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Abstract

Background: Human milk oligosaccharides (HMOs) shape the developing gut microbiome and influence immune
function. Aside from genetic Secretor status, the factors influencing HMO synthesis and secretion are largely unknown.
Objective: \We aimed to identify modifiable and nonmodifiable factors associated with HMO concentrations.
Methods: This prospective observational study included a representative subset of 427 mothers participating in the
CHILD birth cohort (mean age: 33y, 73% Caucasian). Breast milk was collected at 3-4 mo postpartum. Concentrations
of 19 predominant HMOs were measured by rapid high-throughput HPLC. Secretor status was defined by the presence
of 2'-fucosylactose. Associations with maternal, infant, and environmental factors were explored using multivariable
regression. Breastfeeding duration was explored as a secondary outcome.

Results: Overall, 72% of mothers were Secretors and the mean + SD duration of any breastfeeding was 12.8 + 5.7 mo.
HMO profiles were highly variable; total HMO concentrations varied 3.7-fold and individual HMOs varied 20- to >100-
fold. Secretor mothers had higher total HMO concentrations than did non-Secretors (mean: 15.91 + 2.80 compared
with 8.94 + 1.51 umol/mL, P < 0.001) and all individual HMOs differed by Secretor status, except for disialyllacto-
N-tetraose (DSLNT). Most HMO concentrations were lower in milk collected later in lactation, although some were
higher including DSLNT and 3'-sialyllactose. Independent of Secretor status and lactation stage, seasonal and geographic
variation was observed for several HMOs. Parity, ethnicity, and breastfeeding exclusivity also emerged as independent
factors associated with some HMOs, whereas diet quality and mode of delivery did not. Together, these factors explained
between 14% (for 6'-sialyllactose) and 92% (for 2'-fucosyllactose) of the observed variation in HMO concentrations.
Lower concentrations of lacto-N-hexaose or fucodisialyllacto-N-hexaose were associated with earlier breastfeeding
cessation.

Conclusions: HMO concentrations vary widely between mothers and are associated with multiple characteristics
beyond genetic Secretor status, as well as feeding practices and environmental factors. Further research is warranted to
determine how these associations affect infant health. This study was registered at clinicaltrials.gov as NCT03225534.
J Nutr2018;148:1-10.
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Introduction This variation may be related to differences in maternal
characteristics (e.g., age, parity, and genetics) and exposures
(e.g., diet, environment, and lifestyle) that influence mammary
gland function and milk composition. In addition to nutrients,

Breastfeeding has many established benefits for maternal and
child health (1), yet there is considerable variation in the
associations observed across different settings and populations.
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human milk contains many bioactive components that support
healthy infant development (2). These include probiotic bacteria
(3) and prebiotic oligosaccharides (4) that drive development
of the infant microbiota (5-7), a complex community of
commensal microbes that contributes to host metabolism,
immunity, and health across the life span (8, 9).

Human milk oligosaccharides (HMOs) are complex car-
bohydrates that are highly abundant in human milk, but
are absent from most infant formulas (10-12). One liter of
human milk contains 5-15 g of HMOs, which exceeds the
concentration of all milk proteins combined (4). Although
they are only minimally digested by the infant, HMOs act as
selective prebiotics for the gut microbiota (13). Studies by our
group and others have found associations between HMOs and
epithelial cell maturation (14), infant body composition (15),
and protection from necrotizing enterocolitis (16) and viral
infections (17).

More than 100 HMOs have been identified, although <20
typically account for >90% of total HMO content, with
the amount and composition varying substantially between
women (11). Little is known about the maternal factors
driving this variability, aside from the activity of galactoside
2-a-L-fucosyltransferase 2 (FUT2) and galactoside 3/4-L-
fucosyltransferase (FUT3), which determine the synthesis of
fucosylated HMOs (4). In a recent cross-sectional investigation,
our lab profiled HMO composition in 410 healthy women
from 11 international settings, finding substantial ethnic and
geographic variation in FUT2 Secretor status (ranging from
65% to 98%) and HMO profiles (18). These differences
support a genetic basis for HMO variation, but differences
were also observed between genetically similar populations
living in different locations, suggesting that sociocultural and
environmental factors may also play a role. However, the
specific factors contributing to HMO variability remain poorly
understood.

The objective of this exploratory study was to characterize
HMO profiles in a large cohort of healthy mothers, and to
identify fixed, modifiable, and environmental factors associated
with HMO variability. In addition, we examined the association
of HMO concentrations with breastfeeding duration.

Supported by Research Manitoba, the Canadian Institutes of Health Research,
and the Allergy, Genes and Environment Network of Centres of Excellence.
Author disclosures: MBA, BR, FA, ABB, PS, TUM, PJM, SET, DLL, MRS, and LB,
no conflicts of interest.

MBA holds a Canada Research Chair in the Developmental Origins of Chronic
Disease. MRS holds the AstraZeneca chair in Respiratory Epidemiology.
LB gratefully acknowledges the generous support of the Family Larsson-
Rosenquist Foundation. These entities had no role in the design and conduct
of the study; collection, management, analysis, and interpretation of the data;
preparation, review, or approval of the manuscript; or decision to submit for
publication.

Supplemental Tables 1-3 and Supplemental Figures 1 and 2 are available from
the “Supplementary data” link in the online posting of the article and from the
same link in the online table of contents at https://academic.oup.com/jn/.
Address correspondence to MBA (e-mail: meghan.azad@umanitoba.ca).
Abbreviations used: CHILD, Canadian Healthy Infant Longitudinal Development;
DFLac, difucosyllactose; DFLNT, difucosyllacto-N-tetrose; DSLNH, disialyllacto-
N-hexaose; DSLNT, disialyllacto-N-tetraose; FDR, false discovery rate; FDSLNH,
fucodisialyllacto-N-hexaose; FUT2, galactoside 2-a-L-fucosyltransferase; HMO,
human milk oligosaccharide; LNFP I/II/Ill, lacto-N-fucopentaose-I/II/Ill; LNH,
lacto-N-hexaose; LNNT, lacto-N-neotetraose; LNT, lacto-N-tetrose; LSThb/c, sialyl-
lacto-N-tetraose b/c; 2'FL, 2'-fucosyllactose; 3FL, 3-fucosyllactose; 3'SL, 3'-
sialyllactose; 6'SL, 6'-sialyllactose.

