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Abstract

There is increasing evidence for a role of early life gut microbiota in later development of
asthma in children. In our recent study, children with reduced abundance of the bacterial
genera Lachnospira, Veillonella, Faecalibacterium, and Rothia had an increased risk of
development of asthma and addition of these bacteria in a humanized mouse model reduced
airway inflammation. In this Addendum, we provide additional data on the use of a
humanized gut microbiota mouse model to study the development of asthma in children,
highlighting the differences in immune development between germ-free mice colonized with
human microbes compared to those colonized with mouse gut microbiota. We also
demonstrate that there is no association between the composition of the gut microbiota in
older children and the diagnosis of asthma, further suggesting the importance of the gut

microbiota-immune system axis in the first three months of life.



Importance of the early infant gut microbiota on development of childhood asthma
Prevalence of childhood asthma has steadily increased over the last two decades globally
propelling it to the most prevalent childhood disease in high income countries®. This cannot
be explained by genetic differences alone, given the rapid increase in prevalence. Attention
has therefore focussed on environmental influences, which may be amenable to modification.
A number of studies have demonstrated a link between asthma and early-life exposures,
which perturb the normal infant microbiota. These include use of pre- and perinatal
antibiotics, delivery by caesarean section (vs vaginal), urban living (vs farm living), dogs as
pets, and formula feeding?. Recent studies have suggested that an early-life critical window
exists, whereby any change in the microbiota has a significant impact on immune
development®>,

We recently showed that reduction in four bacterial genera — Lachnospira, Veillonella,
Faecalibacterium and Rothia — in the gut microbiota of infants at 3 months of age was
associated with an increased risk of developing childhood asthma, and these differences were
not observed at one year of age®. In addition to identifying this disparity in bacterial
composition of the gut microbiota, we confirmed a functional difference with significantly
lower levels of fecal acetate and higher levels of urine urobilinogen in children with an
increased risk of developing asthma. Finally we demonstrated a causal relationship between
these four genera and asthma development in a mouse model, leading to the exciting prospect
of an early diagnostic tool for asthma in infants and the potential to intervene at this young
age to prevent the later development of asthma.

In this Addendum, we explore further use of the humanized microbiota mouse model,

providing additional data to confirm its validity in these studies. In addition we examine the



importance of this early infant ‘window of opportunity’ by investigating a cohort of school-
aged children with asthma and atopy, given that the original study only considered children

up to 1 year of age.

A humanized mouse gut microbiota model

Development of a suitable experimental animal model is pivotal to address proof-of-
mechanism studies exploring the microbiota-host interaction, and enable intervention studies
that may not be feasible in human subjects. Germ-free (GF) mice are ideal for such studies, as
they have no prior exposure to microbes and allow control of other influences of their
microbiota, such as host genotype, diet and housing conditions. One option would be to
introduce mouse-derived gut microbiota into such GF mice, since previous studies have
shown that a host-specific microbiota appears to be critical for development of a healthy
immune system’. The disadvantage of this approach, however, is that many bacterial genera
and species found in mice are not observed in humans®, with the most notable differences in
the abundance of Firmicutes’ — a major component of the infant microbiota. This makes it
difficult to extrapolate from these studies to what may happen in humans. Humanized mouse
gut microbiome models have previously been developed, with successful transplant of a
significant proportion of the human microbiota® 1°. These transplanted microbial
communities were stable and transmitted vertically across generations, but have not been
used to investigate resultant effects on airway inflammation.

In order to develop a human microbiota mouse model to study development of asthma, we
inoculated outbred GF Swiss Webster mice with gut microbiota from mouse and human

donors and investigated immune development over the following 3 weeks (Figure 1A). The



