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Breastfeeding provides many health benefits, but its impact on respiratory
health remains unclear. This study addresses the complex and dynamic nature
of the mother-milk-infant triad by investigating maternal genomic factors
regulating human milk oligosaccharides (HMOs), and their associations with
respiratory health among human milk-fed infants. Nineteen HMOs are quan-
tified from 980 mothers of the CHILD Cohort Study. Genome-wide association
studies identify HMO-associated loci on chromosome 19p13.3 and 19q13.33
(lowest P =2.4e-118), spanning several fucosyltransferase (FUT) genes. We
identify novel associations on chromosome 3q27.3 for 6’-sialyllactose
(P=2.2e-9) in the sialyltransferase (ST6GALI) gene. These, plus additional
associations on chromosomes 7q21.32, 7q31.32 and 13g33.3, are replicated in
the independent INSPIRE Cohort. Moreover, gene-environment interaction
analyses suggest that fucosylated HMOs may modulate overall risk of recur-
rent wheeze among preschoolers with variable genetic risk scores (P< 0.01).
Thus, we report novel genetic factors associated with HMOs, some of which
may protect the respiratory health of children.

Breastfeeding and consumption of human milk have many health
benefits for infants such as a lower prevalence of infections and
childhood obesity'. It is unclear, however, whether breastfeeding
protects against respiratory health outcomes such as asthma, which
affects over 339 million individuals worldwide and is the most com-
mon chronic disease among children’. A meta-analysis reported

protective effects of breastfeeding on asthma and wheeze?, but other
studies reported conflicting results or no associations’.

A major limitation of earlier research is that breastfeeding and
human milk were typically considered as a single homogeneous
exposure. This fails to acknowledge the complex and dynamic inter-
actions of the mother-milk-infant “triad” as a coadapted system where
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variations in each component could influence the others*. For exam-
ple, human milk contains a myriad of bioactive components, which
vary among women and change over the course of lactation in
response to environmental stimuli and the changing requirements of
the infant>®.

Human milk oligosaccharides (HMOs) constitute the third largest
solid component of human milk (approximately 15 g/L), after lactose
and lipids’, but most are absent from cow milk and infant formulas®. It
has been suggested that HMOs modulate epithelial and immune cell
responses of infants by influencing the microbiota and through direct
interactions with pathogens and host immune cells®. Furthermore,
HMOs were previously associated with early life infections in
offspring’. More than 90% of total HMOs are made up of about 20
oligosaccharides, which vary considerably in concentration and com-
position among individuals®. This variability is known to be partially
determined by maternal polymorphisms in the fucosyltranferase 2
gene (FUT2)"°, which affects fucosylation of HMOs and other glycans'.
Little is known about other maternal genes that regulate the bio-
synthesis of HMOs among lactating mothers. Thus, the overall geno-
mic regulation of HMOs and its potential influence on the health of
human milk-fed infants remain poorly understood.

In this study, we investigated potential mechanisms underlying
the complex and dynamic mother-milk-infant triad and explored how
variations in this coadapted system may affect the respiratory health of
human milk-fed children. Specifically, we conducted genome-wide
association studies (GWASs) of HMO concentrations to evaluate
maternal genomic regulation of HMO composition in human milk.
Furthermore, we determined if exposure to variable HMO levels is
associated with recurrent wheeze during early childhood among milk-
fed children and dependent on their individual genetic risk. This is the
first nuanced study of HMOs to examine their genetic regulation and
potential impact on respiratory outcomes in children.

Results

Study design and participants

An overview of our experimental design is depicted in Supplementary
Fig. S1. Of the 1206 mothers with HMO profiles in the CHILD Cohort
Study, 980 had been genotyped and included in our GWASs of HMOs
(names and abbreviations in Supplementary Table 1; distributions in
Supplementary Figs. S2, S3; clustering in Supplementary Fig. S4).
Characteristics of these 980 mothers are summarized and compared
to 2370 mothers with genetics data only in Supplementary Table 2. The
characteristics of their children are shown in Supplementary Table 3.
Of the 980 mother-infant dyads, only 880 children were fed with
human milk from their mothers until 6 months or longer. Therefore,
these 880 kids were included in the gene-environment interaction
(GxE) analyses that integrated their individual genetic risk and their
mothers” HMO measures as the exposure variables. GWAS analyses
including over 5.4 M SNPs identified both known and novel maternal
genomic factors associated HMOs. Subsequent GXE analyses deter-
mined that exposure to specific HMOs (e.g., 2’FL, DFLNH) were asso-
ciated with lower prevalence of recurrent wheeze among milk-fed
infants, particularly among children with high genetic risk (calculated
based on SNPs previously associated with asthma'?).

GWASs of maternal HMOs identified known and novel genetic
associations

In our GWAS of secretor status, 727 of the 980 mothers (73.7%) with
both genomics and HMO profiles were classified as secretors, based on
high abundance of 2’-fucosylactose (2'FL) in their milk (>200 nmol/
mL). GWAS of this binary trait identified 265 SNP associations on
chromosome 19q13.33, which harbors the FUT2 gene (significant SNPs
listed in Supplementary Data 1). These represent both novel and
known associations, including two stop-gain variants (rs601338,
rs681343 P=9.14e-51, f=0.004) previously associated with secretor

status in Caucasians, and a third missense variant (rs1047781), pre-
viously reported in East Asians (P=1.13e-10, 8= 0.06)".

In our GWASs of individual and total HMO abundances, we iden-
tified 411 SNPs associated with continuous concentrations of the 19
individual HMOs, total HMOs, HMO-bound fucose and HMO-bound
sialic acid. GWAS results were overlayed in Fig. 1a and shown indivi-
dually for each HMO in Supplementary Fig. S5. SNP associations are
listed in Supplementary Data 1, independent SNPs (r* < 0.6) included in
Supplementary Data 2, and 23 lead SNPs (r?< 0.1) shown in Table 1,
Supplementary Fig. S6 and annotated in Supplementary Data 3. These
associated SNPs span 4 genomic regions on chromosomes 3, 10, and
19p and 19q, as described below. GWASs limited to central European
participants showed similar association signals on chromosomes 3 and
19 (see Supplementary Fig. S7 and Supplementary Data 4). GWAS of
HMOs stratified by secretor status identified similar associations on
chromosome 19 (Supplementary Fig. S8).