2 Azad et al.

Methods

Design and study population

This clinical study was embedded in the Canadian Healthy Infant
Longitudinal Development (CHILD) Study (19) (NCT03225534).
Pregnant women (7 = 3407) were recruited in the general CHILD
cohort between 2009 and 2012 across 4 sites in Canada (Vancouver,
Edmonton, Manitoba, and Toronto). Healthy infants born at >335 weeks
of gestation remained eligible for enrolment (7 = 3264). We analyzed a
representative subset (7 = 427) of mother-infant dyads who provided a
milk sample at 3-4 mo postpartum and had complete data on maternal
diet, maternal BMI, and infant BMI (Supplemental Figure 1). This subset
was randomly selected with equal weighting across study sites. This was
a secondary analysis; the sample size was initially powered to detect a
>10% variation in human milk leptin. This subset was representative
of all eligible dyads with respect to sociodemographic and obstetric
variables (Table 1). The primary outcome of this exploratory study was
the concentration of total and individual HMOs. Breastfeeding duration
was examined as a secondary outcome to explore whether HMOs might
influence or serve as a biomarker of milk supply or other factors related
to breastfeeding cessation. This study was approved by the Human
Research Ethics Boards at McMaster University and the Universities of
Manitoba, Alberta, Toronto, and British Columbia.

Breast-milk collection and HMO analysis

Mothers were instructed to express, combine, and refrigerate samples
of foremilk and hindmilk from multiple feeds during the 24 h before
the CHILD Study home visit at 3-4 mo postpartum (median: 16 wk,
IQR: 14-19 wk) (20). Hand expression was encouraged, although
pump expression was also accepted. Samples were stored at —80°C
until analysis. As previously described (18), raffinose was added to
each sample as an internal standard for absolute quantification. HMOs
were isolated by high-throughput solid-phase extraction, fluorescently
labeled, and analyzed by HPLC with fluorescence detection. Nineteen
HMOs (listed in Figure 1) were quantified based on standard retention
times and mass spectrometric analysis. These 19 HMOs typically
account for >90% of total HMO content; their concentrations were
summed to estimate total HMO concentration. The relative abundance
of each HMO was also calculated. FUT2 “Secretor status” was defined
by the presence or near absence of 2’-FL. Total HMO-bound fucose
and total HMO-bound sialic acid were calculated. To assess the
overall diversity of HMO composition, Simpson’s Diversity index was
calculated as the reciprocal sum of the square of the relative abundance
of each HMO.

Exposure variables

In this exploratory analysis, we assessed a variety of factors that could
plausibly influence HMO composition, based on previous research and
hypothesized mechanisms of HMO synthesis and secretion. Maternal
age, ethnicity, education (postsecondary degree), smoking, parity, and
multivitamin use were self-reported during pregnancy. A validated FFQ
(21,22) was administered during late pregnancy to capture usual dietary
intake during this pregnancy, and used to estimate total energy intake
(kilocalories per day) and the Healthy Eating Index score (23). Maternal
prepregnancy BMI was derived from measured height and self-reported
prepregnancy weight, validated against health records (24). Maternal
overweight and obesity were defined as BMI (kg/m?) >25.0 and >30.0,
respectively. The nurse at delivery recorded infant sex, gestational age,
birth weight, and mode of delivery. Infant feeding practices, including
age at weaning and introduction of formula or complementary foods,
were reported by mothers by standardized questionnaire at 3, 6, 12,
18, and 24 mo (25) and used to determine total breastfeeding duration
and breastfeeding status at the time of sample collection: exclusive
(breast milk only) or partial (breast milk supplemented with formula,
solid foods, or both). Lactation stage (weeks postpartum) and season
(calendar month) were also documented.

Statistical analysis
All statistical analyses were performed using R (version 3.3.2; R
Foundation for Statistical Computing). To address potential selection
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TABLE 1 Characteristics of the study population compared
with all eligible dyads in the CHILD cohort'

Subset for this All eligible? dyads

analysis (n = 427) (n = 2536)
Mother
Age,y 33.0+42 327+42
Diet quality, HEI-2010 score 740483 737+83
Prenatal multivitamin intake 280(71.6) 281(71.5)
Site
Edmonton 107 (25.1) 566 (22.3)
Toronto 107 (25.1) 580(22.9)
Vancouver 107 (25.1) 646 (25.5)
Winnipeg 106 (24.8) 744(29.3)
Ethnicity
Asian 78(18.3) 403 (16.0)
Caucasian 314(73.5) 1870 (74.3)
First Nations 17 (4.0) 87(3.5)
Other 18(4.2) 158 (6.3)
Prepregnancy BMI, kg/m? 247 +64 245+6.3
Normal: <25 279(65.3) 1598 (66.9)
Overweight: >25-30 88(20.6) 509(21.3)
Obese: >30 60(14.1) 282(11.8)
Gestational weight gain
Inadequate 38(14.3) 242 (14.5)
Adequate 104 (39.2) 685 (40.9)
Excessive 123 (46.4) 747 (44.6)
Parity
0 234 (54.8) 1345 (53.1)
1 136 (31.9) 860(33.9)
>2 57(13.3) 330(13.0)
Postsecondary degree 352 (83.0) 1979 (80.3)
Infant
Sex, male 220(51.5) 1338 (52.8)
Gestational age at birth, wk 392412 392412
Birthweight, g 3470 £ 477 3450 + 479
Method of birth
Elective cesarean 48 (11.4) 264 (10.6)
Emergency cesarean 52 (12.4) 339(13.6)
Vaginal 321(76.2) 1893 (75.8)
Milk sample and breastfeeding
Lactation stage, wk postpartum 17.1+50 16.5+5.0
Season of sample collection
Spring (March-May) 82(19.2) 604 (23.9)
Summer (June—August) 113(26.5) 698 (27.6)
Fall (September—November) 121(28.4) 623 (24.6)
Winter (December—February) 110(25.8) 606 (23.9)
Method of sample collection
Hand expression 25(5.9) 203(8.7)
Pumped 101(23.7) 575 (24.8)
Unknown 301(70.5) 1545 (66.5)
Exclusive BF at time of sample 213(51.2) 1393 (55.9)
Duration of exclusive BF, mo 36+23 37+£23
Duration of any BF, mo 128 £57 125+56
FUTZ secretor status, positive 307 (71.9) Unknown

"Values are n (%) or means + SDs. Percentages reflect proportion of nonmissing data.
BF, breastfeeding; CHILD, Canadian Healthy Infant Longitudinal Development; FUT2,
2-a-L-fucosyltransferase 2; HEI, Healthy Eating Index.

