi: 10.1371/journal.pone.0152724

80. Li N, Qiu R, Yang Z, Li J, Chung KF, Zhong N, et al. Sputum microbiota in severe asthma patients: relationship to eosinophilic inflammation. Respir Med. (2017) 131:192–8. doi: 10.1016/j.rmed.2017.08.016

81. Marri PR, Stern DA, Wright AL, Billheimer D, Martinez FD. Asthma-associated differences in microbial composition of induced sputum. J Allergy Clin Immunol. (2013) 131:346–52. doi: 10.1016/j.jaci.2012.11.013

82. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, et al. Disordered microbial communities in asthmatic airways. PLoS One. (2010) 5:e8578. doi: 10.1371/journal.pone.0008578

83. Taylor SL, Leong LEX, Choo JM, Wesselingh S, Yang IA, Upham JW, et al. Inflammatory phenotypes in patients with severe asthma are associated with distinct airway microbiology. J Allergy Clin Immunol. (2018) 141:94–103. doi: 10.1016/j.jaci.2017.03.044

84. Green BJ, Wiriyachaiporn S, Grainge C, Rogers GB, Kehagia V, Lau L, et al. Potentially pathogenic airway bacteria and neutrophilic inflammation in treatment resistant severe asthma. PLoS One. (2014) 9:e100645. doi: 10.1371/journal.pone.0100645

85. Kloepfer KM, Deschamp AR, Ross SE, Peterson-Carmichael SL, Hemmerich CM, Rusch DB, et al. In children, the microbiota of the nasopharynx and bronchoalveolar lavage fluid are both similar and different. Pediatr Pulmonol. (2018) 53:475–82. doi: 10.1002/ppul.23953

86. Kloepfer KM, Lee WM, Pappas TE, Kang TJ, Vrtis RF, Evans MD, et al. Detection of pathogenic bacteria during rhinovirus infection is associated with increased respiratory symptoms and asthma exacerbations. J Allergy Clin Immunol. (2014) 133:1301–7. doi: 10.1016/j.jaci.2014.02.030

87. Al Bataineh MT, Hamoudi RA, Dash NR, Ramakrishnan RK, Almasalmeh MA, Sharif HA, et al. Altered respiratory microbiota composition and functionality associated with asthma early in life. BMC Infect Dis. (2020) 20:697. doi: 10.1186/s12879-020-05427-3

88. Nembrini C, Sichelstiel A, Kisielow J, Kurrer M, Kopf M, Marsland BJ. Bacterial-induced protection against allergic inflammation through a multicomponent immunoregulatory mechanism. Thorax. (2011) 66:755–63. doi: 10.1136/thx.2010.152512

89. Herbst T, Sichelstiel A, Schär C, Yadava K, Bürki K, Cahenzli J, et al. Dysregulation of allergic airway inflammation in the absence of microbial colonization. Am J Respir Crit Care Med. (2011) 184:198–205. doi: 10.1164/rccm.201010-1574OC

90. Martinez FD. Genes, environments, development and asthma: a reappraisal. Eur Respir J. (2007) 29:179–84. doi: 10.1183/09031936.00087906

91. Cook-Mills JM. Isoforms of vitamin E differentially regulate PKC alpha and inflammation: a review. J Clin Cell Immunol. (2013) 4:1000137. doi: 10.4172/2155-9899.1000137

92. Palmer LJ, Rye PJ, Gibson NA, Burton PR, Landau LI, Lesouef PN. Airway responsiveness in early infancy predicts asthma, lung function, and respiratory symptoms by school age. Am J Respir Crit Care Med. (2001) 163:37–42. doi: 10.1164/ajrccm.163.1.2005013

93. Anvari S, Miller J, Yeh CY, Davis CM. IgE-Mediated food allergy. Clin Rev Allergy Immunol. (2019) 57:244–60. doi: 10.1007/s12016-018-8710-3

94. Walker M, Green J, Ferrie R, Queener A, Kaplan MH, Cook-Mills JM. Mechanism for initiation of food allergy: dependence on skin barrier mutations and environmental allergen co-stimulation. J Allergy Clin Immunol. (2018) 15:30233–1. doi: 10.1016/j.jaci.2018.02.003