We identified 66 independent (r*<0.6) SNP associations at the
chromosome 19q13.33 genomic region, which span multiple genes
including FUT2, FUT1, NTNS, CA11, MAMSTR, RASIP1, IZUMOI (Fig. 1c).
This region was associated with 18 of the 19 HMOs (all except 6’SL).
These SNPs were generally associated with decreased concentrations
of total HMOs and HMO-bound fucose; and increased concentrations
of HMO-bound sialic acid (Table 1, Supplementary Data 1 and 2). The
most significant association was a synonymous SNP (rs492602,
P=2.38e-118, f=-0.96) in the FUT2 gene, correlated with decreased
concentrations of LNFP1. Although FUT2 encodes for an alphal-2-
fucosyltransferase, SNPs in this gene were not only associated with
decreased concentrations of alphal-2-fucosylated HMOs (e.g., 2'FL and
LNFP1), but also with LSTc, 3'SL (Fig. 1d, Supplementary Data 1, 2).
Notably, non-fucosylated precursors such as LNT as well as alternative
products (LNFP2, LNFP3, LSTb and LSTc) were also associated with
FUT2 SNPs in both negative and positive directions; these observations
align with the known biosynthetic interconnectivity of individual
HMOs in vivo (Fig. 1d). This interconnectivity is further illustrated by
visualizing the impact of FUT2 secretor status on overall HMO com-
position (reflecting all 19 HMOs) using a PCoA analysis, where each
milk sample was plotted in a three-dimensional space. For example,
samples from women with the FUT2 SNP rs601338 clustered in a sig-
nificantly different part of the PCoA space with separation along the
prime axis, which accounted for over 56% of the variation in overall
HMO profiles (Fig. 1e).

We identified 26 independent association signals in chromosome
19p13.3, which consists of genes FUT3, FUT6, and NRTN (Fig. 2a). The
most significant association was for SNP rs708686 (P=1.46e-58,
B =-0.75) in FUT6, associated with a decrease in DFLNT and LNFP2
(Table 1). In contrast to SNPs on chromosome 19q13.33 above, SNPs in
FUT3 (e.g., rs28362459) and neighboring genes were associated with
higher concentrations of 2’FL and LNFP1 (Fig. 2d, e, Supplementary
Data 1 and 2). Interestingly, while the concentration of HMO-bound
fucose was not affected by this FUT3 SNP, that of HMO-bound sialic
acid was significantly lower among homozygotes (P < 0.0001) (Fig. 2b).
Specifically, this SNP was associated with lower 3’SL (P < 0.0001) but
higher 6’SL concentrations (P < 0.05) (Supplementary Data 1, Fig. 2c);
however, none of the extended sialylated HMOs such as LSTb, LSTc,
DSLNT or DSLNH were affected by this SNP (Supplementary Data 1).
Moreover, the alphal-3-fucosylated HMO 3FL was not significantly
associated with this FUT3 SNP, but DFLac, which is both alphal-2- and
alphal-3-fucosylated, was significantly reduced among homozygotes
(P<0.001) (Fig. 2d). Extended fucosylated HMOs were also affected by
this FUT3 SNP: concentrations of the type-1 alphal-4-fucosylated HMO
LNFP2 were lower (P < 0.0001), whereas concentrations of the alphal-
2-fucosylated structural isomer LNFP1 were higher (P<0.0001) and
there was no association with the type 2 isomer, the alphal-3-
fucosylated HMO LNFP3 (Fig. 2e, Supplementary Data 1). These find-
ings further emphasize the interconnectivity of HMO biosynthesis,
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Fig. 1| GWASs of HMOs in 980 mothers of the CHILD cohort study. a Overlayed
Manhattan plots from GWASs of 19 HMOs (linear regression analyses in PLINK):
significant association of SNPs across four chromosomal regions, the strongest
association at rs492602 on chromosome 19q13.33 for LNFPI (P=2.38e-118). Addi-
tional associations were detected on chromosomes 19p13.3, 3q27.3 and 10q22.1
(Supplementary Data 1). The x-axis indicates the chromosomal position, and the
y-axis indicates the significance of SNP associations (-loglO(P)). The red line
represents the genome-wide significance P-value threshold (P < 5e-8). The orange
highlight SNPs within each of the significant regions. b Overlayed regional plots of
SNP associations on chromosome 19: significant associations were detected for 18
of the 19 individual HMOs (all except 6’SL). The red horizontal line represents the
genome-wide significance threshold (P < 5e-8). ¢ Overlayed Locus Zoom plots of
chromosome 19q13.33: 324 SNPs were associated with individual HMOs. The most
significant SNP (rs492602, P=2.38e-118) is indicated by a dark purple dot, which is
in LD (r*=0.99) with the known stop-gain variant rs601338 in the FUT2 gene. The
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lactating mothers of the CHILD Cohort Study. a Overlayed Locus Zoom plots of
chromosome 19p13.3: 70 SNPs were associated with individual HMOs (linear
regression analysis in PLINK; 26 independent signals and 5 lead SNPs, defined by
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P=1.46e-58), located in the FUT6 gene, is represented by a dark purple dot. The
x-axis identifies the genes mapped to this associated region and the y-axis indicates
the significance of SNP associations (P < 5e-8). b-e HMO concentrations associated
with rs28362459 in the FUT3 gene using Kruskal-Wallis (non-parametric) tests. Box
minimum: Q1, box maximum: Q3, box center: median, whiskers (farthest points
that are not outliers (i.e., within 3/2 times of interquartile range). b total HMO
concentrations, P=0.006; HMO-bound fucose, P=0.12; and HMO-bound sialic
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DFLac, P=4.21e-4; and (e) different fucosylated pentasaccharides: LNFPI,
P=1e-12; LNFP2, P=1e-12; LNFP3: P=0.6468. Box minimum: Q1, box maximum:
Q3, box center: median, whiskers (farthest points that are not outliers (i.e., within 3/
2 times of interquartile range). f Principal Co-ordinate Analysis (PCoA) plot of
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illustrating multiple alternate fucosylation or sialylation mechanisms,
which contribute to the overall HMO balance (Fig. 2f).

