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BACKGROUND: We aimed to estimate associations between human milk oligosaccharides (HMOs) and infant growth (length-for-
age (LAZ) and weight-for-length (WLZ) z-scores) at 12 months postnatal age.

METHODS: In this secondary analysis of data from a maternal vitamin D trial in Dhaka, Bangladesh (N = 192), absolute
concentrations of HMOs were measured in 13 + 1 week(s) postpartum milk samples, infant anthropometric measurements were
obtained soon after birth and at 12 months postpartum, and infant feeding was classified during 6 months postpartum.
Associations between individual HMOs or HMO groups and LAZ or WLZ were estimated by multivariable linear regression adjusting
for infant feeding pattern, maternal secretor status, and other potential confounders.

RESULTS: The concentrations of 6'sialyllactose, lacto-N-neotetraose, and the non-fucosylated non-sialylated HMOs were inversely
associated with LAZ at 12 months of age, whereas the fucosylated non-sialylated HMO concentration was positively associated with
LAZ at 12 months. These associations were robust in analyses restricted to infants who were primarily exclusively/predominantly
fed human milk during the first 3 (or 6) months.

CONCLUSIONS: Since HMOs are both positively and negatively associated with postnatal growth, there is a need for randomized
trials to estimate the causal benefits and risks of exogenously administered HMOs on infant growth and other health outcomes.

Pediatric Research; https://doi.org/10.1038/541390-023-02927-1

IMPACT:

® o6'sialyllactose, lacto-N-neotetraose, and the non-fucosylated non-sialylated human milk oligosaccharides (HMOs) were inversely
associated with length-for-age z-scores (LAZ) at 12 months, whereas the fucosylated non-sialylated HMO concentration was
positively associated with LAZ at 12 months among Bangladeshi infants.

® Associations between individual and grouped HMOs with infant length growth at 12 months were as strong or stronger in
analyses restricted to infants who were exclusively or predominantly fed human milk up to 3 (or 6) months.

® Randomized trials are needed to characterize the effects of specific HMOs on infant growth, particularly in countries where

postnatal linear growth faltering is common.

INTRODUCTION

Human milk is a complex biological fluid with numerous interacting
components that are related to infant health outcomes' and which
promote healthy infant growth.> Human milk oligosaccharides (HMOs)
are complex sugars that comprise the third most abundant component
of breast milk. Approximately 200 different HMO structures have been
identified to date* HMOs are minimally digested by the infant, so
most reach the colon intact”® where they are metabolized by
commensal bacteria, resulting in metabolites such as short chain fatty
acids that may exert local effects on the host intestinal mucosa.*’
HMOs can also serve as soluble decoy receptors that block the binding
of pathogens to epithelial cells>° A very small fraction of HMOs are
absorbed, entering the infants systemic circulation and likely reachin
other organs such as the liver, brain, respiratory and urinary tract.'®”’
Between-individual variation in the amount and composition of HVMIOs

is primarily driven by differential expression of galactoside a1-2-
fucoslyltransferase (FUT2) and galactoside al-3/4-fucoslyltransferase
(FUT3) responsible for adding fucose to the HMO backbone in various
linkages (i.e., fucosylation), corresponding to Secretor and Lewis blood
group status, respectively;'*'® sialyltransferases further involved in
adding sialic acid to the HMO backbone in different linkages to either
the terminal galactose or the internal N-acetylglucosamine.'® Individual
HMOs can be classified based on fucosylation and sialylation and
further subclassified by the specific linkages involved. Factors such as
maternal BMI, maternal age, parity, maternal diet, mode of delivery,
infant gestational age, infant sex, and lactation stage are also associated
with HMO concentrations.'®>*

HMOs are believed to affect infant growth via prebiotic effects
that influence the composition of the infant gut microbiota. Animal
models have shown that supplementation with purified sialylated
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bovine milk oligosaccharides produced a microbiota-dependent
change in bone morphology.>>%® Observational studies*’ > and
small randomized control trials with HMO-supplemented for-
mula®*% have shown associations between specific HMOs and
infant linear growth. Early-infant growth is an indicator of the risk of
morbidity and mortality and is associated with long-term functional
and social outcomes in low- and middle-income countries39
Lacto-N-neotetraose (LNnT), an HMO that has been added as a
prebiotic to some infant formulas, was observed to be inversely
related with infant linear growth in several observational stu-
dies. 2230323335 However, findings for other specific HMOs have
been inconsistent among different study populations. While human
milk feeding practices (e.g., duration of exclusive human milk
feeding, volume of human milk consumed) and their underlying
influences (e.g., socioeconomic status) may confound HMO-growth
associations, factors that relate to the volume of breast milk
consumed also directly affect the extent to which an infant is
exposed to HMOs and thereby are also expected to modify
HMO-growth associations.>? In this study, we aimed to estimate the
associations between exposure to individual HMOs and groups of
structurally similar HMOs at 3 months of age and infant growth at
12 months of age, accounting for infant feeding patterns, in a
cohort of mother—infant pairs in Dhaka, Bangladesh.

METHODS

Study design and population

This was a secondary analysis of data collected in the Maternal Vitamin D
for Infant Growth (MDIG) trial, for which methods were previously
described.*” In brief, 1300 women were enrolled in their second trimester
of pregnancy (17-24 weeks gestation) and randomized to one of five
treatment arms: 01U/week (placebo), 4200 IU/week, 16,800 IU/week, or
28,000 IU/week vitamin D3 from enrolment to birth followed by placebo
until 6 months postpartum, or 28,000 IU/week vitamin D3 from enrolment
to 6 months postpartum. Participants were enrolled at the Maternal Child
Health Training Institute (MCHTI) in Dhaka, Bangladesh in 2014-2015 and
followed prospectively in the community to 2 years postpartum at
scheduled study visits. The MDIG trial received ethics approval from the
Research Ethics Board (REB) at The Hospital for Sick Children
(#1000039072) and the Institutional Review Board at the International
Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b) (PR-13055).
Secondary uses of data and samples for HMO-related sub-studies were also
separately approved by the REB at The Hospital for Sick Children
(#1000061001).

