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ABSTRACT Maternal secretor status is one of the determinants of human milk
oligosaccharides (HMOs) composition, which, in turn, influences the gut microbiota
composition of infants. To understand if this change in gut microbiota impacts immune
cell composition, intestinal morphology, and gene expression, 21-day-old germ-free
C57BL/6 mice were transplanted with fecal microbiota from infants whose mothers
were either secretors (SMM) or non-secretors (NSM) or from infants consuming dairy-
based formula (MFM). For each group, one set of mice was supplemented with HMOs.
HMO supplementation did not significantly impact the microbiota diversity; however,
SMM mice had a higher abundance of genus Bacteroides, Bifidobacterium, and Blautia,
whereas, in the NSM group, there was a higher abundance of Akkermansia, Enteroclos-
ter, and Klebsiella. In MFM, gut microbiota was represented mainly by Parabacteroides,
Ruminococcaceae_unclassified, and Clostrodium_sensu_stricto. In mesenteric lymph node,
Foxp3+ T cells and innate lymphoid cells type 2 were increased in MFM mice supplemen-
ted with HMOs, while in the spleen, they were increased in SMM + HMOs mice. Similarly,
serum immunoglobulin A was also elevated in MFM + HMOs group. Distinct global gene
expression of the gut was observed in each microbiota group, which was enhanced with
HMOs supplementation. Overall, our data show that distinct infant gut microbiota due
to maternal secretor status or consumption of dairy-based formula and HMO supple-
mentation impacts immune cell composition, antibody response, and intestinal gene
expression in a mouse model.
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H uman milk (HM) is considered as personalized nutrition, made by the mother to fit
the infant’s nutritional needs. HM contains nutrients such as vitamins, fatty acids,
proteins, growth factors, immunoglobulins (Ig) such as IgG and IgE, extracellular vesicles,
and its own microbiota. Human milk feeding is associated with several health benefits,
providing optimal nutrients for healthy development and growth and acting as a source
of antibodies to protect infants from early-life infections and allergies (1). In addition,
HM promotes infants’ early gut microbiome seeding and programs the composition
of microbiota. It also improves epithelial barrier function by increasing the expression
of tight junction proteins and promotes innate immune mediators in epithelial cells
(2). Multitudes of maternal, genetic, and environmental factors determine the composi-
tion of human milk. Human milk oligosaccharides (HMOs), the third most abundant
component of human milk besides lactose and lipids, are crucial for optimal infant
development (3-5). Infants cannot metabolize HMOs though their direct impact on the
host immune system and gene expression has been previously shown in a mouse model
(6, 7). HMOs work as a prebiotic factor because the distal intestinal microbiota uses HMOs
as substrates shaping the gut microbiota composition. HMOs can also prevent the ability
of pathobionts to bind to the host cells, thus protecting infants from enteric infections (4,
8).

Several factors influence HMOs composition (9-14). One such factor is the expression
of the secretor gene (FUT2). Mothers with the functional FUT2 gene allele have active
fucosyltransferase-2 (FUT2) enzyme. Active FUT2 enzyme adds fucose to the lactose
backbone of HMO by a1-2-linkages and produces 2"-fucosyllactose (2°FL) in human milk
(11, 15). Different percentages of the secretor population have been reported in studies
depending on the geographical location. In an Australian cohort, 64.7% of mothers were
secretors (16), in a Chinese cohort, 77% of mothers were secretors, whereas in a US
cohort, 71.9% were reported to be secretors (17, 18). The mother’s secretor status is
known to impact the development of child’s gut microbiota composition (16, 19, 20).
Secretor individuals and infants consuming milk from secretor mothers have a higher
abundance of Bifidobacterium species (16, 21). In addition, dietary 2-FL supplementation
in a conventional mouse model enhanced the influenza antigen-specific immunoglobu-
lins and the proliferation of antigen-specific T-cells (22). Importantly, infants consuming
human milk containing a higher level of 2’-FL had a lower incidence of diarrheal diseases,
including Campylobacter-related diarrhea (23). Similarly, supplementation of 2’-FL with
dairy-based infant formula decreased the severity of experimentally induced necrotizing
enterocolitis in mice (24).