95. Kanagaratham C, El Ansari YS, Lewis OL, Oettgen HC. Ige and IgG antibodies as regulators of mast cell and basophil functions in food allergy. Front immunol. (2020) 11:603050. doi: 10.3389/fimmu.2020.603050

96. Rosas-Salazar C, Shilts MH, Tovchigrechko A, Schobel S, Chappell JD, Larkin EK, et al. Differences in the nasopharyngeal microbiome during acute respiratory tract infection with human rhinovirus and respiratory syncytial virus in infancy. J Infect Dis. (2016) 214:1924–8. doi: 10.1093/infdis/jiw456

97. Chun Y, Do A, Grishina G, Grishin A, Fang G, Rose S, et al. Integrative study of the upper and lower airway microbiome and transcriptome in asthma. JCI insight. (2020) 5:e133707. doi: 10.1172/jci.insight.133707

98. Rosas-Salazar C, Shilts MH, Tovchigrechko A, Schobel S, Chappell JD, Larkin EK, et al. Nasopharyngeal Lactobacillus is associated with a reduced risk of childhood wheezing illnesses following acute respiratory syncytial virus infection in infancy. J Allergy Clin Immunol. (2018) 142:1447–1456.e1449. doi: 10.1016/j.jaci.2017.10.049

99. Biesbroek G, Tsivtsivadze E, Sanders EA, Montijn R, Veenhoven RH, Keijser BJ, et al. Early respiratory microbiota composition determines bacterial succession patterns and respiratory health in children. Am J Respir Crit Care Med. (2014) 190:1283–92. doi: 10.1164/rccm.201407-1240OC

100. Calışkan M, Bochkov YA, Kreiner-Møller E, Bønnelykke K, Stein MM, Du G, et al. Rhinovirus wheezing illness and genetic risk of childhood-onset asthma. N Engl J Med. (2013) 368:1398–407. doi: 10.1056/NEJMoa1211592

101. Dubin K, Pamer EG. Enterococci and their interactions with the intestinal microbiome. Microbiol Spectrum. (2014) 5. doi: 10.1128/microbiolspec.BAD-0014-2016

102. Savini V, Gherardi G, Astolfi D, Polilli E, Dicuonzo G, D'Amario C, et al. Insights into airway infections by enterococci: a review. Recent Pat Antiinfect Drug Discov. (2012) 7:36–44. doi: 10.2174/157489112799829774

103. Mourani PM, Harris JK, Sontag MK, Robertson CE, Abman SH. Molecular identification of bacteria in tracheal aspirate fluid from mechanically ventilated preterm infants. PLoS One. (2011) 6:e25959. doi: 10.1371/journal.pone.0025959

104. Gallacher DJ, Kotecha S. Respiratory microbiome of new-born infants. Front Pediatr. (2016) 4:10. doi: 10.3389/fped.2016.00010

105. Kumpitsch C, Koskinen K, Schöpf V, Moissl-Eichinger C. The microbiome of the upper respiratory tract in health and disease. BMC Biol. (2019) 17:87. doi: 10.1186/s12915-019-0703-z

106. Elgamal Z, Singh P, Geraghty P. The upper airway Microbiota, environmental exposures, inflammation, and disease. Medicina (B Aires). (2021) 57:823. doi: 10.3390/medicina57080823

107. Hérivaux A, Willis JR, Mercier T, Lagrou K, Gonçalves SM, Gonçales RA, et al. Lung microbiota predict invasive pulmonary aspergillosis and its outcome in immunocompromised patients. Thorax. (2022) 77:283–91. doi: 10.1136/thoraxjnl-2020-216179

108. Fazlollahi M, Lee TD, Andrade J, Oguntuyo K, Chun Y, Grishina G, et al. The nasal microbiome in asthma. J Allergy Clin Immunol. (2018) 142:834–43. doi: 10.1016/j.jaci.2018.02.020