Individuals were eligible to be included in this HMO sub-study if they were
randomized to receive either placebo or 28,000 IU/week of vitamin D3 in the
prenatal and postpartum period (28,000/28,000 IU/week vitamin D3 group),
had a human milk sample collected at approximately 3 months postpartum,
had maternal height and weight recorded at approximately 12 months
postpartum, and had infant length and weight recorded at approximately
12 months postpartum. Among those who were eligible, a simple
randomization scheme was applied to select 96 participants from each of
the placebo and vitamin D treatment groups for a total sample size of 192.*
The placebo and highest dose of vitamin D study arms were chosen to test
whether vitamin D supplementation had an effect on HMO composition;
however, as previously reported,48 vitamin D had no effect, so the groups
were combined in all analyses presented here, and supplementation group
was included as a covariate in multivariable models.

Data and biological sample collection
Details of human milk sample collection and laboratory methods to
measure the absolute concentrations of 19 HMOs in this study population
were previously described.®® In brief, participants hand-expressed mid-
feed human milk samples at approximately 3 months+1 week post-
partum. The samples were frozen in 1.5ml aliquots at approximately
—70°C until they were transferred to The Hospital for Sick Children on dry
ice for long-term storage at —80°C. A 100 pl aliquot of each human milk
sample included in this HMO sub-study was analyzed at the University of
California, San Diego (UCSD).

Pregnant individuals were enrolled at MCHTI between 17 and 24 weeks
gestation and followed-up with their infants to 12 months postpartum.
Anthropometric measurements used in this sub-study (weight, length)
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were those collected at the earliest age within the first 45 days of life
(referred hereinafter as early-infant size) and at 12-months postpartum
visits (364-394 days of age) (referred hereinafter as attained size). In MDIG,
length (crown to heel in the supine position) and weight measurements
were measured according to procedures adapted from standardized
operating procedures from the Intergrowth-21st study.** Two study
personnel independently measured each infant and the paired measure-
ments were compared against a threshold difference (7 mm for length and
509 for weight) to determine if repeat measurements were required.*’
Maternal age, gravidity, maternal education, and data used to derive the
household asset index quintile were self-reported during the prenatal
baseline visit. Mode of delivery and infant sex were collected at birth.
Gestational age was based on recall of last menstrual period (LMP) and/or
gestational ultrasound at the enrolment visit and date of birth. Weekly
postnatal routine visits continued to 6 months postpartum, during which
study personnel collected data on infant feeding practices, health/vital
status and medical events.

Variables
Oligosaccharide analysis was conducted using high-performance liquid
chromatography and absolute concentrations of 19 HMOs (in nmol/ml)
were quantified as previously described.'®*°>* Mothers were defined as
secretors if their human milk sample had a 2-fucosyllactose (2'FL)
concentration greater than 350 nmol/ml. HMOs were categorized into five
groups based on shared chemical characteristics, which had been
previously defined®® and used in analyses in the same study population.*®
Length-for-age (LAZ) and weight-for-length (WLZ) z-scores were
estimated based on raw lengths and weights. WLZ was estimated using
the WHO growth standards.” For all birth length measurements (within
48h of birth) LAZ was derived using the Intergrowth-21st>® newborn
standards to standardize for sex and gestational age at birth. For length
measurements thereafter, Intergrowth-21st postnatal standards® were
used to derive gestational-age-standardized LAZ for preterm infants who
were less than 64 weeks of postmenstrual age and WHO growth standards
were used for all other length measurements. LAZ at 12 months was the
primary outcome of this study and WLZ at 12 months was the secondary
outcome, both referred to as attained size in statistical models. Infant
feeding pattern was derived for each week of data based on WHO
definitions®®*° and dichotomized into two categories: exclusive/predomi-
nately fed with human milk (exclusive: only consumed human milk;
predominant: consumed human milk and other liquids excluding non-
human milk and formula) or partially/not fed with human milk (partial:
consumed human milk and any food or liquid including non-human milk
and formula). Missing infant feeding data were imputed based on the most
recent preceding week with observations up to the midpoint of the period
of missing data and based on the closest subsequent week in which
feeding status was observed after the midpoint of the period of missing
data. If there was an odd number of weeks in which infant feeding data
were missing, data from the week after the period of missingness were
used for the extra week. For example, if there were 5 consecutive weeks
with missing infant feeding data, the first two weeks were imputed based
on the prior week and the last three weeks were imputed based on the
week after the period of missingness. If there was a period with missing
infant feeding data starting at birth, the entire period of missing feeding
data was imputed based on the first known week of data after the period
of missingness. The infant feeding pattern during the first 3 and 6 months
postpartum was summarized as the infant feeding pattern that occurred
for the majority of weeks up to 3 and 6 months (including weeks with
imputed data on feeding pattern), respectively. For example, if an infant
was exclusive/predominately fed with human milk each week for more
than six weeks in the first 3 months of life, they were categorized as
primarily exclusive/predominately fed with human milk during the first
3 months postpartum. Additionally, if an infant was exclusive/predomi-
nately fed with human milk each week for more than 13 weeks in the first
6 months of life, they were categorized as primarily exclusive/predomi-
nately fed with human milk during the first 6 months of life. A continuous
infant feeding variable was derived using the total number of weeks for
which an infant was exclusive/predominantly fed with human milk during
the first 3 months postpartum.

Statistical analysis

Baseline characteristics of the study population were described using
mean and standard deviation (SD) or median and interquartile range (IQR)
for continuous variables and the number and proportion for categorical
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variables. Absolute concentrations were rescaled to 100 nmol/ml for
regression modeling.