microbial composition of the mouse donor was dominated by Lachnospiraceae, with smaller
numbers of Ruminococcaceae and S24-7 (an uncultured lineage of Bacteroidetes) which was
was reflected in the recipient mice (Figure 1B). In contrast, the human donor had higher
number of family-level taxa of high abundance (>2%), including significant proportions of
Clostridiaceae, Lachnospiraceae, Bacteroidaceae, Peptostreptococcaceae and
Enterobacteriaceae. These taxa were transferred to the mouse recipients, with notable
presence of Bacteroidaceae and Peptostreptococcaceae, which were absent when mouse stool
donors were used (Figure 1B). However, members of the Clostridiaceae family did not
predominate in the recipient mice as they did in the human donor microbiota, suggesting that
the ability of some bacterial taxa to flourish in the gut is specific to the host species and/or
diet. There were no significant differences in alpha-diversity between the mice that receive
human or murine microbiota. In addition, there were no significant differences between the
use of fresh and frozen feces. This confirms the findings from previous studies” °*! that a
remarkable proportion of the human microbiota can be transplanted into GF mice, enabling
detailed study of the influences of the gut microbiota on the host. The successful use of
frozen feces (which can be stored for long periods of times) makes collection and processing
of human fecal samples in clinical studies substantially easier, broadening the potential use of

this humanized mouse model.

Reduced immune responses occur in the humanized mouse
The mammalian gut microbiota is a very complex system which has co-evolved with the host
immune system'?. Gut bacteria have a key role in immune development and immune function

via production of bile acids, short chain fatty acids, vitamins and amino acids and regulation



of lipid homeostasis®®. If a humanized mouse gut microbiota model is to be successfully used
to investigate the microbiota-immune system axis, it is vital to understand the immunological
effects of transplanting human feces into GF mice. A panel of 14 cytokines and IgA levels
were therefore analysed in cultured spleen, small intestine and colonic tissue from mice that
had received feces from other mice or from humans (FiglC-E). There were no differences
found for the majority of cytokines measured, but splenocytes produced significantly lower
TGF-B, MCP-1, IL-6, IL-2 and IL-10 and increased IFN-y following inoculation with human
feces compared with mouse feces (ANOVA, p<0.05). The reduction in MCP-1 was also
observed in tissue from both small intestine and the colon (Student t-test, p<0.01), with
significantly decreased IgA levels (Student t-test, p<0.001) also noted in the small intestine

from human donor mice.

This suggests that human microbiota colonized mice have reduced immune responses
compared to mouse microbiota colonized mice. This is consistent with a previous study
which found reduced levels of CD4+ and CD8+ T cells, fewer proliferating T cells, fewer
dendritic cells and low antimicrobial peptide expression in human microbiota colonized mice,
resembling more responses in GF mice’. In this previous study, inoculating human
microbiota colonized mice with segmented filamentous bacteria (SFB) partially restored T
cell numbers, suggesting that SFB were at least partially responsible for optimal immune
development. Histological examination of the ileal mucosa in our study demonstrated
segmented bacilli in close proximity to the epithelium of mice colonized with mouse
microbiota, but not human microbiota; however, there were no significant histological

differences found between the two groups in terms of gut architecture (Figure 2). Although



we were unable to confirm if these segmented bacilli were definitely SFB, this further

highlights the importance of species-specific microbiota in host immune development.

Ovalbumin-induced lung inflammation in germ-free mice

The reduction in a number of cytokines involved in Thl, Th2 and regulatory T cell responses
in the spleens of GF mice colonized with human microbiota suggested that it could be
difficult to identify any impact on lung inflammation in this model. To test this, we used a
mouse model of airway inflammation based on peritoneal sensitization and intranasal
challenge with ovalbumin (OVA) to examine if a humanized microbiota mouse model
mounted a measurable lung immune response (Figure 3A).

Recipients of human microbiota had reduced lung cellular infiltrates compared to recipients
of mouse microbiota (ANOVA, p<0.05), although they were still significantly higher than
naive (non OV A-sensitized) mice (Figure 3B). This moderate reduction in inflammatory cells
was due predominantly to a reduction in neutrophils (ANOVA, p<0.05) (Figure 3C).
Analysis of cytokine profiles from lung tissue was consistent with reduced inflammation in
the human microbiota colonized mice, with significantly reduced levels of IFN-y, MCP-1
(p<0.001), IL-6, IL-10 and IL-5 (ANOVA, p<0.05) (Figure 3D). These findings may either
reflect a fundamental difference between colonization with microbiota from the same host
species compared to a different species, or may be due to different components of the gut
microbiota exerting variable effects on airway inflammation. We have previously shown that
mice inoculated with human feces with or without the four bacterial genera associated with
asthma development in infants differed in lung inflammation based on production of IFNy,