109. Prevaes SM, de Winter-de Groot KM, Janssens HM, de Steenhuijsen Piters WA, Tramper-Stranders GA, Wyllie AL, et al. Development of the nasopharyngeal Microbiota in infants with cystic fibrosis. Am J Respir Crit Care Med. (2016) 193:504–15. doi: 10.1164/rccm.201509-1759OC

110. Stinson LF, Keelan JA, Payne MS. Comparison of meconium DNA extraction methods for use in microbiome studies. Front Microbiol. (2018) 9:270. doi: 10.3389/fmicb.2018.00270

111. Megahed A, Zeineldin M, Evans K, Maradiaga N, Blair B, Aldridge B, et al. Impacts of environmental complexity on respiratory and gut microbiome community structure and diversity in growing pigs. Sci Rep. (2019) 9:13773. doi: 10.1038/s41598-019-50187-z

112. Ober RA, Thissen JB, Jaing CJ, Cino-Ozuna AG, Rowland RRR, Niederwerder MC. Increased microbiome diversity at the time of infection is associated with improved growth rates of pigs after co-infection with porcine reproductive and respiratory syndrome virus (PRRSV) and porcine circovirus type 2 (PCV2). Vet Microbiol. (2017) 208:203–11. doi: 10.1016/j.vetmic.2017.06.023

113. Siqueira FM, Pérez-Wohlfeil E, Carvalho FM, Trelles O, Schrank IS, Vasconcelos ATR, et al. Microbiome overview in swine lungs. PLoS One. (2017) 12:e0181503. doi: 10.1371/journal.pone.0181503

114. Goossens E, Li J, Callens C, Van Rysselberghe N, Kettunen H, Vuorenmaa J, et al. Acute endotoxemia-induced respiratory and intestinal dysbiosis. Intl J Molecular Sci. (2022) 23:11602. doi: 10.3390/ijms231911602

115. Hosang L, Canals RC, van der Flier FJ, Hollensteiner J, Daniel R, Flügel A, et al. The lung microbiome regulates brain autoimmunity. Nature. (2022) 603:138–44. doi: 10.1038/s41586-022-04427-4

116. Zakeri A, Russo M. Dual role of toll-like receptors in human and experimental asthma models. Front immunol. (2018) 9:1027. doi: 10.3389/fimmu.2018.01027



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dysbiotic lung microbial communities of neonates from allergic mothers confer neonate responsiveness to suboptimal allergen

		Introduction



		Methods



		Animals



		Tocopherol and basal diets



		Allergens



		Separation of microbiota from mouse BAL



		OVA administration, lung microbiota transfers and analysis of inflammation



		16S rRNA gene analysis of mouse BAL



		qPCR analysis of cytokines and chemokines



		INHANCE cohort



		Data availability











		Statistics











		Results



		Enhanced responsiveness to challenge with HDM or OVA by pups of mothers allergic to OVA is inhibited by dietary supplementation of the mother with α-tocopherol



		Pups of allergic mothers but not pups of non-allergic mothers exhibited lung bacterial microbiome dysbiosis



		Transfer of the BAL microbial community of pups of allergic mothers to pups of non-allergic mothers sustained the donor microbiome in the recipient pups



		Transfer of the dysbiotic BAL microbial community of pups of allergic mothers to pups of non-allergic mothers conferred enhanced responsiveness to allergen in the recipient pups, demonstrating a functional role for the lung microbiome



		The transferred BAL microbial community influenced induction of allergen-specific IgE and the allergen-induced expression of cytokines



		A human infant plasma pro-inflammatory tocopherol isoform profile associated with altered lung microbiome











		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Allergy

Dysbiotic lung microbial
communities of neonates from
allergic mothers confer neonate
responsiveness to suboptimal allergen







OPS/images/falgy-04-1135412-g006.jpg
IgG1

8/VAO —8/VAO
10/YAO —8/VAO
a/les —g/vVAO
8/VAO —10/YAO
8/VAO —alles
10/YAO LP/YAO
1o/jes —gjles
10 /jes —Lpjjes
=] g/|eS —1P0/VYAO
a/es —gj/1es
giles —Lojjes