2Those who breastfed >12 wk and provided a milk sample.

bias, characteristics of dyads included in this analysis were compared
with all eligible dyads (those breastfed for >12 wk) via ¢ tests
and chi-square tests (Table 1). HMO profiles were visualized using
ggplot and summarized using descriptive statistics. Nonparametric
Spearman rank correlation, Mann-Whitney, and Kruskal-Wallis tests
were used to assess bivariate associations between HMOs (non-
normally distributed), Secretor status, and other exposure variables;
associations were visualized using heat maps with hierarchic clustering
(ComplexHeatmap), correlograms (ggcorrplot), boxplots (ggplot2),and
scatterplots with linear or polynomial fits (ggplot2). Multivariable
linear regression was used to address potential confounding bias and
identify factors independently associated with HMO concentrations
and diversity (dependent variables; log-transformed and converted to
z scores). Candidate factors (independent variables) were selected a
priori (maternal age, Secretor status, lactation time, infant sex, and
method of birth) or identified through bivariate analyses (all variables
demonstrating a significant association (P < 0.05) with any HMO
were included in all models). Regression results [adjusted B estimates
(aB) and P values| were summarized visually with a correlogram.
The association of HMO concentrations (as independent predictor
variables) and breastfeeding duration (as the dependent outcome
variable) was determined using linear regression, adjusting for potential
confounders (lactation time postpartum and breastfeeding exclusivity at
sample collection, ethnicity, parity, and study site) and known predictors
of breastfeeding duration identified from the literature (maternal BMI,
education, and diet quality as a proxy for lifestyle). Dyads with missing
data for exposure variables included in the multivariable model were
excluded. False discovery rate (FDR) correction was applied to adjust
for multiple comparisons.

Results

The mean £ SD maternal age was 33.0 & 4.2 y; the majority of
mothers were Caucasian (73 %) and had a postsecondary degree
(83%) (Table 1). Fifty-five percent were first-time mothers and
24% delivered by cesarean delivery. The mean + SD lactation
stage was 17.1 £ 5.0 wk postpartum; over half (52%) of
mothers were exclusively breastfeeding at this time, whereas the
remainder were supplementing with formula (27%), solid foods
(12%), or both (8%). Total HMO concentrations ranged from
5.8 t0 21.4 umol/mL (mean % SD: 14.0 4= 4.0). The mean 4 SD
duration of any breastfeeding was 12.8 & 5.7 mo.

HMO profiles

Overall, 307 (72%) mothers were Secretors and 120 (28%)
were non-Secretors. Caucasian mothers were more likely to
be Secretors than Asian mothers (74% and 60%, respectively,
P = 0.04) (Supplemental Table 1). As expected, non-Secretor
mothers produced significantly less HMOs (mean =+ SD:
8.94 + 1.51 compared with 15.90 & 2.80 umol/mL, P < 0.001)
and this difference was primarily due to the absence of 2’-
fucosyllactose (2°FL), which accounted for 38.6% =+ 14.6% of
total HMOs in Secretor milk (Figure 1, Supplemental Tables
2 and 3). Within Secretor groups, HMO profiles were highly
variable between mothers, in terms of total HMO content
(range: 7.68-21.40 pumol/L among Secretors and 5.80-13.70
umol/L among non-Secretors) and relative HMO composition
[e.g., 1.2-74.3% 2°FL among Secretors; 6.0-56.2% lacto-N-
tetrose (LNT) among non-Secretors].

In addition to expected differences in FUT2-dependent
HMOs [2°FL, difucosyllactose (DFLac), and lacto-N-
fucopentaose (LNFP) I], most other HMOs also differed
significantly by Secretor status, with the exception of 6’-
sialyllactose (6°SL) and disialyllacto-N-tetraose (DSLNT)
(Figure 1C). Some were present at higher concentrations in
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FIGURE 1 HMO concentrations (A, C) and relative composition (B) among 427 Canadian mothers in the CHILD cohort, overall (A, B) and by
Secretor status (C). (A) Absolute HMO concentrations (nmol/mL) and (B) relative HMO composition (percentage of total HMO) for individual
mothers sorted by Secretor status and total HMO concentration, and mean values by Secretor status. (C) HMO concentrations by Secretor status,
compared by Mann-Whitney test with false discovery rate adjustment for multiple comparisons. ns, P> 0.05; P < 0.05; #P < 0.01; * P < 0.001.
Boxes indicate 1QRs; grey dots indicate medians; whiskers indicate ranges (IQRs), excluding outliers; open circles indicate outliers: values
below (-1.5*IQR), or > (+1.5*IQR). CHILD, Canadian Healthy Infant Longitudinal Development; DFLac, difucosyllactose; DFLNH, difucosyllacto-
N-hexaose; DFLNT, difucosyllacto-N-tetrose; DSLNH, disialyllacto-N-hexaose; DSLNT, disialyllacto-N-tetraose; FDSLNH, fucodisialyllacto-N-
hexaose; FLNH, fucosyllacto-N-hexaose; Fucose, human milk oligosaccharide-bound fucose; HMO, human milk oligosaccharide; LNFP 1/1I/111,
lacto-N-fucopentaose-I/Il/IIl; LNH, lacto-N-hexaose; LNnT, lacto-N-neotetraose; LNT, lacto-N-tetrose; LSTb/c, sialyl-lacto-N-tetraose b/c; Non-Sec,
non-Secretors; Sec, Secretors; Sialic Acid, HMO-bound Sialic Acid; 2'FL, 2'-fucosyllactose; 3FL, 3-fucosyllactose; 3'SL, 3'-sialyllactose; 6'SL,

6'-sialyllactose.