Chromosome 3q27.3 consists of four independent SNPs asso-
ciated with elevated concentrations of 6'SL (3.92e-9 <P<2.07e-8),
indicating gain-of-function mutations (Fig. 3a). The most significant
was SNP rs4686843 (lead SNP), located within the intron of the [3-
galactoside aplha2-6-sialyltransferase 1 (ST6GALI) gene (Fig. 3b). This
SNP was associated with higher concentrations of HMOs carrying an
alpha2-6-linked sialic acid at the terminal galactose such as 6'SL and
LSTc (Fig. 3b). This SNP was not associated with concentrations of 3'SL,
indicating the enzyme only facilitates alpha2-6-, but not alpha2-3-
sialylation. In addition, it was not associated with LSTb concentrations,
indicating that the enzyme specifically catalyzes alpha2-6-sialylation to
the terminal galactose, but not the internal N-acetyl-glucosamine
(Fig. 3b). Figure 3c depicts associations with other sialylated HMOs
such as DSLNH and LSTc (P=8.22e-8, §=0.26). Unlike the chromo-
some 19 SNPs, represented as clusters in the PCoA space, SNPs in
ST6GALI were associated with specific sialylated HMOs (alpha2-6-
linked sialic acid at the terminal galactose) but did not substantially
drive overall HMO composition (Fig. 3d).

Chromosome 10g22.1 is a novel locus associated with lower LSTb
concentrations (P=4e-8, f=-0.29) and located within the phospha-
tase domain containing paladin 1 (PALDI) gene (Fig. 3e).

Conditional GWAS of HMOs identified novel associations
Conditional GWAS analyses using the 21 lead SNPs on chromosome 19
(Table 1) as covariates identified 28 additional novel SNPs on chro-
mosomes 2q37.1, 7q.31.32, 16p13.2 and 18q22.3 as well as independent
associations in 3q27.3, 19p13.3 and 19q13.33 (Fig. 4a and Supplemen-
tary Data 5). For example, in the 2q37.1 region, SNP rs13025087 in gene
B3GNT7 was associated with increased concentration of 3'SL
(P=4.64e-08, $=0.26). In region 7q.31.32, 19 SNPs within the same LD
block were associated with increased concentrations of LNT, including
an intergenic SNP, rs1881374 (P = 6.54e-10, f=0.29).In 16p13.2, 7 SNPs
within the same LD block were associated with increased concentra-
tions of fucose-bound HMOs (e.g., rs4578629 an intergenic variant,
P=129e-08, [=0.35). Finally, we identified a SNP in 18q22.3,
rs73472295, which was associated with decreased concentrations of
DSLNT (P=4.06e-08, f=-0.42).

Subsequent conditional GWAS analyses using the top lead SNP
rs492602 on chromosome 19q13.3 identified 3 new significant loci
on chromosomes 8q24.13, 17p13.1 and 22q12.3. These loci were not
detected in our initial GWASs of HMOs, nor were they significant
when we conditioned on all 21 lead SNPs (Fig. 4b). In the 8q24.13
region, rs2954165 was significantly associated with increased con-
centration of 3'FL (P=4.50e-08, f=0.24). In the 17p13.1 region,
rs7209048 was significantly associated with decreased concentra-
tion of DSLNT (P =3.88e-08, f=-0.36). In the 22q12.3 region, 5 SNPs
within the same LD block were associated with increased con-
centrations of FLNH (P=5.66e-09, = 0.28). In addition, we detec-
ted significant signals on chromosomes 19p13.3, 19q13.33, 3q27.3
and 7q31.32, which had been identified in our previous conditional
analysis using all lead SNPs.

In addition, conditioning on the lead SNP with the lowest P value
(rs708686, P=1.24e-58) on chromosome 19p13.3 resulted in one novel
genome-wide significant signal at chromosome 3p24.3 as well as a
signal at 18q22.3, which was identified in our earlier conditional ana-
lysis using all lead SNPs (Fig. 4c¢, Supplementary Data 5, Supplementary
Fig. S9a). In the 3p24.3 region, rs4858536 was associated with
increased concentration of DSLNH (P=3.27e-08, f=0.24). In the
18q22.3 region, rs73472295 was associated with decreased con-
centration of DSLNT (P=3.28e-08, f=-0.42). Moreover, two asso-
ciations at chromosomes 17p13.1 and 22q12.3 were identified, which
were noted above in conditional analysis of the top SNP at chromo-
some 19q13.33.

Conditional GWAS analysis using each of the 21 lead SNPs from
chromosome 19 (Table 1) yielded similar results as described above
(Supplementary Data 5, Supplementary Fig. S9a). Similarly, step-wise
conditional analysis using the top one, two, three and more SNPs in
each locus did not detect any additional signals (Supplementary
Fig. S9b).

HMO-associated loci replicated in the INSPIRE Study

To validate our results from the CHILD Cohort Study, we undertook
targeted replication analyses in a sub-cohort of 395 mothers from
the INSPIRE Study™. This replication sub-cohort used the same HMO
analysis platform as CHILD, paired with a different genomics plat-
form that was not imputed, resulting in relatively fewer SNP geno-
types for analysis. Of the 2,669 SNPs associated with HMOs
(suggestive P<1e-5) in CHILD, 281 were genotyped in INSPIRE, of
which 46 replicated including: one SNP in 3q27.3 (rs4234598 in the
ST6GALI gene, P<0.05) (Fig. 5a), four SNPs in the 7q31.32 region
(P<0.0125) (Fig. 5b), and 41 HMO-associated SNPs from the 19p13.3
and 19q13.33 regions, which span the FUT2, FUT3, and FUT6 genes
(P<0.0014) (Fig. 5¢).