However, whether microbiota programmed by maternal secretor milk mediates
offspring gastrointestinal tract morphology, the immune response and intestinal gene
expression is not well explored. To address this knowledge gap and understand the
role of microbiota in infants consuming milk from secretor or non-secretor mothers,
we transplanted the microbiota from these infants to germ-free mice. Germ-free mice
have immature gastrointestinal and immune system development and function for their
age compared to the conventional mice (25) making young germ-free mice a potential
model to study infant-gut microbiota interaction. Microbiota from infants consuming
dairy-based infant formula devoid of any HMOs were also transplanted to the germ-free
mice as a control. To mimic HMOs content of human milk, one set of mice was supple-
mented with pooled HMOs and investigated its influence on the microbiota composi-
tion. Growth, gastrointestinal tract morphology, gene expression, and immune response
were measured.

RESULTS

Maternal secretor status shapes infant microbiota differently from non-secre-
tor or infant formula feeding

To determine whether the microbiota of infants differ across groups, 16S rRNA gene
amplicons sequencing of inoculum that was used for fecal transplantation was carried
out. A distinct microbiota abundance among the infants fed by secretor or non-secretor
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mothers or those consuming infant formula was observed (Fig. S1). While the microbiota
of infants fed by secretor mothers (SMM) had a higher abundance of Alistipes, Anae-
rostipes, Bacteroides, Bifidobacterium, Blautia, Faecalibacillus, Enterococcus, Flavonifractor,
Lactococcus, Mediterraneibacter, Parabacteroides, Phocaeicola, and Pseudoalteromonas,
those fed by non-secretor mothers had a higher abundance of Blautia, Clostridium
sensu stricto, Enterococcus, Eubacterium, Faecalibacterium, Haemophilus, Hungatella,
Klebsiella, Lactobacillus, Odoribacter, Ruminococcus, and Veillonella. Similarly, feces of
infants consuming milk formula had a higher abundance of Anaerotruncus, Clostridioides,
Coprococcus, Hungatella, Lachnospira, Lacticaseibacillus, Parasutterella, Phascolarctobacte-
rium, Phocaeicola, Ruthenibacterium, and Streptococcus (Fig. S1).

To determine whether the microbiota of infants consuming milk from secretor
mothers (SMM), non-secretor mothers (NSM), or those consuming dairy-based infant
formula (MFM) colonize the mouse gut, colon contents of the mice were subjected to
16S amplicon sequencing. A set of mice was supplemented with pooled human milk
oligosaccharides (HMOs) resulting in a total of seven experimental groups: Germ-Free
control (GF), SMM, SMM + HMOs, NSM, NSM + HMOs, MFM, and MFM + HMOs. Alpha
diversity of MFM groups was significantly higher compared to SMM or NSM groups
as shown by higher Shannon index values in the colon lumen (Fig. TA). Interestingly,
HMO supplementation did not change the alpha diversity in any of the groups stud-
ied. Similarly, beta diversity measured by Bray-Curtis dissimilarity significantly differed
between SMM, NSM, and MFM groups although no impact of HMOs was seen (Fig.
1B). Microbiota from SMM and SMM + HMOs groups were dominated by phylum
Bacteroidota (formerly, Bacteroidetes) (~89% abundance), whereas Verrucomicrobiota
(formerly, Verrucomicrobia) (~33% abundance) phylum predominately belonged to NSM
and NSM + HMOs groups (Fig. 1C). Several genera differed among the treatment
groups (Fig. 1D). SMM and SMM + HMOs groups were predominantly represented by
Bacteroides, Blautia, Erysipelatoclostrodium, Phocaeicola, Parasutterella, Bifidobacterium,
and Extibacter (Fig. 1D; Fig S2 and 3), whereas NSM and NSM + HMOs groups had
a higher abundance of Alistipes, Anaerotruncus, Akkermansia, Enterocloster, Lachnospira-
ceae_unclassified, and Klebsiella. Similarly, abundant taxa in MFM and MFM + HMOs
groups were Clostridium_sensu_stricto, Parabacteroides, and Ruminococcacea_unclassified
(Fig. 1D; Fig. S2 and 3). Genus Alistipes was abundant in NSM + HMOs in comparison
to NSM (0.06% vs 0.18%) (Fig. S2 and 3). Furthermore, HMOs supplementation in MFM
reduced the abundance of genus Clostridium_sensu_stricto (1.298% vs 0.75%) (Fig. S2).
These data suggest that HMOs have minimal impact on the microbiota community
structure and composition among the different groups after 14 days of oral administra-
tion in germ-free mice colonized on days 1 and 7. Comparison of the source of inoculum
to the mouse colon microbiota suggests that the majority of the source microbiota
successfully colonized in the mice (Fig. S1 to 3).