To estimate the association between each individual HMO and attained
infant size, multivariable-adjusted linear regression was conducted with
LAZ (or WLZ) at 12 months regressed on each individual HMO and the
following covariates: gravidity, household wealth, maternal body mass
index (BMI) at 12 months postpartum (the best available measure of
maternal habitual BMI), maternal age, mode of delivery, gestational age,
infant sex, vitamin D supplementation group, maternal secretor status, and
infant feeding status up to 3 months (up to the time of collection of the
milk samples in which HMO concentrations were measured).

If there was evidence of an association using the model for attained size, the
multivariable-adjusted linear regression was conducted again with the same set
of covariates and early-infant LAZ (or WLZ), which are referred to the baseline-
adjusted models. Silverberg et al. conducted growth analyses of the same study
population using multiple modeling approaches including the baseline-adjusted
ANCOVA model and a conditional model with residuals, which yielded similar
estimates®® Therefore, the baseline-adjusted method was selected due to its
more straightforward interpretation compared to the other models. To mitigate
false-positive associations due to multiple testing, we applied the
Bonferroni-Holm method to adjust the significance level whenever one
individual HMO or one structurally similar group of HMOs was the primary
exposure. We set a less stringent target alpha of 0.10 to assess evidence of an
association in attained-size models and as a threshold to proceed with the
baseline-adjusted model. In the final baseline-adjusted models, we set a
target alpha of 005 to determine significance. This gate-keeper modeling
approach between attained-size and baseline-adjusted models was done to
further reduce the chance of false-positive findings from multiple testing. From
the separate baseline-adjusted models, if HMOs were significantly associated
with LAZ (or WLZ) they were further included together in a final model to assess
if the effect estimates attenuated due to correlations among the HMOs that were
associated with the outcomes. Pearson correlation coefficients between the
significant individual HMOs and stratified by secretor status were also reported to
assess correlations among the HMOs by secretor status and appropriateness of
including secretor status as a confounder to adjust for variation between HMOs.

Several secondary analyses were conducted. First, to assess effect
estimates among the subset of infants who received the greatest amount
of human milk during the first 3 (or 6) months postpartum, the baseline-
adjusted models that were significant among all infants were also
undertaken restricted to infants who primarily exclusively/predominantly
fed with human milk during the first 3 (or 6) months postpartum. Although
effect modification analyses were not possible due to the small sample size
in groups stratified by infant feeding pattern, baseline-adjusted models
were also restricted to infants who primarily partially/did not feed with
human milk for the majority of the time during the first 3 (or 6) months
postpartum. Furthermore, the same modeling strategy was conducted for
each of the five HMO groups based on structure, total concentration of
HMOs (sum of all 19 HMOs), and using maternal secretor status as a binary
exposure rather than the individual or grouped HMO concentrations.

Sensitivity analyses were conducted by changing the way certain
covariates were derived in order to assess whether inferences from the
models remained the same. The same modeling strategy was conducted
for four alternative HMO groups based on specific linkages. Additionally,
the same modeling strategy was conducted adjusting for the continuous
infant feeding covariate of the total number of weeks exclusive/
predominantly fed human milk during the first 3 months postpartum
instead of the binary infant feeding variable. Baseline-adjusted models
were also conducted restricted to infants with baseline LAZ measurements
within 2 days of birth and using the earliest possible LAZ measurement
without any limit placed on the age as a complete case analysis without
any missing baseline LAZ measurements. Given that the range of HMO
concentrations varied substantially by HMO,*® standardizing all HMOs to
the same absolute scale may affect the interpretation about the relative
magnitude of effect, so significant baseline-adjusted models were also
constructed for HMOs standardized to their respective IQR. For HMOs/HMO
groups for which primary findings were significant, a post hoc sensitivity
analysis was conducted in which the sample was restricted to term infants.
Statistical analyses were conducted using STATA 17.0.

RESULTS

Characteristics of the study population are reported in Table 1.
There were 14 infants with a missing early-infant LAZ measure-
ment (i.e., within 45 days of life) but there were no significant
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differences in infant or maternal characteristics between those
who had a early-infant LAZ measurement and those who did not
(Supplementary Table 1). Infant feeding data was imputed for
9.0% (224/2496) of visits up to 3 months postpartum and 9.5%
(476/4992) of visits up to 6 months postpartum.

In multivariable attained-size models, two individual HMOs (6-
sialyllactose (6'SL) and LnNT) were significantly inversely asso-
ciated with 12-month LAZ after correction for multiple testing
(Table 2). In the baseline-adjusted models, the associations
between 6’SL and LNnT and LAZ were slightly attenuated but
remained significant (Table 3). Both of these associations retained
similar magnitudes and remained significant among infants who
were primarily exclusively/predominantly fed human milk during
the first 3 (or 6) months (Table 3). Conversely, the association for
LnNT was attenuated in the relatively small group of infants
categorized as primarily partially/not fed human milk in the first 3
or 6 months (Table 3). For 6'SL, the association with LAZ at
12 months was evident among infants classified as primarily
partially/not fed human milk in the first 3 months, but the
association was attenuated and non-significant among infants
classified as primarily partially/not fed human milk in the first
6 months (Table 3). There was a weak correlation between 6'SL
and LNnT (Pearson correlation coefficient (r) =0.29) and effect
estimates for both HMOs were slightly attenuated when the two
HMOs were included in the same baseline-adjusted model for LAZ
at 12 months (Table 3).

In the multivariable attained-size models, two HMO groups
(non-fucosylated and non-sialylated HMOs; fucosylated and non-
sialylated HMOs) had statistically significant associations with LAZ
at 12 months after correcting for multiple testing (Table 2), non-
fucosylated and non-sialylated HMOs were inversely associated
with LAZ and fucosylated and non-sialylated HMOs were
positively associated with LAZ. These associations were of similar
magnitude and remained statistically significant in the corre-
sponding baseline-adjusted models (Table 3). Both associations
were of similar magnitude among infants who were primarily
exclusively/ predominantly fed human milk during the first 3 or
6 months and among infants who were primarily partially/ not fed
human milk during the first 3 months but were substantially
attenuated among infants categorized as primarily partially/not
fed human milk during the first 6 months (Table 3). There was no
significant correlation between non-fucosylated, non-sialylated
HMOs and fucosylated, non-sialylated HMOs (r= —0.16) and the
effect estimates for both groups did not change when included in
the same baseline-adjusted model for LAZ at 12 months (Table 3).
There was no association between total HMO concentration and
LAZ at 12 months in adjusted attained-size analyses (Table 2).
Mean LAZ at 12 months postnatal age was higher in infants born
to secretors (—0.81 (SD: 0.91)) versus non-secretors (—1.0 (SD: 1.1))
but the difference was not statistically significant (Table 2).