TNF and IL-6, supporting the latter hypothesis®. These findings confirm that, although lung



inflammation is reduced in human microbiota colonized mice compared with mouse
microbiota colonized mice, there remains measurable inflammation of mixed cellularity
which is sufficient to identify changes after modification of the microbiota, enabling
assessment of possible therapeutic interventions in this model. In addition, although asthma
has historically been studied as an allergic Th2-type disease, recent transcriptomic studies of
bronchial epithelial cells in humans indicated that a high Th2 phenotype is present in only
50% of asthmatics'* 1°, suggesting that an animal model exhibiting a mixed immune cell
infiltrate will be useful to study an immune signature present in a large proportion of

asthmatics that do not fit the classic asthma paradigm.

The gut microbiota and development of asthma in school-aged children

Identification of bacterial genera associated with the development of asthma® was based on
stool samples from participants at 3 months and 1 year of age from the Canadian Healthy
Infant Longitudinal Development (CHILD) Study, which includes children from birth to 5
years of age. The Asthma Predictive Index (API)® at 3 years of age was used to predict the
presence of active asthma at school age, and while a positive API at 3 years is associated with
a 77% chance of active asthma at school age, the children in the atopy + wheeze phenotype
(used as the asthma ‘extreme phenotype’) were not followed to school age to confirm this, as
this was beyond the scope of the original study (and the children had not reached school age).
Therefore some of these children may not go on to develop asthma at school age, and other
children who did not have symptoms of atopy and/or wheeze in the early years of childhood

may develop asthma later on.



In order to investigate differences in the gut microbiota of children with confirmed asthma
compared with healthy controls, we recruited school aged children (between 6 and 17 years
old; Table 1) with asthma and atopy (reflecting the asthma ‘extreme phenotype’ used in the
younger infants) and compared their microbiota composition and effects on airway
inflammation in the murine OVA model.

There was no significant difference in overall composition of the gut microbiota between a
convenience sample of school-aged children with asthma and atopy (n=5) and a group of age-
matched healthy controls (n=7) at the level of operational taxonomic units (OTUs) (Figure
4A). Overall, the microbiota was more diverse than found in infants. Principal component
analysis and calculation of the Shannon diversity index confirmed that there were no
significant differences between the two groups (Figure 4B-C). Further, there were no
differential OTUs between asthmatics and healthy controls after statistical analysis (Mann-
Whitney and Bonferroni or FDR). In the OVA model of airway inflammation there was no
difference in the number of inflammatory cells between mice inoculated with feces from
children with asthma compared to healthy controls, both in terms of overall cellular infiltrate
and also when different cell types were examined individually (Figure 4D-E). These studies
add to the findings of our original study®, further suggesting that the critical window where
the gut microbiota appear to influence the development of asthma and atopic diseases appears
to be in the first 3 months of life, although the sample size in this study was small and a

larger study may be needed to assess if there is an impact of the gut microbiota in later life.
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Existing Challenges and New Insights

We have made significant progress in our understanding of the influence of the early infant
gut microbiota on development of asthma in children, providing the opportunity for the
development of early diagnostic tests and potential intervention to reduce the risk of asthma
via probiotic-like approaches. Our findings suggest that focus should be on the first 3 months
of life as differences in the microbiota between children at risk of asthma were not found in
later infancy or childhood. Humanized gut microbiota mouse models provide a valid
experimental system to test any such interventions, and similar models are likely to be highly
valuable in increasing our understanding of the gut microbiota on other diseases, including

those which may not be directly linked to immune development.

Methods

Mice

GF Swiss Webster mice were ordered from Taconic and kept in a specific pathogen-free
facility at University of British Columbia. All experiments were in accordance with the

University of British Columbia Animal Care Committee guidelines.