Q
N

IgG2b

T
n Q n

T T

0-

] “ =)
(wu ost ao)

193] YAO-uy

8/YAO —8IVAO
10/YAO —8/VAO
g/les —8g/vVAO
8/YAO —LP/YAO
8/YAO —a/les
10/YAO —LP/YAO
1o /jes —gjles
1o /jes —Lvojjes
'S —LP/YAO
g/1es —g/1es
a/les —1o/|es

T T T

1
m N = O

(wu osv ao)

92981 VAO-uY

IgE

8/YAO —8/VAO
10/YAO “—8/YAO
g/les —8g/vVAO
8/YAO —LP/YAO
8/YAO —glles
10/¥YAO —LP/YAO
1o /jes —gjles
Lo /jes —Lvjles
== a/nes —Lp/YA0
a/les —g/1es
a/les —1vjles

o
B
N
-

< (Jwy/!

1000 -

Q2 9 °
h S 0
N B N

u) 38] YAO-UY

o

OVAbasal as
donor or recipient

OVAbasal as

donor or recipient

OVAbasal as
donor or recipient

Mother treatment/diet (for donor pup lung microbiome = recipient pup)






OPS/images/falgy-04-1135412-g007.jpg
CCL11

G/YAO —8IVAO
* LO/YAO —EIVAO

P Sl g/IeS —8IVAO
- — *—mmil— G/VAO —LPIVAO

= §/YAO —8/IeS

+— | | P/YAO < LP/VAO
v LD /oS —giles

-

|

=

|

]

1D jjes —1o/|es
8/les < 1P/YAO
ajles —a/les
a/Ies < 1o/|es

IL5
Muc5ac

o——E===== |0/yAQ — Jouop oN

* vl S g/yA\OQ — Iouop oN
& 1oj|es — Jouop oN
@ g/jes — Jouop oN

OIS MANEC

0.06

\==| @/VAO —8IVAO
* == SvEm===| LP/VAO —8/IVAO

1P/YAO < LO/YAO
1p /jes —g/les
1o /jes —1ojjes
€/1es <~ LP/YAO
a/les —ga/es
g/les —1v/les

IL13

IL33
*
i

LP/YAO + ouop oN
—E====== 8/VA\O — Iouop oN
/@ |0/|ES < JOUOp ON
/| g/|eS — JOUOp ON

nowngmno

NN o

15
10
5
o

] (=]
uoissaidxa Hadyo / uoissaidxa anne|ay

OVAbasal as

OVAbasal as

donor or recipient

donor or recipient

Mother treatment/diet (for donor pup lung microbiome = recipient pup)






OPS/images/falgy-04-1135412-g008.jpg
A Infants 3-5 mo of age
Firmicutes Bacteroidota
Ostreptococcales-
i X1 i cl
Peptoniphilus Dialister Enterococcus Jeotgalicoccus uncultured
/0.20 0.0: 0.020
E l0.15 g-g: 0.01
£/0.10 =y .01 0.010
2 0006 |~* =0.019|
<|0.05 0.005] ¢ */l0.00
X
o 0 0 = i
Q102 03 Q4 Q1020304 Q1Q2Q30Q4 Q1020304 Q10203 Q4|
nfants 12-18 mo of age X
Proteobacteria
irmi Alpha-Prote
Tyzzerella UCG-002 uncultured
[0:012 o0 0-030 N +oar ||| 0005 =
glo.010 0.025 p-0.0097 || | 0.004- T
S| 0.0201 7 1
8|0.008
§] 0.015 oo
5/0.006 -
<|0.004 0.010 .
*/0.002 0.005 0.001
0
% Tai1a2a3qs Q1Q20304 Q1Q20304