None of the individual HMOs, structurally similar HMO groups,
total HMO concentration or secretor status were significantly
associated with WLZ at 12 months in multivariable models after
correction for multiple testing (Table 4).

In sensitivity analyses conducted using four alternative HMO
groups based on specific chemical linkages, HMOs with alpha 2-6-
linked sialic acid to the terminal galactose (a group comprised of
6'SL and LSTc) was associated with lower LAZ at 12 months
(Supplementary Table 2). None of the four groups based on
linkages were significantly associated with WLZ at 12 months
(Supplementary Table 3). Inferences from models of LAZ at
12 months regressed on individual HMOs, structurally similar
groups of HMOs, total HMO concentration, and secretor status
were similar to the primary analysis when adjusting for the
number of weeks exclusive/predominantly fed human milk during
the first 3 months postnatally, instead of the categorical infant
feeding pattern variable (data not shown). Inferences from the
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Table 1. Characteristics of mother-infant pairs included in the HMO
sub-studies of the MDIG trial.

n (%) or median (25th, 75th
percentile), or mean (SD)
Total, n 192

Maternal characteristics

Characteristic

Mother age at enrolment in years, 23 (20, 27)
median (IQR)
Gravidity, median (IQR) 2(1,3)
Vitamin D treatment allocation, n (%)
Placebo 96 (50)
28,000/28,000 1U/week 96 (50)
Postpartum maternal BMI, mean (SD) 24 (4.2)
Maternal education, n (%)
No education 6 (3.1)
Primary incomplete 48 (25)
Primary complete 25 (13)
Secondary incomplete 74 (38)
Secondary complete or higher 39 (20)
Household asset index quintile®, n (%)
1 32(17)
2 34 (18)
3 50 (26)
4 33(17)
5 43 (22)
Secretor status, n (%)
Secretor 127 (66)
Non-secretor 65 (34)
Infant characteristics
Gestational age categorization, n (%)
Preterm (<37 weeks) 14 (7.3)
Term (237 weeks) 178 (93)
Mode of delivery, n (%)
Vaginal 94 (49)
Cesarean section 98 (51)
Infant sex, n (%)
Male 95 (49)
Female 97 (51)
Infant feeding pattern during the first 3 months postnatally, n (%)
Primarily partially/not fed human 24 (12)
milk®
Primarily exclusively/predominantly 168 (88)

fed human milk
Infant feeding pattern during the first 6 months postnatally, n (%)

Primarily partially/not fed human 45 (23)
milk
Primarily exclusively/predominantly 147 (76)
fed human milk
Early-infant length-for-age (LAZ)S, —0.92 (0.99)
mean (SD)
Early-infant weight-for-length (WLZ)S, —0.55 (0.97)
mean (SD)
Infant LAZ at 12 months, mean (SD) —0.87 (0.97)
Infant WLZ at 12 months, mean (SD) —0.56 (1.0)

®Household asset index was derived for the full MDIG cohort, and therefore
quintiles are not each 20%.

PCategory is primarily made up of those who partially fed human milk.
Only one infant during the first 3 months and three infants during the first
6 month postpartum primarily did not feed human milk; however, there
were weeks during those times when these infants were fed human milk,
so they have been categorized with infants who were partially fed
human milk.

“Early-infant measurement was each infant’s earliest measurement within
the first 45 days of life (LAZ: n =178; WLZ: n = 172).
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baseline-adjusted models were also the same as the primary
analysis when using alternative age cut-offs for the baseline LAZ
measurement: within 2 days of life (n = 138) and the earliest LAZ
measured for each participant that included up to 100 days
postpartum (n=192) (data not shown). Estimates from the
baseline-adjusted models restricted to term infants were similar
to those including all infants but were less precise, although
generally supportive of the primary inferences (Supplementary
Table 4).

DISCUSSION

In a mother-infant cohort in Dhaka, Bangladesh, infant length at
12 months was associated with specific individual and structurally
similar groups of HMOs. These findings add to the emerging body
of evidence that specific HMOs influence infant growth?’—* by
considering the association of structurally similar HMOs with
infant length and investigating inferences based on infant feeding
patterns.