Bacterial inoculum preparation and inoculation

Frozen and fresh feces from one child or frozen feces from conventionally raised Swiss
Webster mice were used to orally inoculate GF mice as previously described®. A fecal slurry
was prepared by scraping a piece of fecal material with a sterile scalpel and combining it with
1ml of PBS reduced with 0.05% of cysteine-HCI to protect anaerobic species. Immediately

upon arrival, GF mice were randomly selected to be orally gavaged with 30ul of the fecal
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slurry. Oral gavages with the different microbial treatments were repeated on days 2, 4 and 6-

post arrival.

Experimental lung inflammation model

Experimental murine lung inflammation was induced in mice previously colonized with
murine or human feces, as previously described’ with minor modifications. Although this
model does not fully recapitulate the phenotype of human allergic asthma, it is a useful model
for evaluating many aspects of this lung inflammatory disease. Mice were sensitized
intraperitoneally with 10 mg of grade V OVA and 1.3 mg of aluminum hydroxide (both from
Sigma) on days 0 and 7 (three weeks after initial microbial colonization). On days 21, 22, 23,
and 25, mice were challenged intranasally with 50 mg of grade V OVA (Sigma). On day 26,
mice were anaesthetized with ketamine (200 mg/kg) and xylazine (10 mg/kg), and blood was
collected by cardiac puncture. After sacrifice, BALs were performed by 3 X 1 ml washes
with PBS. Total BAL counts were blindly assessed by counting cells in a hemocytometer.
Eosinophils, neutrophils, macrophages, and lymphocytes were quantified from Cytospins
(Thermo Shandon) stained with Hema Stain (Fisher Scientific), based on standard
morphological criteria. Lung lobes were collected and homogenized in PBS plus protease
inhibitors (Roche, Branford, Conn). Supernatants were analyzed for cytokines. All protocols
used in these experiments were approved by the Animal Care Committee of the University of

British Columbia.
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Splenocyte and intestinal tissue culture

Intestinal tissue culture was performed as previously described*®. Whole colons and ~8 cm of
proximal ileum were removed, flushed with PBS, and 1/4 of the tissue was cut longitudinally
and resuspended in tissue culture plates in RPMI 1640 supplemented with 10% fetal calf
serum, penicillin (100 U/ml), streptomycin (100 U/ml), and a protease inhibitor cocktail
(Roche, Branford, Conn). Cultures were incubated at 37°C in 5% CO_ for 48 h. Supernatants

of colons and ilea were removed and stored at -20°C for cytokine and IgA analysis.

Spleens were dissected, minced between 2 frosted glass slides and strained through a 40 um
mesh strainer. Cells were harvested in complete RPMI-1640 with 10% v/v fetal bovine serum
(FBS) and depleted of red blood cells by osmotic shock with distilled water. Cell numbers
were calculated with the Z2 particle count and size analyzer (Beckman Coulter, Brea, CA).
Splenic cells were placed into the wells of 96 well plates at a concentration of 2 X 10° cells
per well. Cells were stimulated with plate-bound anti-CD3e clone 145-2C11 as a stimulation
control (PharMingen, Canada) or medium alone as a negative control for 72 h at 37°C in a
humidified incubator at 5% CO2. After 48 h of incubation, the plates were centrifuged and

150 pl supernatants were removed and stored for cytokine assays.

Cytokines and IgA determination

Supernatants from lung homogenates, splenocyte and intestinal tissue cultures were used to
determine IL-17, IL-4, IL-5, IL-13, IL-1B, IL-12p70, IL-2, IL-6, TNF-c, IFN-y, MCP-1, IL-2,
and IL-10 by cytokine bead array flex sets (BD Biosciences). Analysis was performed using

an LSR 11 (BD Biosciences), and data were analyzed with FlowJo 8.7 software (TreeStar,
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Ashland, Ore). TGF-f and immunoglobulin (Ig) A (only in gut samples) concentrations were
assayed by ELISA using DuoSet kits (R&D Systems, Minneapolis, MN, USA). Cytokine and
IgA concentrations were normalized to total protein, assessed by Bradford assay reagent

(Pierce, Rockford, IlI).

Histology

Distal ileum and whole colons were fixed in 10% phosphate-buffered formalin. Samples were
embedded in paraffin, sectioned at 4 pm, and stained with haematoxylin & eosin for light
microscopy examination. The slides were reviewed in a blinded fashion by a pathologist

(MN).