Using a meta-analysis approach, we combined the association
results from all 281 overlapping SNPs in the CHILD and INSPIRE sub-
cohorts (total N=1375). This identified 6 loci associated with HMOs
(P < 5e-08) including chromosomes 3q27.3, 7q21.32, 7q31.32, 13q33.3,
19p13.3 and 19q13.33 (Fig. 5d and Supplementary Data 6). Two of these
regions were not significantly associated with HMOs in either the
CHILD or INSPIRE cohort studies alone, but only identified in the meta-
analysis combining the two sub-cohorts. These include chromosome
7q21.32, which consists of an intronic SNP in LMTK2 gene, rs16869462,
associated with decreased concentrations of a neutral HMO LNH
(P=9e-09, B=-5.75). The second novel locus is on chromosome
13q33.3, which includes SNP rs79783730, significantly associated with
increased concentrations of LNT (2.21e-08, f=5.59).

Gene-by-environment interaction analyses identified specific
HMOs that may protect respiratory health of human milk-fed
children

Of the 980 mothers with both genetic and HMO profiles, 198 (20%) of
their children had experienced recurrent wheeze between 2 and 5
years of age. Recurrent wheeze was strongly associated with two
genetic risk scores (GRS): one generated based on 44 SNPs associated
with asthma, regardless of age of onset? (denoted as all-asthma GRS,
Supplementary Fig. S10), and the second based on 4 SNPs associated
with childhood-onset asthma (denoted as childhood-asthma GRS). As
shown in Fig. 6a, both GRSs were strongly associated with recurrent
wheeze prevalence (P=2.48e-10 and P=1e-7).

In GxE analyses using the all-asthma GRS and restricting to chil-
dren who were human milk-fed for at least 6 months (N=3880), we
determined that exposure to specific HMOs was associated with pre-
valence of recurrent wheeze, particularly among those with high
genetic risk (Fig. 6b, ¢, Supplementary Table 4). For example, among
children with high GRS, exposure to high concentrations of certain
HMOs (2'FL, DFLNH - which are higher in secretor milk) as well as total
HMOs and total HMO-bound fucose was associated with reduced
prevalence of recurrent wheeze (Fig. 6b) (interaction P < 0.01). Notably
in this high-GRS group, exposure to high concentrations of certain
other HMOs (LNFP2, LNFP3 - which are higher in non-secretor milk)
were associated with higher prevalence of recurrent wheeze. Thus,
these interactions suggest that among individuals with high genetic
risk, exposure to specific HMOs modulate their overall risk of recurrent
wheeze. We observed similar trends using the childhood-asthma GRS
(Supplementary Fig. S11). These results contrast with GxE analyses
using breastfeeding duration (3, 6, and 12 months) instead of HMO
concentrations, which do not show significant modulating effects
(Supplementary Fig. S12).
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Fig. 3| Novel HMO-associated loci in ST6GALI and PALDI genes among lactating
mothers of the CHILD Cohort Study. a Manhattan plot of GWAS for 6'SL: 19 SNPs
on chromosome 3q27.3 in the ST6GALI gene were significantly associated with 6’'SL
(P<5e-8). The most significant lead SNP was rs4686843 located in the intron of this
gene. The x-axis indicates the chromosomal position and the y-axis indicates the
significance of SNP associations (-loglO(P)). b HMO concentrations associated with
rs4686843 using the Kruskal-Wallis test (non-parametric, not assuming normal dis-
tribution): SNP associated with higher concentrations of 6'SL (P=5.78e-9) and LSTc
(P=6.29e-6), but not 3'SL (P=0.98) or LSTb (P=0.98), indicating role in alpha2-6-
sialylation specific at the terminal galactose. Box minimum: Q1, box maximum: Q3,
box center: median, whiskers (farthest points that are not outliers (i.e., within 3/2
times of interquartile range). ¢ Regional plot of genetic associations for 19 individual
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HMOs within chromosome 3q27.3: Significant associations detected only for 6'SL.
Trends detected for DSLNH and LSTc but these do not meet genome-wide sig-
nificance as indicated by the red horizontal line (P = 5e-8). Blue line is indicated by the
suggestive significance (P=1e-5). d Principal Co-ordinate Analysis (PCoA) plot of
overall HMO profiles by rs4686843 using a Bray-Curtis distance matrix: No evidence
of substantial association between this SNP and overall HMO profile. Each dot
represents the entire HMO profile of an individual mother. e Manhattan plot of LSTb:
135 SNPs on chromosome 19q13.33 (habouring genes such as FUT2, lowest
P=2.4e-31) and a single SNP on chromosome 10q22.1in the PALDI locus (P < 5e-8) as
indicated by the red line and were significantly associated with LSTb concentration.
Blue line indicates the suggestive significance (P=1e-5).
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Fig. 4 | Genome-wide conditional analyses of HMOs. a Overlayed Manhattan
plots from conditional GWAS analyses of 19 HMOs using linear regression to con-
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associated loci identified by conditioning on 21 lead SNPs from chromosome 19.
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plots from conditional GWAS analyses on the lead SNP (rs492602, P =2.38e-118)
with the lowest P value at the chromosome 19q13.33 locus, which identified 3 new
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Loci highlighted in green are primary loci previously identified from our GWAS. Red
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line represents the genome-wide significance threshold (P=5e-8). Zoomed panel
shows the loci within significance between P <1e-05 and P< 5e-10. ¢ Overlayed
Manhattan plots from conditional GWAS analyses on the lead SNP (rs708686,
P=1.24e-58) with the lowest P value at the chromosome on 19p13.3 locus, which
identified 4 new significant loci on chromosome 3p24.3, 17p13.1, 18q22.3 and
22q12.3 (highlighted in blue). Loci highlighted in green are primary loci previously
identified from our GWAS. Red line represents the genome-wide significance
(P=5e-8). Zoomed panel shows the loci within significance between P <1e-05
and P<5e-10.