In the present study, LNnT and the group of non-fucosylated
non-sialylated HMOs (which includes LNnT) were associated with
reduced LAZ at 12 months. It is likely that the inverse association
for the group of non-fucosylated non-sialylated HMOs was
primarily driven by the effect of LNnT. Considering a plausible
change in an infant’s LNnT exposure from the 25th to 75th
percentile (437-816 nmol/ml),*® the 0.16 lower LAZ expected from
this approximate 400 nmol/ml increase in LnNT would be
substantial in a context in which mean LAZ is already
compromised (average of —0.9). The present study design does
not enable conclusions about whether this effect is causal;
however, these findings are consistent with several other studies
that similarly found LNnT to be inversely related with infant linear
growth at a variety of infant ages and geographical loca-
tions.2930323335 |5 3 study conducted among mother-infant pairs
pooled from seven European countries (France, Italy, Norway,
Portugal, Romania, Spain, and Sweden), there was a significant
negative correlation between LNnT and change in length from
birth to four months.> The negative association between LNnT
and LAZ has also been reported in a study with long-term follow-
up for infants aged 3-12 months and 1-5 years in Finland, in
which HMOs were measured in human milk at three months.*°
However, a small (n = 175) randomized controlled trial of an infant
formula with added LNnT and 2'FL given for 6 months postpartum
did not find significant effects on infant anthropometric outcomes
over the first year of life compared to infants given the same
formula without LNnT and 2'FL3® The concentration of LNNT in
the trial formula (0.5 g/I) was similar to the median concentration
of naturally occurring LNnT (0.43 g/l (IQR: 0.31, 0.58g/l)) in the
present study population,*® but perhaps the sample size was too
small to see a between-group difference in anthropometric
outcomes. Furthermore, a trial of a synbiotic (B. infantis probiotic
+ LNnT), probiotic alone, compared to placebo conducted among
Bangladeshi infants 2-6 months old with severe acute malnutri-
tion (SAM) did not report a significant effect of the intervention on
infant linear growth even though the amount of LNnT given (1.6 g
approximately 2-3 times daily depending on the volume of feed
required for the baby while in hospital and 1.6 g twice daily upon
discharge)®' was higher than the naturally occurring concentra-
tion. The population of this synbiotic trial was different in terms of
linear growth compared to the present study population: LAZ was
much lower at enrolment (mean (SD): —2.0 (1.3) in trial versus
—0.92 (0.99) in the present study) and at final follow-up (mean
(SD): —1.7 (1.2) in trial versus —0.87 (0.97) in this study). Following
from these two randomized controlled trials, it is possible that
other probiotics or prebiotics (i.e., 2'FL) modify the effect of LNNT
on growth.
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Table 2. Associations of length-for-age z-scores (LAZ) at 12 months of age with maternal human milk oligosaccharide (HMO) concentrations in a

mother-infant cohort in Dhaka, Bangladesh.

HMO or HMO group

Unadjusted attained-size models

Adjusted attained-size models®

(n=192) (n=192)
Difference in mean LAZ® p value Difference in mean LAZ® p value
(95% Cl) (95% Cl)

Fucosylated or sialylated lactose HMOs® 0.0014 (—0.0013, 0.0041) 0.30 —0.0012 (—0.0070, 0.0047) 0.69
2'-Fucosyllactose (2FL) 0.0015 (—0.0015, 0.0046) 0.32 —0.0011 (—0.0069, 0.0047) 0.70
3-Fucosyllactose (3FL) 0.016 (—0.0054, 0.038) 0.14 0.0079 (—0.014, 0.030) 0.48
3'-Sialyllactose (3'SL) 0.0027 (—0.021, 0.026) 0.82 0.0028 (—0.021, 0.026) 0.82
6'-Sialyllactose (6'SL) —0.094 (—0.15, —0.037) 0.001 —0.090 (—0.14, —0.036) 0.001*
Difucosyllactose (DFLac) 0.017 (—0.014, 0.047) 0.28 0.012 (—0.030, 0.054) 0.57

Fucosylated, non-sialylated HMOs® 0.018 (0.0032, 0.033) 0.017 0.017 (0.0027, 0.032) 0.020*
Difucosyllacto-N-hexaose (DFLNH) 0.22 (—0.030, 0.47) 0.084 0.14 (—0.11, 0.40) 0.27
Difucosyllacto-N-tetrose (DFLNT) 0.013 (—0.0054, 0.032) 0.16 0.013 (—0.0085, 0.034) 0.24
Fucosyllacto-N-hexaose (FLNH) 0.080 (—0.26, 0.42) 0.64 0.16 (—0.19, 0.50) 0.38
Lacto-N-fucopentaose (LNFP) | 0.015 (—0.00072, 0.03) 0.062 0.0084 (—0.010, 0.027) 0.38
LNFP I —0.0035 (—0.017, 0.0096) 0.60 0.0088 (—0.010, 0.028) 0.36
LNFP 11l —0.21 (—0.53, 0.10) 0.18 —0.013 (—0.37, 0.35) 0.94

Non-fucosylated, sialylated HMOs® —0.045 (—0.11, 0.024) 0.20 —0.015 (—0.085, 0.054) 0.67
Disialyllacto-N-hexaose (DSLNH) —0.27 (—0.54, —0.0053) 0.046 —0.14 (—0.41, 0.13) 0.32
Disialyllacto-N-tetraose (DSLNT) —0.013 (—0.10, 0.079) 0.78 —0.0017 (—0.090, 0.087) 0.97
Sialyl-lacto-N-tetraose b (LSTb) —0.19 (—0.42, 0.034) 0.096 —0.084 (—0.37, 0.20) 0.57
Sialyl-lacto-N-tetraose c (LSTc) —0.022 (—0.26, 0.22) 0.86 —0.0039 (—0.26, 0.25) 0.98

Fucosylated, sialylated HMOs (only includes —0.028 (—0.082, 0.026) 0.31 0.0010 (—0.067, 0.068) 0.98

fucodisialyllacto-N-hexaose (FDSLNH) in the group)©
Non-fucosylated, non-sialylated HMOs®

—0.019 (—0.033, —0.0053) 0.007

—0.018 (—0.032, —0.0046) 0.009*

Lacto-N-hexaose (LNH) —0.027 (—0.36, 0.31) 0.87 —0.016 (—0.34, 0.31) 0.92

Lacto-N-neotetraose (LNNT) —0.048 (—0.082, —0.013) 0.007 —0.047 (—0.081, —0.014) 0.006*

Lacto-N-tetrose (LNT) —0.024 (—0.045, —0.0042) 0.018 —0.023 (—0.043, —0.0022) 0.031
Secretors (versus non-secretors) 0.20 (—0.091, 0.49) 0.18 0.059 (—0.23, 0.35) 0.69

Total HMO

0.0016 (—0.0016, 0.0047) 0.33

—0.0042 (—0.013, 0.0048) 0.36

*Significant following correction for multiple testing using Bonferroni-Holm method (target alpha used in calculation was <0.10).

@Adjusted for maternal BMI, maternal secretor status, mode of delivery, gravidity, maternal education, household asset index, maternal age, gestational age at
birth, infant sex, vitamin D supplementation group, and infant feeding pattern (binary variable).