16S Microbial community analysis

DNA was extracted from 1-2 pellets of mouse stool. Samples were mechanically lysed using
MO BIO dry bead tubes (MO BIO Laboratories) and the FastPrep homogenizer (FastPrep
Instrument, MP Biochemicals) before DNA extraction with the Qiagen DNA Stool Mini Kit.
All samples were amplified by PCR in triplicate using barcoded primer pairs flanking the V3
region of the 16S gene as previously described*®. Each 50 ml of PCR contained 22 ml of
water, 25ml of TopTaq Master Mix, 0.5 ml of each forward and reverse barcoded primer, and
2 m| of template DNA. The PCR program consisted of an initial DNA denaturation step at
95°C for (5 min), 25 cycles of DNA denaturation at 95°C (1min), an annealing step at 50°C
(2min), an elongation step at 72°C (1 min), and a final elongation step at 72°C (7 min).
Controls without template DNA were included to ensure that no contamination occurred.

Amplicons were run on a 2% agarose gel to ensure adequate amplification. Amplicons
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displaying bands at ~160 bp were purified using the illustra GFX PCR DNA Purification Kit.
Purified samples were diluted 1:50 and quantified using PicoGreen (Invitrogen) in the

TECAN M200 (excitation at 480 nm and emission at 520 nm).

Pooled PCR amplicons were diluted to 20 ng/ml and sequenced at the V3 hypervariable
region using Hi-Seq 2000 bidirectional Illumina sequencing and Cluster Kit v4 (Macrogen
Inc.). Library preparation was done using TruSeq DNA Sample Prep v2 Kit (lllumina) with
100 ng of DNA sample and QC library by Bioanalyzer DNA 1000 Chip (Agilent).
Sequences were preprocessed, denoised, and quality filtered by size using Mothur?.
Representative sequences were clustered into OTUs using CrunchClust?! and classified
against the Greengenes Database?? according to 97% similarity. Any OTUs present less than

five times among all samples were removed from the analysis.

Statistical analysis

Fecal microbial diversity and the relative abundance of bacterial taxa were assessed using
Phyloseg?® along with additional R-based computational tools in R-studio (R-Studio, Boston,
MA). Principal components analysis (PCA) was conducted using MetaboAnalyst?* and
statistically confirmed by Permanova. The Shannon diversity index was calculated using
Phyloseq and statistically confirmed by Mann-Whitney (GraphPad Prism software, version
5¢, San Diego, CA). Differences between groups in mice experiments were determined by
Student t-test (2 groups) or ANOVA (>2 groups). Statistical significance was defined as

P<0.05.
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Human study subjects

Children with confirmed asthma and atopy were recruited from the allergy clinic at BC
Children’s Hospital, Vancouver, Canada. Children had to fulfil all inclusion criteria: (i) aged
between 6 years and 17 years; (ii) diagnosis of asthma during the last 3 years, confirmed by a
pediatric allergist/immunologist with expertise in asthma; (iii) confirmation of atopic status
on the basis of a positive skin prick test to any aeroallergen at any time; (iv) receiving anti-
inflammatory therapy for asthma (for example, inhaled corticosteroids, leukotriene receptor
antagonists); (v) being followed in the hospital outpatient clinic by a pediatric
allergist/immunologist with expertise in asthma. Healthy control children were recruited via
the orthopedic clinic and had to be between 6 years and 17 years of age with no diagnosis of
asthma at any time and no known allergic or atopic disease. Exclusion criteria were: (i)
treatment with systemic anti-microbial drugs or administration of probiotics for medical
reasons within 1 month of obtaining stool sample; (ii) known acute or chronic gastro-
intestinal disorder which may alter the natural microbiome (including but not restricted to

gastroenteritis, inflammatory bowel disease, celiac disease).

