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SUMMARY

During infancy, the interplay between the developing immune system and the mi-
crobiome is critical. We examined whether blood immune cell composition at
birth in the umbilical cord (inferred by DNA methylation profiling) related to
the early infant gut microbiome (assessed by 16S rRNA gene sequencing) among
73 infants in the New Hampshire Birth Cohort Study. We used generalized esti-
mating equations and controlled for false discovery rate to select microbial
taxa associated with immune cells. We found associations between the infant
gut microbiome and immune cells, including a positive association between B cells
and Enterobacter, a negative association between natural killer cells and Bifido-
bacterium, and a positive association between granulocytes and Bifidobacterium.
Our findings give clues that immune profiles at the time of birth as measured in
umbilical cord blood are associated with the development of the gut microbiome
in early life.

INTRODUCTION

The bidirectional relationship between the infantimmune system and the microbiome plays a critical role in
developing both innate and adaptive immunity.’ Neonates rely on innate immunity, including natural killer
(NK) cells and monocytes, to fight against infections.” The umbsilical cord blood provides a rich source of
immune cells and comprises more NK cells and immature T-lymphocytes compared to adult peripheral
blood®* and are representative of a newborn’s blood. Studies have demonstrated differences in immune
profiles between infants born preterm and those born term, suggesting higher susceptibility of preterm
infants to infections.”™” Furthermore, the early gut microbiome has been associated with adverse health
outcomes from early life to adulthood.® However, it is unclear whether an infant’s early immune profile
influences the development of their gut microbiome.

RESULTS

Of infants in our study, 73 had provided both cord blood and stool samples at six weeks. Forty-four had
provided stool samples at both 6 weeks and 12 months of age, totaling 117 stool samples. Based on
16S rRNA gene sequencing, we identified 336 microbes at the genus level or family level if the genus could
not be determined. We identified seven immune cell types in cord blood from the DNA methylation data,
including B cells, CD4" T-lymphocytes, CD8"* T-lymphocytes, monocytes, NK cells, nucleated red blood
cells (NRBC), and granulocytes.

Baseline characteristics

Our study population included more male infants than female infants (Table 1). The mean maternal enroll-
ment age was 32.2 years, and most mothers did not smoke during infancy (Table 1). The average infant'’s
gestational age at birth was 39.1 weeks (Table 1). The mean alpha diversities of six-week and 12-month
stool microbiome samples were 1.37 and 2.08, respectively (Table 1). Estimated using DNA methylation
array data, granulocytes were the highest proportion of immune cells in the cord blood, followed by
CD4" T-lymphocytes and monocytes (Table 1).

Associations between cord blood immune cells and the infant gut microbiome

Based on generalized estimating equations (GEE) adjusted for delivery mode, infant sex, infant birth weight,
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Table 1. Baseline characteristics of participants included in the study, N = 73

Covariate

No. (%) or Mean (SD)

Infant characteristics

Infant sex

Male

Female
Birth weight (g)
Gestational age (weeks)
Delivery mode

Vaginal

Cesarian

50 (68.5%)

23 (31.5%)
3454.84 (520.64)
39.11(1.42)

55 (75.3%)
18 (24.7%)

Maternal characteristics

Maternal enrollment age (years)
Maternal smoking during pregnancy”
Yes
No

32.2 (4.2)

3 (4.2%)
68 (95.8%)

Infant gut microbiome alpha diversity

Shannon diversity index at 6 weeks 1.37 (0.45)
Shannon diversity index at 12 months® 2.08 (0.39)
Cord blood immune cell proportions

B cell 6.76 (2.57)
CD4" T-lymphocytes 13.86 (5.05)
CD8" T-lymphocytes 4.06 (2.36)
Monocyte 9.74 (2.25)
NK 6.40 (3.20)
NRBC 9.79 (8.72)
Granulocyte 51.12(9.79)

Abbreviations: No. number; SD standard deviation; g grams; NK natural killer; NRBC nucleated red blood cells.
®N = 71 for maternal smoking during pregnancy due to missing.
PWe collected 12-month microbiome samples for 44 infants.

gut, several taxa were nominally associated with immune cells (p < 0.05). Increased abundance of B cells in the
cord blood was positively associated with an abundance of Enterobacter (p = 0.002), Anaerostipes (p = 0.015),
and Streptococcus (p = 0.019) (Figure 1, Table S1). Monocytes were negatively associated with Bifidobacte-
rium (p = 0.015) (Figure 1, Table S1). Higher proportions of NK cells were positively associated with Entero-
bacteriaceae (p = 0.007) and negatively associated with Bifidobacterium (p < 0.001) (Figure 1, Table S1).
NRBC were positively associated with Flavonifractor (p = 0.017), Blautia (p = 0.012), and Lachnospiraceae
(p = 0.020) (Figure 1,Table S1). Granulocytes were negatively associated with Anaerostipes (p = 0.020) and
Flavonifractor (p = 0.037) and positively associated with Bifidobacterium (p = 0.002) (Figure 1, Table S1).
No associations were found for CD4" T-lymphocytes and CD8" T-lymphocytes. After false discovery rate
(FDR) correction for multiple hypotheses, three associations were found to be statistically significant: B cells
and Enterobacter, NK cells and Bifidobacterium, and granulocytes and Bifidobacterium.

