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Capsule Summary
Circulating free Proteobacterial DNA in umbilical cord serum is associated with features of
childhood asthma including maternal atopy, early childhood wheezing, and bronchodilator

response.
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To the editor:

We postulated that perinatal risk factors for asthma would be associated with early exposure to
bacteria or bacterial products. To evaluate this hypothesis, we assessed circulating-free
bacterial DNA (cfbDNA) in umbilical cord blood from mother-child pairs (Table S1) from Project
Viva, a longitudinal study from birth through childhood (1). To assess cfbDNA we utilized 16s
rRNA sequencing of the V1-3 region from circulating DNA isolated from umbilical cord blood
serum. Of the 27 maternal-child dyads in the cohort only four children reported a physician’s
diagnosis of asthma, therefore we chose to assess association the between cfbDNA
composition, common risk factors for asthma, and asthma associated physiologies. For full

technical and analytical methods see Online Repository at www.jacionline.org. We assessed

associations between clinical features at birth and cfoDNA composition. Of the demographics
tested, only maternal atopy was associated (P = 0.070, R? = 0.17, Table S2) with the
composition of cfbDNA (Fig. 1A). The four top abundant phyla were compared between children
of atopic and non-atopic mothers. Of these four phyla, only circulating Proteobacteria DNA was
significantly different. Specifically, children of non-atopic mothers had increased Proteobacteria

DNA compared to children of atopic mothers (P = 0.031) (Fig. 1B).

Two lines of evidence suggest that abundance of Proteobacterial cfbDNA is related to risk of
asthma; lower abundance is associated with offspring who have increased likelihood of Th2
responses to common aeroallergens (2) and atopic mothers, shown in this study. Children who
had at least one response to an annual questionnaire assessing wheezing were analyzed for
Proteobacteria abundance. Proteobacteria was dichotomized by greater or less than the median
and its association with wheezing within the first seven years after birth using Cox proportional
hazards models (Fig 2A, Table S3). Lower exposure to Proteobacteria was associated with an

increased risk of wheezing in a univariate model (HR (95%CI) = 3.60 (1.70-7.64), P = 0.001).
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To assess if this association was independent of maternal atopic status, we adjusted for
maternal atopy. Lower exposure to Proteobacteria was associated with an increased risk of
wheezing in the multivariate model (aHR (95%Cl) = 2.80 (1.46-5.36), P = 0.002). Children were
evaluated by pulmonary function tests at mid-childhood follow up (median age 8.0 years, n = 9).
Exposure to lower Proteobacteria trended towards an association with increased bronchodilator
responses at mid-childhood (P = 0.060) (Fig. 2B). Only two children in the low Proteobacteria
and no children in the high Proteobacteria group had clinically defined positive bronchodilator

responses.

We previously reported that reduced Proteobacteria is associated with IL-13 responses to
common allergens (2). In this study, we identified associations between Proteobacteria DNA in
cord blood, maternal atopy (a strong risk factor for asthma), and common features of asthma
(e.g., early-life wheezing and airflow reversibility). Proteobacteria are a diverse phyla of Gram
negative bacteria and, as compared to Bacteroidetes (also Gram negative), lipopolysaccharide
(LPS) derived from Proteobacteria may have additional immunomodulatory properties (3). LPS
in mattress dust has previously been negatively correlated with peripheral blood mononuclear
cell IL-13 responses to allergen challenge in childhood (4). In concordance, administration of an
LPS mimetic in murine models of asthma skews immune response towards IFN-y (Thl
cytokine) production and suppresses airway hyper-reactivity (5). Together, these data suggest
that LPS exposure, both endogenous and exogenous, could suppress allergic responses
implicated in the pathogenesis of childhood asthma. These findings support the hypothesis that
early bacterial exposure patterns immune development which may drive later pulmonary

disease.

In conclusion, we observed that lower circulating Proteobacteria DNA in umbilical cord blood

serum is associated with maternal atopy, greater hazard of wheezing, and greater
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bronchodilator response within the first seven years after birth. These findings are limited in their
generalizability due to the small sample size, however, cfobDNA merits evaluation in a larger

population as a novel biomarker for asthma risk independent of common risk factors.
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Figure Legends

Figure 1. Maternal atopy is associated with composition of cfoDNA and lower Proteobacteria
cfbDNA. A) UNIFRAC pairwise distances are shown for distances between children with atopic
mothers and those without (Between), and the with-in group distances for children of atopic
mothers (Atopic, n = 9) and those of non-atopic mothers (Non-Atopic, n = 17). P < 0.05 was
considered statistically significant, Kruskal-Wallis pre-hoc test or Dunn’s post-hoc Test. B)
Abundance of Proteobacteria displayed as normalized counts for samples from non-atopic and

atopic mothers. P < 0.05 was considered statistically significant, Mann-Whitney U-test.