PDifference in mean LAZ per 100 nmol/ml increase in HMO concentration or HMO group concentration, or by secretor status.

“Fucosylated or sialylated lactose group = 2'FL + 3FL + DFLac + 3'SL + 6'SL; non-fucosylated, non-sialylated group = LNT + LNnT + LNH; fucosylated, non-
sialylated group = LNFP |+ LNFP Il + LNFP Il + DFLNT + FLNH + DFLNH; non-fucosylated, sialylated group = LSTb + LSTc + DSLNT + DSLNH; fucosylated,

sialylated group = FDSLNH.

The individual HMO 6'SL was also associated with lower LAZ at
12 months in the present study and the magnitude of effect on
infant linear growth was larger than compared to LNnT per
100 nmol/ml increase. However, the concentration range was
narrower for 6'SL compared to LNnT, and the magnitudes of
effects on infant linear growth were similar when the concentra-
tions were alternatively scaled according to each HMO's respective
IQR. It is likely that the inverse association for the chemically
similar group of alpha 2-6-linked sialic acid to terminal galactose
(6'SL + sialyl-lacto-N-tetraose c (LSTc)) was primarily driven by the
effect of 6'SL; estimates for LSTc were closer to the null yet it was
also inversely associated with LAZ at 12 months. Other observa-
tional studies have not reported an association between 6'SL and
infant linear growth; however, two in vivo studies using mouse
and piglet models fed with a purified sialylated bovine milk
oligosaccharide (S-BMO) mixture made up mainly of 3'SL and 6'SL,
but also contains other sialylated HMOs that are not present in
human milk, found that supplementation promoted microbiota-
dependent linear growth among animals colonized with feces
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from growth-stunted infants from Malawi and Bangladesh.?>~°
There have been reports of negative associations between 6'SL
and other measures of infant body composition such as weight,
fat mass,>? body mass index,”®> and head circumference®” in the
literature. A small number (n = 45) of infants from the synbiotic (B.
infantis + LNNnT) trial conducted in Dhaka, Bangladesh previously
described were included in a sub-study that found that a higher
relative abundance of sialylated HMOs (which included but was
not limited to 6'SL) was associated with an increased odds of SAM,
defined as WLZ < —3, compared to non-malnourished infants.®? In
that study, 58% of the infants had SAM with a mean WLZ of
—3.8 £ 0.33, so the larger magnitude of association may have been
due to differences in the baseline nutritional status of the two
cohorts.

There was a weak correlation between 6'SL and LNnT, which
resulted in a slight attenuation of effects seen in models including
both HMOs. Pell et al. has previously published correlations
between individual HMOs among this study population and
reported that the correlation between 6'SL and LNnT varied by

SPRINGER NATURE



M.G. Loutet et al.

"HNT+ LUNT + INT = dnoib pajejfjers-uou ‘pajejAsodny-uou ‘HNT4A + HNT4 + LNT4A + Il dANT+ 11 d4NT+ 1 ddNT = dnoib paiejfjers-uou ‘pajejhsodnd,
(#1L0°0— PT0—) £L°0— SOWH Pa31e|Ajeis-uou ‘paje|Asodny-uou ‘(670 ‘SE00) 9L°0 SOWH Pa3ejAjels-uou ‘paje|Asodny (8€0°0— "9Z°0—) SL'0— ‘1UNT
‘(F€0°0— ‘LE'0—) L1'0— 15,9 :S9IRWISD (D %S6) ZVYT UBSW Ul dUIHIP Buimo||o) Y1 paonpoud pue (4OI) sbues 3jienbiaiul 9A11d3dsal J19Y3 O} pazipiepuels pue pajedsal a1am SQWH 4o sdnoub pue [enplaipul,
‘uonenuaduod dnoib QWH 40 UoneIUSdUOD OWH Ul 9seaJdul [w/jowu 001 4ad Zy uesaw ul acuasauId,
‘ZV1 wejul-Aues
pue ‘dnoib uonejuswa|ddns g uiwelA ‘xas juejul ‘obe Jeuoelsab ‘obe |eusalew ‘Xapuj 19sse Pjoyasnoy ‘uoiieonpa jeutalew ‘Aypiaelb ‘AISAIIDP JO Spow ‘sniels J013Id3S [euldlew ‘||Ng [euidiew oy Uwum:.:u,qo_
*ZV1 Wejul-Alies pue ‘(3jqeuea Aieuiq) uisned Buipasy
jueyur ‘dnoub uonejuswsa|ddns g uiwelA ‘xas Juejul ‘abe [euoneisab ‘abe [eulslew ‘xapul 19sse pjoyasnoy ‘uonednps jeusdlew ‘Alpiaelb ‘KI9AI9p JO Spow ‘snieis 012109 [euldlew ‘g [euialew Joj paasnipy,
'}S993U] JO 2Insodxa dy3 se sjueyul e Buowe SQWH JO dnolb SUO 10 [enpiAIpUl SUO A|UO YUM S]SpoWw uo
pasn Ajuo sem Busal 3|diINW 10} POYISW WIOH-1UOLIDUOY ‘D10U O] *(S0'0> Sem uolie|ndjed ul pasn eydje 1964e1) Hulsal 3|diyNw 104 UOIIDI1I0D Y] YUM JuedYIUBIS SUleW) pue pasn Poylaw WIOH-1UOLIDJUOg,
*159493U]
Jo ainsodxs Arewnd ayy se sQWH Jo dnoub suo Jo [enplAipul duo Yim saskjeue Arewnd sy) Joj pa1dnpuod Ajuo a1om uwisned Buipasy Jueyul Ag sasAjeue pPa1dLIISSl ASNEIQ Mue|q dJe 3|gel Sy} Ul S||9D 910N
(SOWH p31e|Ajers
-uou ‘pa1e|ASOdNy dPAPN|IUl OS[e [SPOoLU)