Microbiota of infants fed by secretor or non-secretor mothers or those
consuming infant formula alter gastrointestinal tract morphology

To determine how microbiota from infants consuming milk from mothers of different
secretor status or those consuming infant formula alter growth and gastrointestinal tract
(GIT) morphology, body weight gain, organ weight, and gastrointestinal tract morphol-
ogy were evaluated. There was no difference in body weight gain and organ weights
including liver, kidney, and cecum on day 14 of the colonization (Table S1). Similarly,
no difference was observed in large intestine and small intestine length (Table S1).
Histomorphometry analysis showed that the SMM + HMOs and NSM + HMOs group
had higher ileum villi height when compared to the MFM group (Table 1). Interestingly,
HMOs supplementation in the NSM group increased the ileum villi height, suggesting
either direct or indirect impact of HMOs. Both MFM and MFM + HMOs groups showed
significantly higher cecum gland length when compared to the NSM group (Table 1).
These findings suggest that consuming milk from mothers with different secretor status
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FIG 1 Maternal secretor status shapes infant microbiota differently from non-secretor or infant formula feeding. (A) Alpha diversity as represented by Shannon
index, (B) beta diversity shown as Bray-Curtis Dissimilarity, and (C) Phylum and (D) Genus level microbiota composition of mice colonized with microbiota
from infants whose mothers were secretor or non-secretor or those consuming dairy-based formula. Group differences, the effect of microbiota, HMOs, and
interaction were determined using the two-way ANOVA with Tukey’s multiple comparison tests in GraphPad Prism Version 10.0. 2 (www.graphpad.com), and
adjusted P < 0.05 was considered significant in 1A. Group differences in Beta diversity were determined using a permutational multivariate analysis of variance
(PERMANOVA) test. SMM = mice transplanted with fecal material from infants consuming milk from secretor mothers, NSM = mice transplanted with fecal
material from infants consuming milk from non-secretor mothers, MFM = mice transplanted with fecal material from infants consuming dairy-based milk
formula, HMO — = without human milk oligosaccharides supplementation, HMO+ = with human milk oligosaccharides.

or infant formula may have an impact on the microbiome that likely drives changes in
gastrointestinal tract morphology.

Microbiota of infants consuming milk from secretor or non-secretor mothers
or infant formula impact immune cells composition

To elucidate the effect of microbiota of infants fed by secretor or non-secretor mothers
or those consuming infant formula on immune cell composition, the innate and adaptive
immune cell composition of mesenteric lymph nodes (MLN) and spleen of colonized
germ-free mice were determined. In MLN, the percentage of CD4+ T cells was higher
in the SMM group than in the NSM group, whereas no significant differences were
observed among other groups (Fig. 2A). HMO supplementation increased the CD8+
T cells percentage in MLN (Fig. 2B) of SMM in comparison to SMM alone. Interestingly, the
percentage of Foxp3+ T regulatory cells in MLN increased after HMO supplementation
only in the MFM group (Fig. 2C). In the spleen, microbiota had no significant effect on
CD4+ T cells and CD8+ T cells population among the groups (Fig. 2D and E), while the
SMM and SMM + HMOs groups showed higher Foxp3+ T cells relative to NSM + HMO
groups.

Likewise, HMO supplementation in the NSM group showed a higher percentage of
innate lymphoid cells 1 (ILC1) population in the MLN (Fig. 3A). Innate lymphoid cells 2
(ILC2) which are involved in type 2 immune response were higher in HMO-supplemented

TABLE 1 lleum villi height (um) and cecum gland length (um) of Germ-Free mice at day 35 of age
colonized with microbiota from infants consuming milk from secretor or non-secretor mothers or those
consuming dairy-based formula“

Location SMM SMM + HMOs  NSM NSM + HMOs ~MFM MFM + HMOs
lleum

Mean 147.95  165.55™ 142,96  190.53° 120.89  145.8™

SEM 8.66 9.27 7.71 10.67 7.07 8.53

Cecum

Mean 145.6™ 137.4® 118.94° 132.7° 163.96°  168.07°

SEM 8.52 7.94 6.08 6.9 96 9.84

9Multiple comparison-adjusted pairwise contrasts were performed. P-value < 0.05 was considered a significant
difference among the groups. Means in the same row without a common letter differ significantly.
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FIG 2 Microbiota of infants consuming milk from secretor or non-secretor mothers or infant formula impact T cells. Percentage of cytotoxic CD8+ T-lymphocytes
(Live CD90.2 + CD8b+), CD4+ T-helper cells (Live CD90.2 + CD4+), and Foxp3 T-regulatory cells (Live CD90.2 + CD4+Foxp3+) in mesenteric lymph nodes
(A-C) and spleen (D-F) in mice transplanted with microbiota from infants consuming milk from secretor or non-secretor mothers or those consuming milk