Secretor milk [3-fucosyllactose (3FL), 3’-sialyllactose (3’SL),
difucosyllacto-N-tetrose (DFLNT), and sialyl-lacto-N-tetraose
¢ (LSTc)], whereas others were enriched in non-Secretor milk
[LNFP II, LNFP III, LNT, sialyl-lacto-N-tetraose (LSTb),
fucodisialyllacto-N-hexaose (FDSLNH), and disialyllacto-N-
hexaose (DSLNH)] (all P < 0.001).

Clustering and correlation between HMOs

As expected, FUT2-dependent HMOs (2°FL, DFLac, and
LNFP 1) clustered together and their concentrations were
positively correlated (Spearman p = +0.37 to +0.70)
(Figure 2A). These and other HMOs enriched in Secretor milk
(i.e., 3FL, 3’SL, and DFLNT) were negatively correlated with
HMOs enriched in non-Secretor milk (LNFP II, LNFP III, LNT,
LSTb, and FDSLNH). 6’SL and DSLNT, the 2 HMOs that were
not associated with Secretor status, clustered together and did
not correlate with any other HMOs. Some distinct correlations
emerged after stratifying by Secretor status (Figure 2B, C);
for example, in non-Secretor milk, DSLNT was negatively
associated with 3FL (p = —0.56) and positively associated with
3’SL (p = +0.62), whereas neither correlation was observed in
Secretor milk (p = 0.04 and —0.03, respectively).

Univariate analyses of HMOs by stage of lactation and
season of collection

Total HMO concentration and diversity were relatively stable
across the lactation period captured in our study (6-39 wk
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postpartum); however, we observed significant differences for
several individual HMOs (Figure 3A). Regardless of Secretor
status, the following HMOs were lower in milk collected later
in lactation: lacto-N-hexaose (LNH), difucosyllacto-N-hexaose
(p = —0.21 and —0.235, respectively), and especially LSTc and
fucosyllacto-N-hexaose (p = —0.32 and —0.34, respectively). In
contrast, 2 HMOs had consistently higher concentrations later
in lactation: 3°SL (p = +0.17) and DSLNT (p = +0.28). Among
Secretors only, 6°SL, LNFP I, and DSLNH concentrations were
lower later in lactation, whereas 3FL, DFLac, and LNFP III
concentrations were higher. Other HMOs were not correlated
with lactation time (e.g., LNFP II, DFLNT, FDSLNH). Most
HMOs did not obviously differ by season of collection, with 1
exception: LNFP III concentrations were significantly lower in
milk collected during winter or spring compared with summer
or fall (Figure 3B).

Univariate analysis of HMOs and maternal diet

Total HEI score, reflecting overall diet quality, was not
correlated with HMO concentrations (Supplemental Figure 2).
Total HMO concentration was not correlated with any
individual HEI component, although a few components were
associated with individual HMOs. Fucosyllacto-N-hexaose was
positively correlated with whole grains and LSTb was negatively
correlated with total protein and empty calories. LNT and
difucosyllacto-N-hexaose were positively correlated with total
energy intake. However, these associations were relatively weak
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FIGURE 2 Correlation between HMO concentrations among 427
Canadian mothers in the CHILD cohort, overall (A) and by Secretor
status (B, C). HMOs were clustered according to their correlation
pattern among all samples; the same order was applied in analyses
stratified by Secretor status. Color and shading reflect direction and
strength of Spearman rank correlation coefficients (blue = negative;
red = positive; white = no correlation; darker = stronger corre-
lation). CHILD, Canadian Healthy Infant Longitudinal Development;
DFLac, difucosyllactose; DFLNH, difucosyllacto-N-hexaose; DFLNT,
difucosyllacto-N-tetrose; DSLNH, disialyllacto-N-hexaose; DSLNT,
disialyllacto-N-tetraose; FDSLNH, fucodisialyllacto-N-hexaose; FLNH,
fucosyllacto-N-hexaose; Fucose, HMO-bound fucose; HMO, human
milk oligosaccharide; LNFP I/II/lll, lacto-N-fucopentaose-I/II/IIl; LNH,
lacto-N-hexaose; LNnT, lacto-N-neotetraose; LNT, lacto-N-tetrose;
LSTb/c, sialyl-lacto-N-tetraose b/c; Sialic Acid, HMO-bound Sialic Acid;
2'FL, 2'-fucosyllactose; 3FL, 3-fucosyllactose; 3'SL, 3'-sialyllactose;
6'SL, 6'-sialyllactose.

(range: p = —0.11 to +0.15) and were nonsignificant after FDR
correction.

Multivariable analysis: factors associated with HMO
composition

In multivariable models predicting HMO concentration z scores
(Figure 4), positive Secretor status (af = +1.81 z score; 95% CI:
1.67, 1.94 z score) and lactation stage (a = —0.09/mo; 95%
CL: —0.17, —0.004/mo) were the only factors independently
associated with total HMO concentration. However, in addition
to these 2 factors, several other nonmodifiable, modifiable, and
environmental factors were associated with individual HMO
concentrations.

Nonmodifiable factors. Secretor status was strongly associ-
ated with most individual HMO concentrations, with adjusted
estimates ranging from —1.24 (LNFP II) to +2.12 (2’FL).
DSLNT was the only HMO not associated with Secretor status
in adjusted models. About half of individual HMOs (9/19) were
significantly associated with lactation stage in adjusted models,
including DSLNT (a = +0.23/mo; 95% CI: 0.10, 0.36/mo)
and LSTc (aB = —0.24/mo; 95% CI: —0.37, —0.12/mo). Other
significant nonmodifiable factors included maternal age (lower
DFLNT concentrations in older mothers), parity [higher lacto-
N-neotetraose (LNnT) and LNT, and lower 3FL in multiparous
mothers], and ethnicity (higher LSTc and lower FDSLNH in
Asian compared with Caucasian mothers).

Modifiable factors. Few of the modifiable factors examined
were associated with HMO concentrations. LNH was lower
in obese mothers and DSLNH was higher in those taking
multivitamins. Solid food introduction was associated with
higher LNnT and lower 3FL, whereas formula supplementation
was associated with higher 6’SL and LSTb. Maternal diet
quality and method of delivery were not associated with HMO
concentrations.