Figure 2. Lower Proteobacteria exposure is associated with increased risk of wheezing. A)
Kaplan-Meier curves for median of imputed cumulative percent parental reported wheezing at
each year post-birth for children with high (solid, n = 13) and low (dashed, n = 10) exposure to
Proteobacteria cfoDNA. B) Children who had pulmonary function tests at mid-childhood follow
up (median age 8.0 years) were dichotomized for abundance of Proteobacteria, high (grey, n =
4) and low (white, n = 5). The groups were assessed for associations with changes in
pulmonary function tests at mid-childhood. Bronchodilator response displayed as box and
whisker plots for children with high or low (greater or less than the median, respectively)

Proteobacteria exposure. P < 0.05 was considered statistically significant, Mann-Whitney U-test.
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Online Data Supplement
All methods involving sample preparation and sequencing have previously been described (1)
and are reiterated here, in addition to methods for subsequent reanalysis with outcome and

demographic data.

Study population

The current study using was approved by the University of lllinois at Chicago IRB (#2016-0326).
Volunteers were recruited from the eastern Massachusetts general population. Exclusion
criteria were multiple gestation, inability to answer questions in English, gestational age =22
weeks at recruitment and plans to move away before delivery. The Project Viva cohort profile
has been described in Oken et al. 2014 (2). Mother-child dyad demographic data from the 27

individuals assessed in this report is displayed in Table S1.

DNA isolation

DNA was extracted from 1 mL of cord blood serum using QIAmp DNA Blood Midi Kit (Qiagen).
All extractions were carried out under sterile conditions. Each extraction was recorded for lot
number on the kit and time of extraction and tested for any effect in our analysis. No effect was
observed for lot number or date of extraction. To control for any possibility of bacterial DNA
contamination introduced in our procedure, we used 1 mL of molecular grade water through our
extraction protocol as a negative control. Our negative control showed both a minimum 5 cycle
time difference assessing by qPCR from any sample and did not yield a 16S rRNA amplicon
library. DNA concentration and base pair size was quantified from all samples using Qubit
dsDNA High Sensitivity Dye (Invitrogen) and on 2100 Bioanalyzer using High Sensitivity DNA kit

(Agilent).



16s rDNA amplicon sequencing

V1-V3 regions of the 16s rRNA gene were amplified using the NEXTflex™ 16s V1-V3 Amplicon-
Seq Kit (BIOO Scientific) with an initial 10 cycle step of 16s rRNA V1-V3 amplification followed
by a 20 cycle step for amplification and barcoding. Libraries were pooled at equal molar
concentrations and size selected for amplicons between 550-700 base pairs (bp) using Pippin
Prep™ 1.5% Agarose Dye-Free Pippin Gel Cassette (Sage Science) to remove any non-
specific amplicons. The pooled libraries were further diluted to 15 pM and 5% PhiX was added
to increase the diversity, and sequenced for a paired-end 301 read length. The DNA libraries
were sequenced on lllumina’s MiSeq platform using MiSeq Reagent v3-600 cycle kit, following

manufacturer’s protocol.

OTU Annotation

For operation taxonomic unit (OTU) annotation, we used the QIIME pipeline (3). Sequences
were aligned to Greengenes Core reference alignment (4-5). Chimeric sequences were
removed by UCHIME and OTUs were picked by USEARCH (7, 8). Taxonomy were assigned
using the Greengenes database and a phylogenetic tree was constructed using FastTree 2.1.3

for the determination of UNIFRAC distances (9, 10).

Statistical Analysis

All statistical analysis was performed in R. Mann-Whitney U-test was used in all two group
comparisons unless otherwise stated. For testing associations between demographic data and
cfoDNA composition, samples were normalized using median sum-scaling (11), pair-wise
sample distances were calculated using the weighted UNIFRAC method (9), ordinated using
principle component analysis, and tested for associations (Table S2) using the vegan envfit

function (12). Maternal atopy was assessed by interview response to “Has a health professional



ever told you that you have asthma, hay fever, or eczema?”. Phylum level abundances were
calculated by combining normalized reads of each operational taxonomic unit (OTU) assigned
to each phylum. Proteobacteria abundance was dichotomized in low and high based on
normalized counts below or above the median, respectively. To determine associations between
Proteobacteria abundance and early wheezing (response to annual questionnaire “Has your
child had wheezing within the last 12 months?”) we assessed the time to first reported wheeze
in univariate Cox-proportional hazards model and Cox-proportional hazards model adjusting for
maternal atopy (Table S3). To account for missing questionnaire responses, missing data was
imputed using the following method: subjects not reporting at any time point were not assessed,
missing data for wheezing in annual questionnaires years one through seven was imputed 500
times with larger subset of subjects from Project Viva (n = 293) using Amelia (13), models were
estimated for each of the imputed data sets, and multiple imputation model parameters were
inferred using the method described by Rubin et al. 1987 (14). Missing data per each time point
is reported in Table S4. There were no significant differences in missing data overall or at any
time point. Pulmonary function test were compared at mid-childhood visit (median age 8.0
years) (15). There were no significant differences in FEV; or FVC between high and low
Proteobacteria cfoDNA exposure groups (Data not shown). P < 0.05 was considered significant

and P < 0.10 was considered a trend for all analyses.