- - - - - €500 (810000 ¥20'0—) TLO0— oSOWH p31e|A[eIs-uou ‘pa3e|Asodny-uoN
(SOWH p33ejAjeis-uou
‘pa1e|ASOdNJ-UOU PapN|dUl OS|e [9pOo)

- - - - - - - - €200 (£20°0 ‘0200°0) 5100 5SOWH pa1e|Ajeis-uou ‘pajejhsodny
(LL00 (09000°0 (£€00 (£50000°0
'620'0—) '820°0) ‘090°0—) '920'0—)
9€°0 L600°0— 0900 710°0— 090 CL00— LS00 €100—  «6200  (#L000— ‘SC0'0—) £L00— >SOWH pa1e|Ajeis-uou ‘paje|Asodnj-uoN
(9100 (5600
‘0€0'0-) (£€00 'SS0'0) (og00
S0 €4000— 900°0 ‘7900°0) 2200 950 0200 8100 '6200°0) £100 *€10°0 (62070 ‘SE0070) 9L0°0 5SOWH Ppa3e[Ajels-uou ‘pare|Asoony
sdnoib QWH
- - - - - - - 8€0°0 (8100°0— ‘L90°0—) TE0'0— (1S9 papn|pul osje [spowl) 1UNT
= - - - - - = - 0L00 (8€00°0 '£60°0—) 9¥0°0— (LUNT pPapnpul osje [pow) 15,9
(8€0°0 (LLo0— (€£00°0—
‘¥90°0—) 180°0—) (LL1'0 'SL'0-) '890°0—)
190 ZL00— 0L00 9v0'0— 690 €200~ 9100 8€0'0— 8000 p(0L0'0— ‘890'0—) 6£0°0— 1UNT
(€£00°0— (€¥00°0—
(S¥0°0 ‘€L°0—) ‘€L°0-) (8€0°0— ‘L1'0-)
€0 L¥0'0— 8¢0°0 £90°0— 8¢0°0 '1S°0—) LTO— €00 850°0— %5100 p(CL00— ‘L1'0—) 1900— 1S.9
OWH
(12%S6) (1D %56) (1D %S6) (1D %56)
anjea ,Z\1 ueaw anjea ,Z\1 ueaw anjea ,Z\1 ueaw anjea ,Z\1 ueaw anjea (1D %S6)
d ul dudIBYIA d ul duIBYIA d ul dudIBYIA d ul dUIBHYIA d ,Z\1 ueaw ul dudayIa
(LEL=U) (sSL=u)
syjuow 9 3say Hurinp syjuow ¢ 3say Buninp
(L = u) syyuow 9 3s.y AW vewny Ym (€2 = u) syjuow € 3siy Alw vewny yum
Burinp yjiw uewny pa3j Aj@3eurwopaid Burnp yjiw uewny p3j Aj@euiwopaid
yam paj jou/Kjjented /AlPAnisnpxa yam paj jou/Ajjensed JZNEINELTRYE)
Aewnid oym syuejui Aewnid oym syuejul Ajewnid oym syuejui Ajewnid oym syuejui
Buowe _sjppowt Buowe sjppowt Buowe  sjppow Huowe  sjppow (841 = u) syueyul |je
paisnfpe-auiaseg paisnfpe-auiaseg paisnfpe-aulaseg paisnfpe-aujjaseg buowe _sppow pajsnfpe-suijaseg dnoib OWH 10 OWH

‘wiened Buipasy 1uejul Ag pue [|eISA0 ‘7Y Juejul-Alies 4oy Bunsnipe suolenuaduod QWH Yim abe Jo syluow g| 1e (Zy7) se103s-z abe-10j-yibus| Jo suoneossy g 3|qel

Pediatric Research

SPRINGER NATURE



M.G. Loutet et al.

Table 4. Associations of weight-for-length z-scores (WLZ) at 12 months of age with maternal human milk oligosaccharide (HMO) concentrations in a

mother-infant cohort in Dhaka, Bangladesh.

HMO or HMO group

Fucosylated or sialylated lactose HMOs®
2'FL
3FL
3'SL
6'SL
DFLac
Fucosylated, non-sialylated HMOs®
DFLNH
DFLNT
FLNH
LNFP |
LNFP 1I
LNFP 1l
Non-fucosylated, sialylated HMOs®
DSLNH
DSLNT
LSTb
LSTc

Fucosylated, sialylated HMOs (only includes
FDSLNH in the group)?

Non-fucosylated, non-sialylated HMOs?
LNH
LNnT
LNT

Secretor status

Total HMO

Unadjusted attained-size models
(n=192)

Difference in mean WLZ"
(95% Cl)
—0.0013 (—0.0041, 0.0015)
—0.0016 (—0.0047, 0.0016)
—0.0025 (—0.025, 0.020)
0.0065 (—0.018, 0.031)
—0.018 (—0.077, 0.041)
—0.013 (—0.045, 0.018)
0.0091 (—0.0065, 0.025)
0.095 (—0.16, 0.35)
0.00017 (—0.019, 0.020)
0.26 (—0.083, 0.61)
0.00076 (—0.015, 0.017)
0.0049 (—0.0085, 0.018)
0.33 (0.0099, 0.66)
0.0099 (—0.062, 0.081)
—0.038 (—0.31, 0.24)
0.021 (—0.073, 0.11)
0.031 (—0.2, 0.27)
—0.029 (—0.28, 0.22)
0.048 (—0.0077, 0.10)

0.00070 (—0.014, 0.015)

0.18 (—0.17, 0.52)
—0.0034 (—0.040, 0.033)

0.0020 (—0.019, 0.023)
—0.0440 (—0.35, 0.26)
—0.0012 (—0.0044, 0.0021)

Adjusted attained-size models® (n = 192)

p value Difference in mean WLZ" p value®
(95% CI)