Environmental factors. Independent of the above factors,
some HMOs differed by study site (e.g., compared with
Toronto: higher LNT in Edmonton and Vancouver; lower
DFLNT in Edmonton and Winnipeg; lower LNnT in Vancou-
ver). In addition, the seasonal differences observed in LNFP III
(lower in spring) were confirmed in adjusted models, and several
other seasonal patterns emerged (e.g., higher LNnT and lower
6’SL in winter; higher DSLNT in spring).
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FIGURE 3 Correlation of HMO concentrations with lactation time postpartum (A) and calendar month of sample collection (B) among 427
Canadian mothers in the CHILD cohort, by Secretor status. Each dot represents 1 sample. Colors indicate Secretor status (pink = non-Secretor,
blue = Secretor). Lines (A) and curves (B) indicate linear and polynomial fits, respectively, separately for non-Secretors and Secretors. (A) Some
HMO concentrations are significantly lower (=) or higher (+) in milk collected later in lactation; Pvalue thresholds were applied after false discovery
rate correction for multiple comparisons. (B) Most HMOs are not associated with calendar month of collection, but LNFP Il concentrations peak
in the fall (month 10). CHILD, Canadian Healthy Infant Longitudinal Development; DFLac, difucosyllactose; DFLNH, difucosyllacto-N-hexaose;
DFLNT, difucosyllacto-N-tetrose; DSLNH, disialyllacto-N-hexaose; DSLNT, disialyllacto-N-tetraose; FDSLNH, fucodisialyllacto-N-hexaose; FLNH,
fucosyllacto-N-hexaose; Fucose, HMO-bound fucose; HMO, human milk oligosaccharide; LNFP I/1l/Ill, lacto-N-fucopentaose-I/Il/Ill; LNH, lacto-
N-hexaose; LNNT, lacto-N-neotetraose; LNT, lacto-N-tetrose; LSTb/c, sialyl-lacto-N-tetraose b/c; Sialic Acid, HMO-bound Sialic Acid; 2'FL, 2'-
fucosyllactose; 3FL, 3-fucosyllactose; 3'SL, 3'-sialyllactose; 6'SL, 6'-sialyllactose.

Together, these nonmodifiable, modifiable, and environmen-
tal factors explained 70% of the observed variation in total
HMO concentrations. The variation explained for individual
HMOs ranged from 14% (LNnT) to 92% (2°FL) and was
generally higher for FUT2-dependent HMOs. Associations with
study site, maternal age, and BMI were not significant after FDR
correction. The following variables were not associated with
HMO concentrations in univariate analyses (not shown) and
were therefore not included in multivariable models: smoking,
infant birth weight, and gestational age (range examined:

36-41 wk).

HMOs and breastfeeding duration

Breastfeeding duration did not differ by Secretor status (13.0
mo among non-Secretors compared with 12.8 mo among
Secretors); however, several HMOs were significantly associated
with breastfeeding duration (Figure 5). Each z score increase
in LNH was associated with a 1-mo increase in breastfeed-
ing duration (af = +0.96 mo; 95% CI: 0.40, 1.52 mo),
independent of lactation time and breastfeeding exclusivity
at milk sample collection, and other potential confounders.
Higher FDSLNH was also associated with longer breastfeeding
duration (af = +0.64 mo; 95% CI: 0.13, 1.15 mo) whereas an
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inverse association was found for 3°SL (a = —0.54 mo; 95%
CI: —1.07, —0.02 mo).

Discussion

Our results from the general population-based CHILD cohort
show that HMO content and composition are highly variable
between mothers, and identify several fixed and modifiable
factors associated with this variation. Total HMO content
varied by 3.7-fold and individual HMO concentrations varied
by 20- to >100-fold. Although this variation was strongly
associated with Secretor status, considerable variation was
also observed within Secretor groups (2-3-fold difference
in total HMO; 8- to >100-fold difference in individual
HMOs), indicating that other factors play a significant role
in determining HMO content and composition. Indeed, we
found significant and independent associations between HMO
composition and lactation stage, parity, ethnicity, city of resi-
dence, season of milk collection, and breastfeeding exclusivity.
Aside from Secretor status, most factors were associated with
only 1 or a few individual HMOs, suggesting that distinct
mechanistic pathways influence the synthesis of different
HMOs.
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FIGURE 4 Summary of multivariable analysis of modifiable, nonmodifiable, and environmental factors and HMO composition among
427 Canadian mothers in the CHILD cohort. Beta estimates are from multivariable linear regression models for each HMO (absolute
concentrations were log-transformed, then converted to z scores). Coloring reflects direction and magnitude of effect estimate. ~P < 0.05,
*P < 0.05 after false discovery rate adjustment for multiple comparisons. Predictor variables were selected a priori (maternal age, Secretor
status, lactation stage, method of delivery, infant sex) or based on univariate analyses. Other variables considered in univariate analyses,
showing no significant associations with HMOs, included: maternal smoking, infant birth weight, and infant gestational age (range 36—
41 wk). BM, breast milk; CHILD, Canadian Healthy Infant Longitudinal Development; CS, Cesarean Section delivery; DFLac, difucosyllactose;
DFLNH, difucosyllacto-N-hexaose; DFLNT, difucosyllacto-N-tetrose; DSLNH, disialyllacto-N-hexaose; DSLNT, disialyllacto-N-tetraose; FDR, false
discovery rate; FDSLNH, fucodisialyllacto-N-hexaose; FLNH, fucosyllacto-N-hexaose; Fucose, HMO-bound fucose; HEI, Healthy Eating Index;
HMO, human milk oligosaccharide; LNFP I/Il/Ill, lacto-N-fucopentaose-I/Il/Ill; LNH, lacto-N-hexaose; LNNnT, lacto-N-neotetraose; LNT, lacto-
N-tetrose; LSTb/c, sialyl-lacto-N-tetraose b/c; Sialic Acid, HMO-bound Sialic Acid; 2'FL, 2'-fucosyllactose; 3FL, 3-fucosyllactose; 3'SL, 3'-
sialyllactose; 6'SL, 6'-sialyllactose.