Data Accessibility
Raw metagenomic sequence data for the samples have been uploaded onto NCBI SRA
database (https://www.ncbi.nlm.nih.gov/sra) and are available under the Accension:

PRJINA473573
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Table S1. Subject demographics

Description of variable % (N)
Maternal Characteristics
Atopy
No 63.0 (17)
Yes 33.3(9)
No Response 3.7(1)
BMI, kg/m ? (mean (SD)) 24.9 (5.8)
Race/ Ethnicity
White 63.0 (17)
Black 7.4 (2)
Hispanic 7.4 (2)
Other 18.5(5)
No Response 3.7 (1)
Smoking
Never 85.2 (23)
Former 7.4 (2)
During Pregnancy 7.4 (2)
No Response 0.0 (0)
Antibiotics during Pregnancy
No 63.0 (17)
Yes 33.3(9)
No Response 3.7 (1)
C-Section
No 74.1 (20)
Yes 25.9 (7)
No Response 0.0 (0)
Child’s Characteristics
Sex
Male 55.6 (15)
Female 44.4 (12)
Race/ Ethnicity
White 59.3 (16)
Black 7.4 (2)
Hispanic 7.4 (2)
Other 22.2 (6)
No Response 0.0 (0)
Gestational Age, weeks (mean (SD)) 39.7 (1.2)

Birth Weight for gestational age z-scor e (mean (SD)) 0.41 (0.87)t

T Sex specific birth weight for gestational age z-scores were estimated from Oken et al. 2003
(15).



Table S2. Demographic associations with cftoDNA comp  osition

Description of variable R? P
Maternal Characteristics
Atopy 0.17 0.07
BMI, kg/m ? 0.01 0.95
Race/ Ethnicity 0.19 0.28
Smoking 0.05 0.70
Antibiotics during Pregnancy 0.00 0.90
C-Section 0.07 0.15
Child’s Characteristics
Sex 0.03 0.41
Race/ Ethnicity 0.13 0.54
Gestational Age, weeks 0.05 0.53
Birth Weight for gestational age z-scor e 0.15 0.15

R? and P are estimated by vector and factor fitting, envfit function vegan, and permutation
testing (B=999) of environmental variables onto the first two axis of PCoA using weighted
UNIFRAC distance. 47.4% and 15.3% of variation was attributed to principle component 1 and
2, respectively.



Table S3. Associated risk for low Proteobacteria cf

parental reported wheezing event

bDNA exposure and time to first

B SE P 95%Cl R'

Imputed*

Univariate 1.283 0.383 0.001 (0.533, 2.032) 0.433

Adjusted ¥ 1.030 0.331 0.002 (0.381, 1.679) 0.511
No Missing Data**

Univariate 1.466 0.956 0.125 (-0.407, 3.339)

Adjusted ¥ 1.382 1.058 0.191 (-0.692, 3.496)
Imputed Wheeze "

Univariate 0.910 0.496 0.066 (-0.061, 1.881)

Adjusted ¥ 0.793 0.523 0.129 (-0.230, 1.815)
Imputed Non-Wheeze *

Univariate 1.619 0.625 0.010 (0.395, 2.843)

Adjusted ¥ 1.309 0.662 0.048 (0.011, 2.607)

T R is estimated relative increase in variance due to nonresponse

¥ Adjusted for maternal atopy

* Only subjects with complete questionnaire responses from year 1to 7.N=6 and N =5 for

Proteobacteria > and Proteobacteria < the median, respectively.
1 All missing data was reported as wheezing event
# All missing data reported as non-wheezing event



Table S4. Missing Data in Each Group per Time-Point

% (N) < Median % (N) > Median P*
First Year 20.0 (2) 18.2 (2) 0.999
Second Year 10.0 (1) 18.2 (2) 0.999
Third Year 10.0 (1) 18.2 (2) 0.999
Fourth Year 10.0 (1) 0.0 (0) 0.476
Fifth Year 30.0 (3) 45.5 (5) 0.659
Sixth Year 30.0 (3) 36.4 (4) 0.999
Seventh Year 10.0 (1) 18.2 (2) 0.999
Total 17.1 (12) 22.1(17) 0.536

# Significance determined by Fisher's Exact Test