0.35 —0.0041 (—0.010, 0.0023) 0.21
0.33 —0.0044 (—0.011, 0.0019) 0.17
0.83 0.00079 (—0.023, 0.025) 0.95
0.60 0.013 (—0.013, 0.038) 0.32
0.55 —0.018 (—0.078, 0.042) 0.55
0.41 —0.014 (—0.060, 0.031) 0.53
0.25 0.011 (—0.0053, 0.026) 0.19
0.47 0.10 (—0.17, 0.38) 0.46
0.99 0.0035 (—0.019, 0.027) 0.76
0.14 0.37 (0.0035, 0.75) 0.048
0.93 0.00085 (—0.019, 0.021) 093
0.47 0.011 (—0.0096, 0.032) 0.29
0.043 0.50 (0.11, 0.88) 0.012
0.79 0.022 (—0.053, 0.098) 0.56
0.79 —0.0061 (—0.30, 0.29) 0.97
0.67 0.028 (—0.068, 0.12) 0.56
0.79 0.068 (—0.24, 0.38) 0.67
0.82 0.019 (—0.26, 0.30) 0.89
0.091 0.068 (—0.0037, 0.14) 0.063
0.93 —0.0014 (—0.017, 0.014) 0.86
0.31 0.19 (—0.17, 0.54) 0.30
0.85 —0.0091 (—0.046, 0.028) 0.63
0.86 —0.00037 (—0.023, 0.022) 0.98
0.77 —0.14 (—0.45, 0.17) 0.38
0.48 —0.0046 (—0.014, 0.0052) 0.36

@Adjusted for maternal BMI, maternal secretor status, mode of delivery, gravidity, maternal education, household asset index, maternal age, gestational age,
infant sex, vitamin D supplementation group, and infant feeding pattern (binary variable).
PDifference in mean WLZ per 100 nmol/ml increase in HMO concentration or HMO group concentration, or by secretor status.
“None of the associations remained significant with the correction for multiple testing using Bonferroni-Holm method (target alpha 0.10 used in calculation to

determine significance level).

dFucosylated or sialylated lactose group = 2'FL + 3FL 4 DFLac + 3'SL + 6'SL; non-fucosylated, non-sialylated group = LNT + LNnT + LNH; fucosylated, non-
sialylated group = LNFP |+ LNFP Il + LNFP Ill + DFLNT + FLNH + DFLNH; non-fucosylated, sialylated group = LSTb + LSTc + DSLNT + DSLNH; fucosylated,

sialylated group = FDSLNH.

secretor status.*® Secretor status acts as a global indicator for
variations in HMO concentrations and as such the individual
concentration of 6'SL and LNnT and their subsequent impact on
infant linear growth may be influenced by secretor status. To
account for this we included secretor status as a covariate in
adjusted models in order to make the results as generalizable to
the public as possible, whereas some other observational studies
chose to stratify analyses by secretor status®’>° or assess the
impact with an interaction term between secretor status and
individual HMOs.***

As a group, fucosylated, non-sialylated HMOs (including
difucosyllacto-N-hexaose (DFLNH), difucosyllacto-N-tetrose
(DFLNT), fucosyllacto-N-hexaose (FLNH), lacto-N-fucopentaose
(LNFP) I, LNFP 1I, and LNFP Ill) were associated with higher LAZ
at 12 months. Among this group, DFLNH has one of the strongest
positive effects with LAZ (although not significant), which has
been reported in other observational mother-infant cohorts from
Gambia at 5 months postpartum? and from Australia at three
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months postpartum.*? Among the cohort of mother-infant dyads
from Gambia, Davis et al. also reported a significant positive
association between LNFP | and lll and LAZ at 5 months.*® Davis
et al. also investigated associations between HMOs and infant gut
microbiota composition and morbidity and suggested that
fucosylated HMOs, which included but was not limited to the
fucosylated, non-sialylated HMOs in the present study, may
promote infant growth through microbiota-mediated pathways
and indirectly through prevention of infection.

A strength of this study was that the cohort consisted of a
majority of infants who were primarily exclusively/predominately
fed human milk but also included infants who were primarily
partially/did not feed with human milk for the majority of the time
during the first 3 and 6 months postpartum, so that we could
investigate a dose-response phenomenon, assuming that exclu-
sively/predominately human milk fed infants received the highest
quantities of HMOs. This is unlike other observational studies of
associations between HMOs and infant health outcomes that only
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included infants who were exclusively fed human milk or only
consider infant feeding patterns as a confounder in adjusted
models, which does not address the variability in infant feeding
patterns during the postnatal period that affect volume of human
milk consumed and therefore the extent of exposure to HMOs. A
few observational studies have used intake of individual HMOs
measured by 24-hour test weighing and infant body composition
as the exposure of interest in models with infant body
composition outcomes?**?%% and these types of approaches
may help clarify the association between HMOs and growth in
future studies.

This study was limited by a small sample size, such that
meaningful associations may not have been estimated with
sufficient precision. In addition, infant feeding pattern was
collected longitudinally in the present study, with data missing
from nearly 10% of visits, and the number of infants who primarily
partially/ did not feed with human milk during the first 3 and
6 months was low overall; therefore, inferences regarding the
modifying effects of infant feeding pattern need to be interpreted
with caution. Comparisons between studies of human milk
components are challenged by variations in methods of milk
sample collection, including number and timing of samples, and
HMO analysis. The present study was limited by only having one
human milk sample per participant, since HMO concentrations
change during lactation.'” In addition, like most studies of HMOs
and infant health outcomes this study was observational and
therefore cannot account for all confounding factors that affect
both human milk feeding initiation or duration and child growth.
Therefore, randomized trials specifically designed to measure the
effect of HMOs on infant growth and other health outcomes are
needed.

It has been well documented that HMOs influence the infant
gut microbiome®°%; however, more research is needed on the
interaction between specific HMOs or HMO profiles and micro-
biome profiles,' and their combined effects on health outcomes.
The present findings contribute to the growing evidence of the
relationships between human milk components and infant growth
and have implications for the design of interventions that may
modulate HMO consumption by infants to support healthy
childhood growth and development.
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