Our study contributes new information about HMO compo-
sition in healthy mothers. The total HMO content and variation
in our cohort (mean + SD: 13.7 + 4.0 umol/mL) were compa-
rable to the 11 countries reported by McGuire et al. (18) (range:
9.7 £ 3.9 pumol/mL in rural Ethiopia to 16.0 + 4.9 pmol/mL
in Sweden). In our multiethnic Canadian sample, 74% of Cau-
casian mothers were Secretors (comparable with the European
sites reported by McGuire et al.), compared with just 60% of
Asian mothers. This ethnic variation likely reflects evolutionary
pressures for or against a1-2-fucoslylated HMOs, which may
have structure-specific effects on infant development and disease

risk (26). Interestingly, in our multivariable analysis, some
HMOs differed by ethnicity even after adjusting for Secretor sta-
tus, suggesting that other genetic or sociodemographic factors
associated with ethnicity may contribute to HMO composition.

Our results are consistent with previous research showing
that total HMO content declines over the course of lactation
(18,27, 28); however, our analysis reveals that some individual
HMOs do not follow this trend. In particular, DSLNT and
3’SL concentrations were consistently higher in milk collected
later in lactation. This may reflect a unique role for these
HMOs later in infancy as requirements for growth, immunity,
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FIGURE 5 HMO composition and breastfeeding duration in the
CHILD cohort. HMOs were log-transformed and converted to z
scores. Effect estimates reflect the change in duration of any
breastfeeding (in mo) for each zscore increase in HMO concentration.
Lines indicate 95% Cls from linear regression models. *Adjusted
for lactation time (weeks postpartum), ethnicity, parity, education,
BMI, diet quality (Healthy Eating Index score), study site, and
breastfeeding exclusivity at milk sample collection. **P < 0.05
after false discovery rate correction for multiple comparison.
HMO, human milk oligosaccharide. CHILD, Canadian Healthy In-
come Longitudinal Development; DFLac, difucosyllactose; DFLNH,
difucosyllacto-N-hexaose; DFLNT, difucosyllacto-N-tetrose; DSLNH,
disialyllacto-N-hexaose; DSLNT, disialyllacto-N-tetraose; FDSLNH,
fucodisialyllacto-N-hexaose; FLNH, fucosyllacto-N-hexaose; Fucose,
HMO-bound fucose; HMO, human milk oligosaccharide; LNFP I/1I/IlI,
lacto-N-fucopentaose-I/Il/Ill; LNH, lacto-N-hexaose; LNnT, lacto-N-
neotetraose; LNT, lacto-N-tetrose; LSTb/c, sialyl-lacto-N-tetraose b/c;
Sialic Acid, HMO-bound Sialic Acid; 2'FL, 2'-fucosyllactose; 3FL,
3-fucosyllactose; 3'SL, 3'-sialyllactose; 6'SL, 6'-sialyllactose.

gut microbiota, and neurodevelopment are reprioritized by
the developing infant. Other studies have reported contrasting
results for DSLNT, showing negative correlations with lactation
time (18, 29), although they assessed an earlier period of
lactation (first 3 mo) than did our study (2-7 mo). Another study
found no change in 3’SL over the first 4 mo of lactation (27) but
did not test HMO concentrations later in lactation.

Notably, HMO differences by lactation stage were not
explained by declining breastfeeding exclusivity, which was
independently associated with HMO composition. For exam-
ple, whereas LNnT concentrations were generally lower later
in lactation, this HMO was enriched after the introduction
of solid foods. The opposite pattern was observed for 3FL,
which appeared to increase over lactation, but was depleted
after the introduction of solid foods. Interestingly, formula
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supplementation did not appear to affect these 2 HMOs,
although others (6’SL and LSTb) were enriched in mothers
providing formula to their infants. These associations might
reflect changes in HMO synthesis or secretion according to the
volume of milk production, the permeability of tight junctions
in the mammary gland, or the levels of other milk components,
all of which are known to change over the course of lactation
and with the frequency of milk removal or introduction of
complementary foods (2, 30).

Another novel finding is the subtle but significant seasonal
variation in some HMOs (e.g., higher LNFP III in fall and,
in multivariable analyses, higher LNnT in winter and higher
DSLNT and 6’SL in spring). An Australian study reported
major increases in cow milk oligosaccharide concentrations
during the 8-mo milking season (from spring through fall)
(31); however, because all calves are born at the same time of
year, it is unclear whether these differences reflect the normal
progression of lactation or true “seasonal” changes. A study of
33 Gambian women (32) found that mothers produced more
HMOs in the dry season (when food is more plentiful), although
individual HMOs were not examined. The authors speculated
that higher energy intake in the dry season may be responsible
for higher HMO synthesis, but this explanation is unlikely in
our Canadian population. Our findings therefore suggest that
other seasonal factors in Canada (e.g., climate, sunlight, or
allergen exposures) might influence HMO synthesis.

Our multivariable analyses also identified potential differ-
ences in HMO composition across the 4 study sites, independent
of the aforementioned sociodemographic variables. Because
all sites followed a standardized protocol for milk collection
and processing, and all samples were analyzed together, this
suggests a possible role for other unmeasured geographic or site-
specific factors (e.g., climate, lifestyle, and outdoor or indoor
environments).

To date, few studies have examined the effect of maternal diet
on HMO composition. One study found that vitamin A intake
was positively associated with sialylated HMOs (33), whereas
another found no effect of a lipid-based nutrient supplement
(34). We found no strong evidence of dietary influence on HMO
composition using an index measure of diet quality during
pregnancy; however, a more detailed assessment of nutrient
intake during lactation may be required to identify (or exclude)
dietary effects on HMO composition.

Finally, parity was independently associated with some
HMOs; a finding that has not been previously reported, to
our knowledge. Mode of delivery, infant sex, and (with a few
exceptions) maternal age and prepregnancy BMI were largely
unassociated with HMO composition.

Interestingly, lower concentrations of LNH or FDSLNH
were associated with earlier weaning, independent of known
predictors of breastfeeding duration. This could reflect as-
sociations with milk supply or mastitis—either causal or
consequential—however, these conditions were not documented
in our cohort.

The major strengths of this study are the quantitative method
of HMO analysis, large sample of healthy mothers across
different geographic settings, and multivariable analysis to
establish independent associations of multiple fixed, modifiable,
and environmental factors with HMO composition. It is
possible that some associations arose by chance because
of multiple testing, although we applied FDR correction
to minimize this risk in our exploratory analysis. Another
limitation is that we did not collect a full breast expression
or standardize the timing of milk collection, which may have
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influenced HMO variability. Also, although pooling of breast-
milk samples across a 24-h period provided an estimate of
average HMO composition, it precluded analysis of potential
diurnal fluctuations. Finally, because we collected only 1 sample
per mother, we could not examine HMO changes over time;
however, we detected patterns across the stages of lactation
captured in our large multiethnic cohort. Further research will
be required to determine if our findings in the Canadian CHILD
cohort are generalizable to other settings and populations.