Sensitivity analyses

We conducted a sensitivity analysis on 54 infants born vaginally, because both cord blood immune cells and
infant gut microbiome compositions can vary by delivery mode.”'? The three associations found in the
original analysis were also found in the subset of infants delivered vaginally. Furthermore, some associa-
tions that were nominally significant were statistically significant at the FDR level (Table S2). These include
the positive association between B cell and Anaerostipes (p = 0.004, FDR-adjusted p = 0.036) and the pos-
itive association between NK cells and Enterobacteriaceae (p < 0.001, FDR-adjusted p = 0.002) (Table S2).
Some additional nominally associated relations were observed for NRBC and Enterobacteriaceae,
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Figure 1. Associations between cord blood immune cells and bacterial family and genera in the infant gut microbiome

Cladogram plot for the relationship between cord immune cells and the gut microbiome. Red represents the positive coefficient of the immune cell on the
abundance of taxa, whereas blue represents the negative coefficient of the immune cell on the abundance of taxa. Abbreviations: NK natural killer; NRBC
nucleated red blood cells.

Staphylococcus, and Clostridium sensu stricto, but they were not statistically significant after FDR correc-
tion (Table S2). Results for single time period analyses for 6-week stool and 12-week stool are provided in
Tables S3 and S4 respectively.

DISCUSSION

In our prospective study of infants in the New Hampshire Birth Cohort Study (NHBCS), we found differences
in immune cell proportions in the cord blood related to the developing gut microbiome. Abundances of
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B cells, monocytes, NK cells, nucleated red blood cells, and granulocytes were associated with several bac-
terial families and genera in the infant’s gut, including Bifidobacterium.

The immune system in the newborn isimmature and may be affected by several external factors. A previous
study of infants in the NHBCS found that maternal exposure to arsenic and cadmium were associated with
T cell proportions in cord blood."" Infants delivered following uncomplicated pregnancies and delivered
vaginally demonstrated higher counts of NK cells and granulocytes because of the physical stress and
normal cortisol release during labor compared to cesarean section born babies.”'?

Studies suggest a possible link between the early immune system and the gut microbiome; the innate and
adaptive immune cells of neonates evolve with maturing intestinal epithelial cells.”® In this bidirectional
relationship, the gut microbiome aids in the maturation of the early immune system whereas the immune
system regulates host-microbe symbiosis."'* The immature immune system’s blunted cytokine response
and T cell and B cell production allows the establishment and tolerability of microbiota in the gut.”>'®
Mice and human studies have shown differential colonization of bacteria depending on presence of
IgA."""® Furthermore, many Th cells produce cytokines that aid in protecting the intestinal epithelium.'”
Previous studies have shown that reduction in Bifidobacteriaceae in the gut microbiome was associated
with expanded populations of neutrophils, basophils (both of them granulocytes), plasmablasts, and mem-
ory CD8"T cells, indicating an activation of the newborns’ immune system.?® Less is known about NK and
Bifidobacterium. Cesarean section has been shown to be associated with both lower levels of leukocytes,
hemoglobin, cytokines in cord blood and lower Bifidobacterium in transitional stool compared to vaginal
deliveries.?’ On the other hand, the early colonization by Escherichia coli and other Enterobacteriaceae has
been associated with changes in B cell modulation later in life, mainly related to allergy responses that are
more common in cesarean section than in vaginal deliveries.”” Our analysis indicates that newborns’ im-
mune proportions in cord blood have an association with later gut microbiome for infants delivered
vaginally.

A strength of our study is the use of a novel procedure using DNA methylation arrays to infer immune cell
composition in cord blood.”*?* This allowed us to estimate the immune system cell proportions of newborn
infants using cell DNA instead of intact cells for cell proportions quantification, using a validated method
versus traditional flow cytometry.”® Unlike traditional flow cytometry, this does not limit the collection to
fresh samples with intact cell surface markers, neither to the number of color channels and antibodies
selected for a specific experiment, or the potential biases during gating procedures.”® In the future, addi-
tional cell specific analyses could be incorporated, as newer more comprehensive libraries become
available.”’

Limitations of the study

One limitation of our analyses is the sample size. Although we found associations in our sensitivity analyses
on infants delivered vaginally, a more comprehensive stratified analysis with a larger sample size is war-
ranted to find specific associations within vaginal and cesarean deliveries. Furthermore, we cannot estab-
lish a direct causal link between the immune composition and the later gut microbiome. Another limitation
includes the possibility of unmeasured confounding that may impact cord blood immune cell proportions
and the infant gut microbiome. Finally, we could not identify specific species and strain of bacteria associ-
ated with immune cell proportions; further analyses with metagenomics data are warranted.