OPS/images/falgy-04-1135412-t001.jpg
Ql

Q2

Q3

Q4 >28

(B) 12-18 months, serum tocopher

Q1 <19

@ >19

<19

>19






OPS/images/falgy-04-1135412-t002.jpg
Target

Forward primer sequence

Reverse primer sequence

CCLLL TGTAGCTCTTCAGTAGTGTGTTG CTTCTATTCCTGCTGCTCACG
GAPDH_| GTGGAGTCATACTGGAACATGTAG | AATGGTGAAGGTCGGTGTG
1133 AATCACGGCAGAATCATCGAGAAA | GGAGCCAGAGGATCTCCGATT
1113 CCAGGGCTACACAGAACCCG GCTCTTGCTTGCCTTGGTGG!
L5 ACIGTCCGTGGGGGTACTGT CCTCGCACACTTCICITITIGG






OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/falgy-04-1135412-g002.jpg
Pup lung bacteria

(abundance)

Increased bacteria in BAL of pups (PND4) from OVA basal mom
|

Phylum  C;
[ s
Firmicutes ,g}o tridia; Clostridiales; L

cl
Fusobacteria | i L

Decreased bacteria in BAL of pups (PND4) from OVA basal mom

Phylum _Cl
Prevotella7
1 s R ;
Firmicutes of Clostridia; Clostridiales; Lachnospiraceae
cl Oscillibacter
c
 Epsilonbacteraeota, Campylobacteria |
¥ Firmicutes, negativicutes. ° b d
" Fusobacteria, Fusobacteriia [

" Verrucomicrobia, Verrucomicrobiae
- 4

®Firmicutes, Erysipelotrichia

® Firmicutes, Bacilli

®Firmicutes, Clostridia

™ Bacteroidota, Bacteroidia
®proteobacteria, Gammaproteobacteria

OVA OVA SalineSaline
Basal aT Basal aT

Matema;;r atment
Maternal Diet

Pup BAL microbiome (40X obj]
(mother: Saline basal)
gram-negative rods

gram-positive cocci

Pup BAL microbiome (4
(mother: OVA basal)
gram-negative rods
gram-positive cocci

0x obj|






OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Allergy





OPS/images/falgy-04-1135412-g003.jpg
Total % abundance

for Taxa with Proteobacteria

an increase in Gamma-Proteobacteria Ipha-Pr i} ial
OVA, basal group Il Hali d i 11 Rhodob
other: 30 0.08 .8 0.6 0.20 25
i * * *
) € 0.06 0.6 04 0.1 20
M saline,aT [ g 15
| OVA, Basal 0.04 0.4 0.1 6
I OVA, aT 0.2
bl i 0.02 0.2 0.0! 5
£ 0 0 Q 0 0 0
] Firmicutes Fusobacteria Verrucomicrobia
g i L i L i [Ceptotrichiaceae |Akkermansiaceae|
8| 0.0 28pseburia Blauti ellimonas ~ Uncultured Leptotrichia || _Akkermansia
; g 0.015. = 0. 0.0251 % |[0.03 0.15
£ T|0.015 0.020
S S 0.010; 0.010 0.02 0.1
23lo.010 0.015
E s> 0.010
£ N 0.005 0.005 : 0.01 0.05
0.005
o 0.005
< I
w | 0 (] 0 0
§ Y°::: {::,bu,,:f:';" Bacteroidota Firmicutes Alpha R _’ 7 Archaea
;l.l decrease in | Prevotellaceae | [ruminococcaceae Rumi p ia|[Meth
OVA, basal group| Prevotella 9 Oscillibacter Rickettsiales |[siliicoccales
s g 0.15 0.015 0.010 0.020 o0
o B
0.015
g 0.010 |/ | 0.008
2 0.05 0.005 0.010
@5 0.005
X 4 0.005 0.004
0 0 0 0 o






OPS/images/falgy-04-1135412-g004.jpg
Recipient pup
BAL microbiome (PND16) u spirochactia

H Verrucomicrobiae

m Actinobacteria
® Enysipelotichia

= Bacilli

= Aphaproteobacteria
= Oxphotobacteria

® Gammaproteobacteria

mating pregnancy Pup birth

21820 219Ys pay: 4 13-;5 16
IWith and withou!