Finally, we performed a sensitivity analysis to determine if these
findings were driven by secretor status (which affects glycosylation
throughout the entire body - not only in milk) rather than specific
HMO exposures. When restricting our analyses to secretor mothers
only (V=640 with children who were human milk-fed until 6 months
or longer), we observed similar trends between the GRS and HMOs
(Fig. 6b, Supplementary Table 5). For example, DFLNH interacts with
the all-asthma GRS (P<0.05) so that children with high genetic risk
exposed to high concentrations of this HMO showed reduced pre-
valence of recurrent wheeze compared to children with similarly high
GRS exposed to low DFLNH. Similar trends, albeit not significant, were
also observed for 2’FL and LNFPL, but inverse interaction effects were
observed for LNFP2 and LNFP3.

Discussion
We uniquely explored the mother-milk-infant triad, reporting how
maternal genetics determined HMO composition, which in turn was

associated with respiratory health of human milk-fed infants in a
manner dependent on their own genetic risk for recurrent wheeze. Our
results implicate known and novel genes in the biosynthesis of HMOs,
identifying associations to numerous loci across multiple chromoso-
mal regions (e.g., 3q27.3, 7q21.32, 7q31.32, 19p13.3, and 19q13.33),
many of which map to genes that encode enzymes involved in glyco-
sylation (TMTC1, GCNT3, ST8SIA2, FUT6, FUT3, FUT2, FUT1, B3GNT7,
ST6GALI, B4GALTI), and solute carrier proteins (SLC39A8, SLCO3A1,
SLC25A21). Notably, these associations replicated in an independent
cohort™. Furthermore, we found that among human milk-fed infants
with high genetic risk, exposure to high concentrations of certain
fucosylated HMOs was associated with lower prevalence of recurrent
wheeze. Thus, our novel nuanced approach to studying the mother-
milk-infant triad provides a deeper understanding of the protective
effects of breastfeeding on the respiratory health of infants.

The most significant HMO-SNP association was located on chro-
mosome 19q13.33, which harbors the FUT2 gene, known to be involved

Nature Communications | (2024)15:7735


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51743-6

a. 3927.3 b. 7921.32 and 7q31.32
6
3
— ’&4
2 ) 4 LNH o
2 g
] [}
2
1 [ ]
: [ ]
0 o ° 0 °
50 100 150 50 100 150
Chromosome 3 (MB) Chromosome 7 (MB)
2FL DSLNH ® Fuc LNT Sum 3sL DFLNT e LNFP2 e LNH LSTb
HMO HMO
6SL e DSLNT e LNFP2 LSTc DFLac ® DSLNT e LNFP3 LNT LSTc
c.19913.3 and 19p13.3 d. Meta-analysis
2007 19q13.33
|
601 1501 }
'
E‘IOO‘ |
o ' = 19p13.3
2 [ ] ke) .
(o2 1 I
920
i |
0 ° | ] ° 3
10 20 30 40 50 Chrt 2 /3 4 5 6 7 8 9 10 11 12 13 14 151617181921
Chromosome 19 (MB)
2FL DFLNH e FLNH o LNFP3 o LSTc "
o 3FL e DFLNT o Fuc LNH Sia
HM 15 4 39273
3SL e DSLNH o LNFP1 o LNT sum o “ 7431.32
DFLac » FDSLNH ¢ LNFP2 » LSTb = . 13933.3
T - . .
o BN ST ERENG I P S
- ) % ."' s .
0 -
Chr 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 5 | Replication analyses of HMO-associated loci in the INSPIRE Study.

a-c Overlayed regional plots show replication of HMO-associated loci in the
INSPIRE sub-cohort (N =395): significant replications after Bonferroni correction
for multiple testing surpass the red horizontal line. a SNP rs4234598 in locus 3g27.3
was associated with both 6’SL and LSTc. b Four SNPs in 7q31.32 were associated
with LNT and one SNP (rs16869462) in 7q21.32 is associated with LNH. ¢ A total of 41
SNPs in 19p13.2 and 19q13.33 loci were associated with all HMOs except 6’SL and

LNnT in the INSPIRE sub-cohort. d Overlayed Manhattan plot of the meta-analyses
of 19 HMOs combining the CHILD and INSPIRE sub-cohorts (N =1375). Loci in red
exceeded the genome-wide significance threshold (meta-P < 5e-08) and loci in
green were suggestively associated (meta-P <1e-05). Out of the 6 associated
genomics regions, two were novel (7q21.32 and 13gq33.3), not previously identified
in either the CHILD or INSPIRE sub-cohorts alone.

in glycosylation. Specifically, homozygosity for the loss of function
FUT2 rs601338 SNP was associated with near absence of alphal-2-
fucosylated HMOs: 2°FL, DFLac and LNFP1. Surprisingly, however, 3FL
and 3'SL concentrations in the milk of these subjects were also lower.
In contrast, structural isomers LNFP2 and LNFP3 were higher in con-
centration as well as the precursor LNT but not LNnT. Concentrations
of the sialylated isoform LSTb was higher while those of LSTc was
lower. These findings indicate that loss of FUT2 not only blocks alphal-
2-fucosylation but shifts entire glycosylation pathways leading to an
accumulation of non-fucosylated precursors such as LNT as well
alternative products (e.g., LNFP2, LNFP3, and LSTb). The FUT2 SNP also
associated with lower concentrations of total HMO-bound fucose and
higher total HMO-bound sialic acid. Overall, these results emphasize
that a single SNP in FUT2 may dramatically alter the HMO landscape,
represented by distinct clustering when HMO composition profiles
were plotted using PCoA plots.