In summary, this study provides novel information about
“normal” variation in HMO composition, and identifies several
fixed and modifiable factors contributing to this variation. Un-
derstanding the factors that determine HMO composition has
important clinical implications because HMOs have immediate
and long-term effects on gut microbiota development, infant
health, and disease risk.

Acknowledgments

We thank the whole CHILD team, which includes interviewers,
nurses, computer and laboratory technicians, clerical workers,
research scientists, volunteers, managers, and receptionists at
the following institutions: McMaster University, University of
Manitoba, University of Alberta, University of Toronto and
University of British Columbia. We thank Ms. Lorena Vehling
(University of Manitoba) for creating the breastfeeding vari-
ables. CHILD Study investigators include: MR Sears (Founding
Director), McMaster University; P Subbarao (Director), The
Hospital for Sick Children & University of Toronto; SE
Turvey (co-Director), University of British Columbia; SS Anand,
McMaster University; MB Azad, University of Manitoba;
AB Becker, University of Manitoba; AD Befus, University
of Alberta; M Brauer, University of British Columbia; JR
Brook, University of Toronto; E Chen, Northwestern University,
Chicago; MM Cyr, McMaster University; D Daley, University
of British Columbia; SD Dell, The Hospital for Sick Children
& University of Toronto; JA Denburg, McMaster University;
QL Duan, Queen’s University; T Eiwegger, The Hospital
for Sick Children & University of Toronto; H Grasemann,
The Hospital for Sick Children & University of Toronto; K
HayGlass, University of Manitoba; RG Hegele, The Hospital
for Sick Children & University of Toronto; DL Holness,
University of Toronto; P Hystad, Oregon State University;
M Kobor, University of British Columbia; TR Kollmann,
University of British Columbia; AL Kozyrskyj, University of
Alberta; C Laprise, Université du Québec a Chicoutimi; WYW
Lou, University of Toronto; ] Macri, McMaster University;
PJ Mandhane, University of Alberta; G Miller, Northwestern
University, Chicago; T] Moraes, The Hospital for Sick Children
& University of Toronto; P Paré, University of British Columbia;
C Ramsey, University of Manitoba; F Ratjen, The Hospital
for Sick Children & University of Toronto; A Sandford,
University of British Columbia; JA Scott, University of Toronto;
J Scott, University of Toronto; F Silverman, University of
Toronto; E Simons, University of Manitoba; T Takaro, Simon
Fraser University; SJ Tebbutt, University of British Columbia;
T To, The Hospital for Sick Children & University of
Toronto. The authors’ contributions were as follows—MBA:
designed the research, performed statistical analyses, wrote the
paper, and had primary responsibility for final content; BR
and FA: performed statistical analyses; MRS, PS, SET, ABB,
PJM, and TJM: designed the research, designed the CHILD
cohort, and conducted the research; DLL: provided essential
material and support (managed the CHILD study database

and biorepository); LB: provided essential reagents (developed
the HMO assay), performed statistical analyses, and wrote the
paper; and all authors: read and approved the final manuscript
and agree to be accountable for all aspects of the work.

References

1. Victora CG, Bahl R, Barros AJ, Franca GV, Horton S, Krasevec J,
Murch S, Sankar M]J, Walker N, Rollins NC. Breastfeeding in the
21st century: epidemiology, mechanisms, and lifelong effect. Lancet
2016;387(10017):475-90.

2. Ballard O, Morrow AL. Human milk composition: nutrients and
bioactive factors. Pediatr Clin North Am 2013;60(1):49-74.

3. McGuire MK, McGuire MA. Got bacteria? The astounding, yet not-
so-surprising, microbiome of human milk. Curr Opin Biotechnol
2017;44:63-8.

4. Bode L. The functional biology of human milk oligosaccharides. Early
Hum Dev 2015;91(11):619-22.

5. Korpela K, Salonen A, Virta L], Kekkonen RA, de Vos WM. Association
of early-life antibiotic use and protective effects of breastfeeding: role of
the intestinal microbiota. JAMA Pediatr 2016;170(8):750-7.

6. Madan JC, Hoen AG, Lundgren SN, Farzan SF, Cottingham KL,
Morrison HG, Sogin ML, Li H, Moore JH, Karagas MR. Association
of cesarean delivery and formula supplementation with the intestinal
microbiome of 6-week-old infants. JAMA Pediatr 2016;170(3):212-19.

7. Pannaraj PS, Li F, Cerini C, Bender JM, Yang S, Rollie A, Adisetiya H,
Zabih S, Lincez PJ, Bittinger K, et al. Association between breast milk
bacterial communities and establishment and development of the infant
gut microbiome. JAMA Pediatr 2017;171(7):647-54.

8. Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in early
life: implications for health outcomes. Nat Med 2016;22(7):713-22.

9. Jost T, Lacroix C, Braegger C, Chassard C. Impact of human milk
bacteria and oligosaccharides on neonatal gut microbiota establishment
and gut health. Nutr Rev 2015;73(7):426-37.

10. Bode L. Recent advances on structure, metabolism, and function of
human milk oligosaccharides. ] Nutr 2006;136(8):2127-30.

11. Bode L. Human milk oligosaccharides: every baby needs a sugar mama.
Glycobiology 2012;22(9):1147-62.

12. Smilowitz JT, Lebrilla CB, Mills DA, German JB, Freeman SL. Breast
milk oligosaccharides: structure-function relationships in the neonate.
Annu Rev Nutr 2014;34:143-69.

13. Chichlowski M, German JB, Lebrilla CB, Mills DA. The influence
of milk oligosaccharides on microbiota of infants: opportunities for
formulas. Annu Rev Food Sci Technol 2011;2:331-51.

14. Holscher HD, Bode L, Tappenden KA. Human milk oligosaccharides
influence intestinal epithelial cell maturation in vitro. ] Pediatr
Gastroenterol Nutr 2017;64(2):296-301.