3%OVA
orsaline | | transfer of pup

7
b
=
° >
=

> s

> o
-

% relative abundance

:  Clostridia
Ling micrebiome! %% % E'E S g % LE g  Bacteroidia
saline/alum ip. | o] P00 LSS0 L>
Generate allergic mothers. lovA/alum -nwmm»l« T WOOO 1 3 o
and control mothers Rt il [ A 4 T 1
* s 85 2 Ty
S3g8E<aZ
SPS 3= < > < <
5 0gwSCs53
3l © ©
15 [
l_'_l
c OVA basal as donor
or recipient
Mother treatment, diet
for donor pup = recipient pup!
-Sallne aT->Saline, basal —
== M Saline, basal->Saline, basal Pseudomonas Le':.:‘:{;'r'i':tf;“
OVA, aT ->Saline, basal
— -Saline, aT —)Saline_,ruT | 008
g
£ 0.03
- Saline, hasal—)OVA basal 3| 0.02
OVAbasal M OvA, aT > QVA basal Qoo
as donor OVA basal—)Sallne, basal K 0.01 o
or recipient A, basal 20 0.01 5
=11 OVA basal—)OVA basal l El =
o+ [
Bacteroidota
Prevotellaceae Tannerellaceae Clostridiales
9 i Ruminococcaceae|
005
g
o
| 0.0a Il
<
3 =
oo
B E






OPS/images/falgy-04-1135412-g005.jpg
monocytes

* HESSNNNNNNNY
* HESSSNNNENY
% HESNNNNNNRY
% HESSSSSNSY

% HESSSSSNERRY
HE—]

neutrophil

eosinophils

* HESSNSNNY
* HENSNNNY

tes

* HE.

(=)
q
(|

g

S 8§ o <oy
=

(000TX) 1vg dnd ul

8/YAO —8/VAO
1P/YAO —8/IVAO
g/les —g/vYAO
8/YAO —LP/YAO
8/VAO —8/les
10/YAO < LP/VAO
1o /jes —gjles
1o /jeg —Lpjjeg
g/les —L1o/YAO
g/les —g/|es
a/les —1v/les

LP/YAQ — Jouop oN

1 G/WVAO «— Jouop oN

1bjjes < Jouop oN
gJles « Jouop oN

[}

€/VAO 8IVAO
LP/YAO —8/VAO
/1°S —8IVAO
8IVAO —LP/YAO
SIVAO —8/les
LP/YAO —L0O/VAO
1D [jes —gjles

1b jjes —Lp/les
8/1eS —LP/YAO
g/les —g/ies
/Ies —Lp/les

LP/YAQ  Jouop oN
8/VAO + Jouop oN
Lbjjes — 1ouop oN
gles «— 1ouop oN

OVAbasal as

OVAbasal as

donor or recipient

donor or recipient

Mother treatment/diet (for donor pup lung microbiome = recipient pup)






OPS/images/falgy-04-1135412-g001.jpg
Tocopherol or basal diet
Maternal Nursing
ing _Pregnant
T4 21davs Ot

Treatment
Mother; pup

] saline, OVA
H OVA, OVA

T
Day:0 6 13-15 1

is

eosinophils 40monocvtes {y’r‘nphocvtesl N neutrophils

520 :
*
§ 15 30{ I 0.8 0.8
w3 0.6 0.6
£ Zw0 20 04 o4
=25 10 0.2 0.2
H 0 0
g Opasal 250 O basal 250 °“hasal 250 ° basal 250

Diet of mothers (mg aT/kg diet)

[
[ orbasaldiet | [T
Maternal Nursing Mother; pup
rgran
\ 24" 2vams §T O] saline, HOM
Week: ﬁ ? 8' 1f 1f 20 Day ° s 7912141619 20 [l OVA, HDM

Mom Mom
OVA/alum | (3% OVA or
or saline
D inophil ytes lymph ,les neutrophils 13
127540 8 =3 4E
=) wa
=} * €<
S a 30 6 6 253
-8 4
o X E
=2 20 4 4 352
8 < 4 @
®x @ 10 2 2 291
S0 & 5o
2 “basal 250 $asal 250 Dasal 250 hasal 250 © &

Diet of mothers (mg aT/kg diet)

basal 250