Human fecal samples
Fecal samples were collected by parents and/or children and kept in the home refrigerator
prior to collection by a member of the study team. Samples were frozen within 24 hours of

being excreted.
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Tables

Table 1. Demographic features of children with asthma (cases) and healthy control

subjects
ID number | Asthma/ | Age Sex | Asthma treatment at time of study
control (years)

Al Asthma 10 M Inhaled fluticasone 50mcg once daily”

A2 Asthma 7 F Inhaled fluticasone 500mcg/salmeterol 100mcg
twice daily®

A3 Asthma 8 M Inhaled ciclesonide 200mcg once daily”®

A4 Asthma 8 F Inhaled budesonide 100mcg/formoterol 6mcg twice
daily”

A5 Asthma 15 M Inhaled beclomethasone 100mcg twice daily”

Cl Control 9 M *

C2 Control 6 F *

C3 Control 6 F *

C4 Control 9 M *

C5 Control 6 M *

C6 Control 10 M *

C7 Control 9 F *

AAlL children with asthma also receiving inhaled salbutamol to be taken as required
*Healthy control subjects not on any asthma treatment
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Figure Legends

Figure 1. Germ-free mice adopt a large proportion of human fecal microbiota with a
subsequent decrease in local and systemic immune response.

A) Inoculation scheme of 5-week-old Swiss Webster germ-free mice with a fecal slurry from
a mouse or an infant human (Nmouse=4, Nhuman fresh =5, Nhuman frozen=5). Subgroups of mice were
examined for immune effects at 1, 2 and 3 weeks post initial gavage with the fecal slurry. B)
Family-level relative abundance of microbial taxa in the donor mouse feces (Mouse_donor),
the human one-year-old donor (Human_donor), and the feces from the recipient mice that
were inoculated with murine (Mouse) or human (Human) feces, three weeks after first
gavage. The human fecal sample was given fresh (Human_fresh) or frozen (Human_frozen).
C) Splenocyte cytokine production after cultured with anti-CD3 to stimulate lymphocyte
proliferation (gray bars) or unstimulated (black bars). Bars represent the average of triplicate
wells. D) IgA and MCP-1 production in the supernatant of small intestinal tissue explants
from mice inoculated with murine (black bars) or human (white bars) feces. E) MCP-1
production in the supernatant of colonic tissue explants from mice inoculated with murine
(black bars) or human (white bars). C-E) All cytokine and IgA measurements were done one

week after the initial inoculum. *p<0.05, ** p<0.01, *** p<0.001.

Figure 2. Intestinal colonization of germ-free mice with human microbiota leads to
decreased adherent bacteria in the ileum.

Representative histological findings in the ileal mucosa of mice colonized with murine (A) or
human (B) microbiota. A) Bacilli were noticeably present in close proximity to the ileal

epithelium of mice colonized with murine microbiota. Increased magnification evidenced
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segmented bacilli attached to the tip of a villus (arrow). B) Very few or no bacteria were

observed in close proximity to the ileal mucosa of mice colonized with human microbiota.

Figure 3. Intestinal colonization with human microbiota leads to decreased lung
inflammation upon OVA challenge.

A) OVA model of experimental murine lung inflammation. Mice previously colonized with
human or murine microbiota were sensitized systemically and subsequently challenged
intranasally with OV A, over the course of 25 days. B) Total cellular infiltrates from the
bronchoalveolar lavage (BAL) of mice colonized with murine fecal microbiota or with feces
from three healthy children (Human A, B, C), and challenged with OVA or PBS (Naive)
(Nhuman=13, Nmouse=5, Nnaive=4). C) Differential leukocyte counts from BALs of mice
colonized with murine or human microbiota (all human micorbiota-colonized mice were
pooled). D) Cytokine determination in lung homogenates from mice colonized with murine
(black bars) or human (white bars) microbiota and challenged with OVA or PBS (Naive; gray

bars). * p<0.05, *** p<0.001.

Figure 4. Microbiota from asthmatics did not differ from healthy controls or influenced
murine asthma phenotype.

A) Family-level relative abundance of microbial taxa from feces of 7 healthy controls and 5
asthmatics, aged 6-17 years. Multivariate analysis by principal component analysis (PCA; B)
and alpha-diversity (Shannon diversity index, C) among asthmatics and healthy controls. D)

Total cellular infiltrates from BALSs of mice colonized with three cases (asthma) or two
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controls (control) and later challenged with OVA (Nasthma=23, Ncontroi=16). E) Differential

leukocyte counts from BALSs in D.
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