The second most HMO-associated genomic region was located
on chromosome 19pl13.3, including candidate genes fucosyl-
transferases 3 and 6 (FUT3/6), and Neurturin (NRTN), which are
known to regulate glycosylation of plasma proteins and IgG'*". SNPs
in this region were associated with increased 2’FL and total HMOs,
and lower concentrations of HMO-bound sialic acid. However, none
of the extended sialylated HMOs (LSTb, LSTc, DSLNT, DSLNH), were
associated with SNPs in this region. In contrast, we noted associa-
tions with extended fucosylated HMOs: lower LNFP2 (alphal-4-
fucosylated HMO) and higher LNFP1 (alphal-2-fucosylated HMO) but
no association with LNFP3 and 3FL (alphal-3-fucosylated HMO).
Interestingly, SNPs in FUT3 were associated with decreased DFLac,
which is both alphal-2- and alphal-3-fucosylated. Taken together,
these findings improve our understanding of the complex bio-
synthesis of HMOs, identifying multiple mechanisms for fucosyla-
tion and sialylation.
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Novel associations were reported for SNPs on chromosomes
3q27.3, 10q22.1 and 19p13.11, which map to the ST6GALI, PALDI and
DDA1 genes, respectively. SNPs in ST6GALI were correlated with higher
concentrations of HMOs carrying an alpha2-6-linked sialic acid in the
terminal galactose (6’SL and LSTc) but were not associated with 3'SL
and LSTb, indicating that the ST6GALIL enzyme does not play a role in
alpha2-3-sialylation and specifically catalyzes the alpha2-6-sialylation
to the terminal galactose (not internal N-acetyl-glucosamine). PALD1
enables phosphatase tyrosine activity'® while DDAL1 is involved in pro-
tein ubiquitination® - but their roles in HMO biosynthesis remain to be
determined. Finally, our conditional GWAS analyses identified multiple
novel associations on chromosomal regions: 2q37.1, 3p24.3, 3q31.3,
7q31.32, 8q24.1, 16p13.2, 17p13.1, 18q22.3 and 22q12.3. Future research
is needed to further investigate genes within these genomic regions.
Within 2q37.1 for example, the top SNP rs13025087 was associated
with 3SL and maps to B3GNT7, encoding beta-1.3-N-acet-
ylglucosaminyltransferase 7 gene. While not much is known about
B3GNT7, SNPs in the related gene B3GNTS5 were previously associated
with bovine milk oligosaccharides such as LNT and LNH",

Notably, many of the above associations from CHILD successfully
replicated in the independent INSPIRE cohort. In addition, meta-
analysis of these two cohorts identified SNPs on chromosome 7q21.32
associated with LNT concentrations. SNPs in this locus have been
associated with expression of FAM3C in the esophagus mucosa and
colon”, but have not been previously linked to milk synthesis or
mammary tissue.

To our knowledge, this is the largest study to investigate indivi-
dual HMOs and childhood respiratory health, involving nearly 1000
mother-child pairs. Sprenger et al. reported lower incidence of allergic
reactions among breastfed infants (V=266) exposed to high con-
centrations of FUT2-dependent oligosaccharides, specifically among
c-section born infants?®. Another study (N="73) found that early con-
sumption of LNFP2 was associated with lower infant respiratory pro-
blems by 12 weeks”. In a smaller subset of the CHILD cohort (N =421),
we previously reported that certain HMO profiles were associated with
a reduced risk of allergic sensitization during infancy”, but maternal
and infant genetics were not considered in these earlier studies. Our
current study demonstrates that exposure to high concentrations of
specific fucosylated HMOs (2'FL, LNFP1 and DFLNH) through breast-
feeding was associated with reduced prevalence of recurrent wheeze
during early childhood, specifically among infants with high genetic
risk scores (GRS) for wheezing. Notably, our GxE analysis for “breast-
feeding at 12 months” showed a protective association only among
children with low GRS - indicating that specific milk components (such
as HMOs) may have important health effects that are obscured when
“breastfeeding” is considered as a single homogeneous exposure.
Together, these results provide new evidence that a modifiable
exposure (specific fucosylated HMOs) could mitigate genetic risk for
poor respiratory health, and emphasize the importance of considering
milk composition and infant genetic risk in the assessment of breast-
feeding and infant health.

Collectively our data suggest that fucosylated HMOs may enhance
immunity and protect respiratory health during early-life develop-
ment, which could occur through several mechanisms. First, HMOs
may act directly as immune modulators on the mucosa of the eso-
phagus or colon, or systemically after absorption. For example, fuco-
sylated HMOs are reported to have anti-inflammatory effects, reducing
cytokine and CD14 expression in intestinal epithelial cells****. Second,
HMOs may affect immune development indirectly via the microbiome.
For example, HMOs are known to promote beneficial bacteria, such as
Bifidobacterium, while inhibiting harmful bacteria, such as Clostridium
difficile”, and we have previously shown in the CHILD cohort that gut
microbiota dysbiosis is associated with asthma®.

A limitation of our current study, which is common to many
published GWASs, is the focus on subjects of central European

ancestry who make up approximately 78% of the CHILD cohort. This is
important because the SNPs associated with FUT2 secretor status (and
potentially other HMO synthesis pathways) vary geographically. For
example, SNP rs1047781 in FUT2 is prevalent among East Asians but
not found in Europeans and Africans, whereas the reverse is true for
another SNP (rs601338) in the same gene. Future studies including
more diverse populations may identify novel variants and reveal
additional biosynthesis pathways of HMOs. Another limitation is our
single timepoint analysis, as HMOs can vary longitudinally across
lactation®®. In addition, although the 19 HMOs analyzed here are the
most abundant, it is possible that other HMOs have important phy-
siological functions that may warrant future GWAS analyses. Finally,
further studies are necessary to identify causal SNP variants and
determine how they contribute to HMO regulation, and to replicate
our GxE findings and investigate molecular mechanisms by which
HMOs could impact lung health.

Overall, this investigation significantly advances knowledge about
the genetics of HMO biosynthesis in the human mammary gland. A
deeper mechanistic understanding of this process will not only allow
us to develop maternal interventions to improve HMO composition
(once we know which HMO compositions are indeed beneficial) but
will also help optimize HMO synthesis strategies in cell-free enzyme
systems or bioengineered cells to make HMOs available for research
and application. In addition, our study illustrates how a nuanced
approach to studying the mother-milk-infant triad can provide a dee-
per understanding of the benefits of breastfeeding and help identify
potential ‘personalized’ interventions such as supplemental HMOs to
protect infant health among those at high risk. Collectively, our find-
ings can help inform new mechanistic research into the development
of HMO-based therapies to curb the lifelong risk of chronic respiratory
diseases.