15. Alderete TL, Autran C, Brekke BE, Knight R, Bode L, Goran MI, Fields
DA. Associations between human milk oligosaccharides and infant body
composition in the first 6 mo of life. Am J Clin Nutr 2015;102(6):1381-
8.

16. Autran CA, Kellman BP, Kim JH, Asztalos E, Blood AB, Spence ECH,
Patel AL, Hou ], Lewis NE, Bode L. Human milk oligosaccharide
composition predicts risk of necrotising enterocolitis in preterm infants.
Gut 2018;67(6):1064-70.

17. Koromyslova A, Tripathi S, Morozov V, Schroten H, Hansman GS.
Human norovirus inhibition by a human milk oligosaccharide. Virology
2017;508:81-9.

18. McGuire MK, Meehan CL, McGuire MA, Williams JE, Foster ], Sellen
DW, Kamau-Mbuthia EW, Kamundia EW, Mbugua S, Moore SE, et al.
What’s normal? Oligosaccharide concentrations and profiles in milk
produced by healthy women vary geographically. Am ] Clin Nutr
2017;105(5):1086-100.

19. Subbarao P, Anand SS, Becker AB, Befus AD, Brauer M, Brook
JR, Denburg JA, HayGlass KT, Kobor MS, Kollmann TR, et al.
The Canadian Healthy Infant Longitudinal Development (CHILD)
study: examining developmental origins of allergy and asthma. Thorax
2015;70(10):998-1000.

20. Moraes TJ, Lefebvre DL, Chooniedass R, Becker AB, Brook JR,
Denburg J, HayGlass KT, Hegele RG, Kollmann TR, Macri J, et al.
The Canadian Healthy Infant Longitudinal Development Birth Cohort

Factors influencing human milk oligosaccharides 9

8T0Z Jaquialdas zz uo 1senb Aq £8850TS/S. TAXU/UI/E60T OT/I0p/A0RNSqR-]0NIe-8URAPE/Ul/WO0D dNo-oIWwapeoR//:sdny wolj papeojumod



21.

22.

23.

24.

25.

26.

27.

10

study: biological samples and biobanking. Paediatr Perinat Epidemiol
2015;29(1):84-92.

Patterson RE, Kristal AR, Tinker LF, Carter RA, Bolton MP,
Agurs-Collins T. Measurement characteristics of the Women’s Health
Initiative food frequency questionnaire. Ann Epidemiol 1999;9(3):
178-87.

Qiu C, Coughlin KB, Frederick IO, Sorensen TK, Williams MA. Dietary
fiber intake in early pregnancy and risk of subsequent preeclampsia. Am
J Hypertens 2008;21(8):903-9.

Guenther PM, Casavale KO, Reedy J, Kirkpatrick SI, Hiza HA,
Kuczynski KJ, Kahle LL, Krebs-Smith SM. Update of the Healthy Eating
Index: HEI-2010. J Acad Nutr Diet 2013;113(4):569-80.

Azad MB, Sharma AK, De Souza RJ, Dolinsky VW, Becker AB,
Mandhane PJ, Turvey SE, Subbarao P, Lefebvre DL, Sears MR,
et al. Association between artificially-sweetened beverage consumption
during pregnancy and infant body mass index. JAMA Pediatr
2016;170(7):662-70.

Azad MB, Vehling L, Lu Z, Dai D, Subbarao P, Becker AB, Mandhane
PJ, Turvey SE, Lefebvre DL, Sears MR, et al. Breastfeeding, maternal
asthma and wheezing in the first year of life: a longitudinal birth cohort
study. Eur Respir ] 2017;49(5):1602019.

Castanys-Munoz E, Martin M], Prieto PA. 2'-fucosyllactose: an
abundant, genetically determined soluble glycan present in human milk.
Nutr Rev 2013;71(12):773-89.

Sprenger N, Lee LY, De Castro CA, Steenhout P, Thakkar SK.
Longitudinal change of selected human milk oligosaccharides and

Azad et al.

28.

29.

30.

31.

32.

33.

34.

association to infants’ growth, an observatory, single center, longitudinal
cohort study. PLoS One 2017;12(2):e0171814.

Austin S, De Castro CA, Benet T, Hou Y, Sun H, Thakkar SK, Vinyes-
Pares G, Zhang Y, Wang P. Temporal change of the content of 10
oligosaccharides in the milk of Chinese urban mothers. Nutrients
2016;8(6):346.

Seppo AE, Autran CA, Bode L, Jdarvinen KM. Human milk
oligosaccharides and development of cow’s milk allergy in infants. J
Allergy Clin Immunol 2017;139(2):708-11. €705.

Stelwagen K, Singh K. The role of tight junctions in mammary gland
function. ] Mammary Gland Biol Neoplasia 2014;19(1):131-8.

Liu Z, Auldist M, Wright M, Cocks B, Rochfort S. Bovine milk
oligosaccharide contents show remarkable seasonal variation and
intercow variation. J Agric Food Chem 2017;65(7):1307-13.

Davis JC, Lewis ZT, Krishnan S, Bernstein RM, Moore SE, Prentice
AM, Mills DA, Lebrilla CB, Zivkovic AM. Growth and morbidity of
Gambian infants are influenced by maternal milk oligosaccharides and
infant gut microbiota. Sci Rep 2017;7:40466.

Qiao Y, Feng |, Yang J, Gu G. The relationship between dietary vitamin
A intake and the levels of sialic acid in the breast milk of lactating
women. ] Nutr Sci Vitaminol 2013;59(4):347-51.

Jorgensen JM, Arnold C, Ashorn P, Ashorn U, Chaima D, Cheung YB,
Davis JC, Fan YM, Goonatilleke E, Kortekangas E, et al. Lipid-based
nutrient supplements during pregnancy and lactation did not affect
human milk oligosaccharides and bioactive proteins in a randomized
trial. ] Nutr 2017;147(10):1867-74.

8T0Z Jaquialdas zz uo 1senb Aq £8850TS/S. TAXU/UI/E60T OT/I0p/A0RNSqR-]0NIe-8URAPE/Ul/WO0D dNo-oIWwapeoR//:sdny wolj papeojumod


https://www.researchgate.net/publication/327868656