In conclusion, our data indicate that early adaptations in the newborn’s immune system may play a role in
the infant’s later establishment of some of the gut microbiome population. Additional longitudinal mea-
surements of changes in the gut microbiota and immune cell composition may help to further understand
the bidirectional relationship between immunity and the gut microbiome.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:
o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY

O Lead contact
O Materials availability
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O Data and code availability

o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Study design

o METHOD DETAILS
O Cord blood collection
O Infant stool collection and profiling

o QUANTIFICATIONS AND STATISTICAL ANALYSIS
O Statistical analysis

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.105833.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Margaret R. Karagas Margaret.R.Karagas@dartmouth.edu.

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The microbiome data used in this study can be found at Sequence Read Archive: http://www.ncbi.nlm.
nih.gov/sra under accession number PRINA296814.

@ Code required to reanalyze the data reported in this paper is available on Github: https://github.com/
yukamoro/GutMicrobiome_CordBloodImmuneCell/tree/jiezhou

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design

This study includes mother-infant dyads from the prospective NHBCS. The NHBCS recruited pregnant
women aged 18 to 45 who received prenatal care at study clinics in New Hampshire, USA starting in January
2009."%3" Women living in the same household since their last menstrual period, not planning to move,
living in a residence served by a private water system, and with a singleton pregnancy were eligible to
participate. Participants completed surveys, including questions on sociodemographic factors and life-
styles such as smoking history. Pre-pregnancy body mass index (BMI) and infant birth characteristics
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were ascertained from a review of the medical delivery records. All protocols were approved by the Com-
mittee for the Protection of Human Subjects at Dartmouth College. Participants provided written informed
consent upon enrollment.

METHOD DETAILS

Cord blood collection

We collected cord blood samples of participants at the time of delivery. DNA was extracted from samples
using DNeasy® blood and tissue kits (Qiagen, Valencia, CA) and was bisulfite converted using the EZ DNA
Methylation kits (Zymo, Irvine, CA).”* Samples were randomized across several plates and subsequently
subjected to epigenome-wide DNA methylation assessment. Infinium HumanMethylation450k (105 sam-
ples) and Infinium HumanMethylationEPIC (237 samples) (lllumina, San Diego, CA). Following standard
protocols, microarrays were processed at the Biomedical Genomics Center at the University of Minnesota
(Minneapolis, MN). Beta values were extracted using minfi*® based on the ratios of the fluorescent signals
(red and green) from the idat files. Umbilical cord blood cell estimates were obtained using the FlowSor-
ted.CordBloodCombined.450k”” library using the library derived from the IDOL procedure.* This method
uses a highly curated reference with high purity for seven cell types (granulocytes, CD8(+) T cells, CD4(+)
T cells, B cells, NK, monocytes, and nucleated red blood cells). The reference includes children from
different genetic ancestries. Using the IDOL procedure, we can estimate the cell composition for these
samples accurately, minimizing potential biases during the calculation. Using the Houseman constrained
projection/quadratic programming, the estimation was performed through the FlowSorted. Blood.EPIC
library in Bioconductor.”**® After the estimation, the proportions were converted to percentages with
only one decimal point to reduce floating-point approximation errors.

Infant stool collection and profiling

We collected infant stool samples at approximately 6 weeks and 12 months of age.'%** These samples were
aliquoted and frozen at —80°C, and DNA was extracted from thawed samples using Zymo DNA extraction
kit (Zymo Research, Irvine, CA). OD260/280 nanodrop was used to measure sample quality and purity. Sam-
ples were sent to Marine Biological Laboratory in Woods Hole, Massachusetts, for bacterial 16S rRNA gene
sequencing of the V4-V5 hypervariable region using Illumina MiSeq (lllumina, San Diego, CA). We amplified
samples in triplicate with one negative control for quality control.'® We inferred amplicon sequence vari-
ants (ASVs) using DADA2? and assigned taxonomies using the SILVA database.””

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Statistical analysis

We applied GEE*** to estimate the parameters in the proposed model, which can yield consistent esti-
mates of the parameters and their variance estimates. Using this approach, let w;; be the abundance of
a given ASV for subject i at time point t, m;; the total abundance of all ASVs for subject i at time point t.
Binomial distribution is then employed to model the relationship between wi; and my,

wi; ~ Binomial(mj, z) (Equation 1)

log (1—iz> = Qg + a1X] + Xp + o+ arXy (Equation 2)

where z represents the probability of a random-sampled microbe falling into the given ASV. For probability
z, we assume it relates to a given immune cell through the Equation 2, where x; represents the concentra-
tion of a given immune cell, x, to x; are the covariates, which include respectively delivery mode, infant sex,
infant birth weight, gestational age, maternal enrollment age, maternal smoking during pregnancy, and
alpha diversity of the infant’s gut. For each ASV, the GEE procedure was carried out using the R package
geepack.” Then we control the FDR?’ to select significant ASVs under the criterion FDR <0.35. Missing
data for confounding variables were assumed to be missing completely at random at imputed using mul-
tiple imputations by chained equations and the predictive mean matching method with the R package
mice.”®
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