Methods

Study protocols were reviewed and approved by Human Research
Ethics Boards at Queen’s University, McMaster University, the Uni-
versities of Manitoba, Alberta and British Columbia, and the Hospital
for Sick Children. All participants or their legal guardians provided
informed consent. GWAS analyses of HMO profiles from breast milk
samples were conducted in lactating mothers who reported as female
and their biological sex was confirmed using genomics data from the
X-chromosome. Genomics analysis in their children included reported
sex, which was also confirmed for each participant using data from
their X-chromosomes, as a co-variate. Gender was not available for the
children given their young ages (five years and younger) and not
considered in the mothers as it is not known to affect HMO profiles nor
genomics. An overview of our experimental design is depicted in
Supplementary Fig. S1.

CHILD study participants

The CHILD Cohort Study recruited 3455 pregnant women between
2009 and 2012 from predominantly urban areas in four Canadian
provinces?. Infants born > 35 weeks of gestation and with birthweights
>2500 g remained eligible (N=3264). These children were followed
from birth onwards, with a home visit at 3-4 months postpartum,
repeated questionnaires examining environmental exposures, and
clinic visits at ages 1, 3, and 5 years for detailed assessments and
obtaining biospecimens. Characteristics of the 980 mothers with HMO
data are summarized and compared to 2,370 mothers with genetics
datain Supplementary Table 2. The characteristics of their children are
shown in Supplementary Table 3.

Genomics data

DNA was isolated from peripheral blood collected from 2552 mothers
and cord blood collected from 2967 infants of the CHILD Study and
used for genotyping 557,006 single nucleotide variants (SNVs) on the
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Fig. 6 | Gene-environment interaction analyses: Exposure to certain fucosy-
lated HMOs interacts with individual genetic risk to modulate risk of recurrent
wheeze during childhood in the CHILD cohort. a Association of all-asthma GRS
and childhood-asthma GRS with recurrent wheeze between ages 2 and 5 years
(N=2835; P=2.48e-10 and P =1e-7, respectively). The x-axes indicate GRS Z-scores
and the y-axes indicate the prevalence of recurrent wheeze. b-d Gene-environment
interaction (GxE) analyses using logistic regression analyses indicate that exposure
to specific HMOs modulate risk of recurrent wheeze among human milk-fed chil-
dren in the sub-cohort (V=880 children of all mothers with HMOs and genomics
data) as well as in the sub-cohort of 640 secretor mothers. Unadjusted *P < 0.05;

oRs oRs

Bonferroni adjusted **P < 0.05; FDR adjusted **-P < 0.05. Normalized HMO con-
centrations were categorized as Low (<-1 SD), Moderate (-1 to +1SD) and High (>
+1SD) represented as bands and colors. Exposure to low levels of three HMOs (e.g.,
2'FL, LNFP1, DFLNH) is associated with increased prevalence of recurrent wheeze
among children with high GRS (P< 0.05). GXE unadjusted P values using general-
ized linear model: 2'FL; P=0.004, LNFP1; P=0.01, DFLNH; P=0.002). In contrast,
exposure to high levels of other HMOs (e.g., LNFP2, LNFP3) is associated with
increased prevalence of recurrent wheeze among children with high GRS (GxE
Unadjusted p values: LNFP2; P=0.03, LNFP3; P=0.02). Full summary statistics are
provided in Supplementary Tables 4, 5.

Illumina HumanCoreExome BeadChip. Quality control (QC) measures
were applied using PLINK (version 1.9)¥, which employed filters
as previously described®. Briefly, subjects were omitted using the
following filters: X chromosome F-coefficient >0.2 for females and
<0.8 for males (validated using Y chromosome counts); excess
heterozygosity > + 2 standard deviations; genotype missingness >10%;
relatedness using inbreeding coefficient >0.185. Next, SNVs were
excluded with missingness >0.05 and Hardy-Weinberg equilibrium
P<10e-07 in a sub-cohort of Central European Ancestry. A total of
515,033 SNVs in 2,426 mothers and 2835 children were then carried
forward for whole genome imputations using data from the Haplotype

Reference Consortium (HRC; rl.1 2016) and the Michigan server®.
Following imputations, variants with minor allele frequency >0.01 and
imputation quality score R? > 0.3 were retained for further analysis. QC
and imputation steps are detailed in Supplementary Information.

Human milk collection and quantification of human milk
oligosaccharides (HMOs)

Human milk was collected from 1206 lactating CHILD mothers during
their 3-4-month home visit as described previously*’. Nineteen of the
most abundant HMOs were quantified in two batches (V=427 and
N=779, HMO names and abbreviations are listed in Supplementary
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Table 1)*°. In total, 980 mothers had both HMO and genomics data
(summarized in Supplementary Table 2). HMOs were isolated by high-
throughput solid-phase extraction, fluorescently labeled, and analyzed
by high-performance liquid chromatography (HPLC) as previously
described®. Total HMO concentrations, and HMO-bound fucose or
sialic acid concentrations were calculated as the sum of all measured
HMOs and of fucose or sialic acid residues, respectively. HMO con-
centrations were normalized using the inverse rank normalization
score method* (Supplementary Figs. S2 and S3 show HMO distribu-
tions pre- and post-normalization). Normalized HMO concentrations
were categorized as Low (<-1 SD), Moderate (-1 to +1SD) and High
(> +1SD). Phenotypic secretor status was determined by the presence
or near absence (<200 nmol/mL) of 2-fucosylactose (2'FL)*.

Genome-wide association study (GWAS) analyses of HMOs
GWAS analyses of HMO profiles in the 980 CHILD mothers included
5.4M common single nucleotide polymorphisms (SNPs), which are
SNVs with minor allele frequencies > 0.05, adjusted for population
substructure (principal components (PCs) 1-3) and two HMO batches.
Secondary GWAS analyses included 764 mothers of central European
(CEU) ancestry only (see details in Supplementary Information). Using
PLINK 1.9%, we performed GWAS analysis using logistic regression for
binary phenotypic secretor status (based on presence of 2’FL), or linear
regression for continuous concentrations of individual HMOs, total
HMOs, fucosylated HMOs and sialylated HMOs. Manhattan plots
employed the “qgman” R-package® and EASY STRATA*. Lead and
independent signals were identified from significant SNPs (P < 5e-8) by
linkage disequilibrium (LD) clumping using r’<0.1 and r*<0.6,
respectively, within 250 kb windows using the SNP2GENE function in
the FUMA GWAS web interface®. FUMA GWAS was also employed to
generate locus zoom plots. Boxplots and the principal coordinates
analysis (PCoA) plots, using QIIME*, depict the allelic effects of select
SNVs among the secretors and non-secretors. PCoA analysis for the
genotypes were estimated using Simpson dissimilarity®.

Following our primary GWAS analyses of HMOs above, we per-
formed a joint conditional GWAS analyses® using linear regression
models in PLINK that included 21 lead SNPs from our primary GWAS
results (all on chromosome 19) as covariates. In addition, we con-
ducted conditional GWAS analyses using each of the 21 lead SNPs from
our primary GWAS as covariates. Finally, we applied a stepwise
approach using one, two and three of the top lead SNPs at each the
chromosome 19 loci from Table 1.

Replication of GWAS findings in the INSPIRE Cohort Study

SNPs identified from the primary and conditional GWAS analyses of
HMOs in the CHILD Study (P<1e-05) were carried forward for
replication analyses in the independent INSPIRE cohort'’. Genome-
wide SNV genotyping data from the INSPIRE cohort were obtained
using Illumina Multi-Ethnic Global-8 v1.0 arrays as previously
described™. Briefly, the INSPIRE Study was an international, inter-
cultural investigation of factors associated with global variation in
human milk composition. Details regarding experimental design,
milk collection, HMO analyses, and maternal genotyping have been
previously published'®*’. SNP QC exclusion criteria included: variant
call rates <89.5%, minor allele frequencies <0.0095, and Hardy-
Weinberg equilibrium (HWE) of P<10e-7. SNPs were tested for
association with HMO phenotypes using an additive model. A total
of 281 SNPs identified in CHILD overlapped with those genotyped in
INSPIRE. First, we performed a locus specific replication, which
focused on SNPs associated with HMOs in CHILD (P <1e-05). Mul-
tiple testing corrections were applied using the Bonferroni method
by adjusting for the number of independent SNPs in each genomic
region (LD, r?<0.6). Second, we performed a meta-analysis using
METAL*° to combine association results for all SNPs from the CHILD
(N=980) and INSPIRE cohorts (N=395). Significant SNPs for meta-

analysis were identified using genome-wide significance thresh-
old (P < 5e-08).

Recurrent wheeze and genetic risk score (GRS) analysis
Recurrent wheeze was selected as the primary respiratory outcome
during early childhood, which was defined as two or more episodes of
wheeze in one year between ages 2 and 5 years. We opted to omit early
wheezing episodes prior to age 2 years as these are more likely to be
transient and result of an infection*'. Moreover, we selected recurrent
wheeze instead of asthma because the latter is a highly heterogeneous
disease*>** that is difficult to diagnose in young children***. This
heterogeneity is known to delay diagnosis and is a major challenge for
studying asthma in early childhood*. In addition, wheeze is known to
be a key defining trait of asthma, and persistent symptoms during early
life, even if associated with later remission, has been linked to lower
lung function and chronic lung disease later in life*’.

Using recurrent wheeze as our primary outcome, we conducted
two GRS analyses: one utilizing summary statistics from one of the
largest published GWAS of asthma, regardless of age of onset'’; and
another from the largest GWAS childhood-onset asthma*®. GRS
analyses were conducted in four steps: (1) Identify SNPs associated
with asthma from the published GWAS (P<5e-8) in the CHILD
cohort; (2) Eliminate redundant signals by pruning SNPs in linkage
disequilibrium (LD; r*> 0.8) using a window size of 50 kb and shift
distance of 2; (3) Beginning with the most significant SNV, apply a
stepwise forward regression model by summing the risk alleles
weighted by the effect sizes obtained from the published study; (4)
Determine the association of the resulting GRS with recurrent
wheeze using logistic regression analysis, adjusted for sex and
population substructure (e.g. PCs 1-10). We further converted this
GRS into Z-scores ranging from -3 to +3 for each of the CHILD
infants. Of the 980 mothers with both HMOs and genomics profiles,
880 of their children had genomics data for GRS analysis (see Sup-
plementary Table 3 for characteristics of the infants including pre-
valence of asthma and recurrent wheeze).

Gene-environment interaction analyses

We determined gene-environment interactions (GXE) between each
child’s GRS for recurrent wheeze (G; Z-score) and their exposure to
maternal HMOs (E; nmol/mL) using a generalized linear model in R
(logistic regression test for each of the 19 HMOs individually), which
adjusted for sex, two HMO batches, and 10 PCs (see equation in Sup-
plementary Information). This GXE analysis was undertaken among the
880 children with available GRS data, maternal HMO data, maternal
genetic data, who been human milk-fed for 6 months or longer. Mul-
tiple testing corrections were applied to adjust for 19 HMOs using the
false discovery rate (FDR) as well as the Bonferroni method, which
adjusted for six clusters of correlated HMOs (see Supplementary
Fig. S4). The interaction plots were generated using the R package
sjPlot (https://CRAN.R-project.org/package=sjPlot). GRS were nor-
malized (Z-scores ranging from -3 to +3) and used as continuous
variables without any grouping. Normalized HMO concentrations were
categorized as Low (<-1SD), Moderate (-1to +1 SD) and High (> +1SD).
The lines were fitted by estimating the effects using generalized linear
model (glm) with interaction term in R and plotted using the plot_-
model function in sjPlot.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The GWAS summary statistics generated in this study have been
deposited in the GWAS Catalog database under accession number GCP
ID GCPO00844, and are also provided in the Supplementary Table 6.
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Data from the CHILD Cohort Study are available from the CHILD
database: https://childstudy.ca/childdb/.

Code availability

No custom code was generated for this manuscript, however, all
code has been shared: https://github.com/ComputationalGenomics
Laboratory/HMO_GWAS.
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