(Continued on next page)
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formula and those supplemented with HMOs. Cell populations are shown as the percentage of the parent population (Fig. S1). Group differences, the effect

of microbiota, HMOs, and their interactions were determined using two-way ANOVA with Tukey’s multiple comparison test in GraphPad Prism Version 10.0.2

(www.graphpad.com). P-adjusted <0.05 was considered significant. Group differences are indicated by “*” system, ***P < 0.001, **P < 0.01, *P < 0.05. The

P-values for the effects of microbiota or HMO factor or their interactions are included when significant. SMM = mice transplanted with fecal material from infants

consuming milk from secretor mothers, NSM = mice transplanted with fecal material from infants consuming milk from non-secretor mothers, MFM = mice

transplanted with fecal material from infants consuming dairy-based formula, HMO— = without human milk oligosaccharides supplementation, HMO+ = with

human milk oligosaccharides.

MFM groups in the MLN (Fig. 3B). Variation among microbiota treatment groups was
large for innate lymphoid cells 3 (ILC3), and no two-treatment means were significantly
different from one another (Fig. 3C). In spleen, the SMM group supplemented with
HMOs showed higher ILC1 in comparison to all the other groups (Fig. 3D). In addition,
SMM group had a higher percentage of ILC2 than other groups (Fig. 3E). Notably, ILC2
percentage in the spleen was less than 0.5% of the parent population. There were no
differences observed in B cells and the innate immune cell composition among the
groups in MLN and spleen (Fig. S4).

Microbiota of infants fed by secretor or non-secretor mothers or those
consuming infant formula alter serum immunoglobulins

To determine whether the different gut microbiota from infants impact serum immuno-
globulins of transplanted mice, immunoglobulins A (IgA), G (IgG), and M (IgM) were
quantified using enzyme-linked immunosorbent assay (ELISA). Mice colonized with MFM
and supplemented with HMOs had significantly higher IgA levels than other groups (Fig.
4A). Similarly, supplementation with HMOs in MFM groups tended to increase serum IgM
when compared to SMM and SMM + HMOs groups (Fig. 4B). There was weak evidence
that NSM has a higher level of serum IgM than the SMM group (P = 0.07) (Fig. 4B). No
significant differences were observed among the groups for serum IgG levels (Fig. 4C).

Microbiota of infants consuming milk from secretor or non-secretor mothers
or those consuming infant formula impacts gene expression in the distal
small intestine

To evaluate the host response at the transcriptome level in the intestine, mRNA
sequencing from the distal small intestine (ileum) was performed. Differentially
expressed genes (DEGs) between the treatment groups and the germ-free (GF) controls
are shown in Fig. 5 (Fig. 5B through D; Table S2). In the ileum, 52, 126, and 37 genes
were significantly upregulated compared to germ-free controls (Fig. 5A through D; Table
S2, sheets “Up in SMM vs GF" “Up in NSM vs GF" and “Up in MFM vs GF”), while 8, 63,
and 12 were downregulated (Fig. S5A; Table S2, sheets “Down in SMM vs GF" “Down
in NSM vs GF' and “Down in MFM vs GF’ Fig. 5B through 5D) in SMM, NSM, and
MFM groups when compared to germ-free controls, respectively (log2 fold change >1.5,
adjusted P-value < 0.05, pairwise comparison). Among these differentially expressed
genes, 21 genes were significantly upregulated (Fig. 5A) and 5 genes were significantly
downregulated (adjusted P-value < 0.05) (Fig. S5A) in all three groups compared to
GF controls (Table S4, sheets “Upregulated Genes in HMO—-," “Downregulated Genes in
HMO-"). Interestingly, although SMM and NSM had several common upregulated genes
(17 genes), only one upregulated gene was shared between SMM and MFM groups
(Fig. 5A; Table S4, sheet “Upregulated Genes in HMO-"). The genes that were upregu-
lated in all three groups were mainly related to immunoglobulin and immune respon-
ses, including immunoglobulin alpha (IgA), tumor necrosis factor receptor superfamily
member 17 (Tnfrsf17), Chemokine receptor 10 (CCR10), and mucosal pentraxin 2 (Mptx2)
(Table S4, sheet “Upregulated Genes in HMO-"). The unique genes (13 genes) that
were upregulated in SMM were predominantly related to immunoglobulin structures
(Table S4, sheet “Upregulated Genes in HMO-"), whereas, in NSM (79 unique genes),

April 2024 Volume 9 Issue 4

10.1128/msystems.00294-24 6


https://doi.org/10.1128/msystems.00294-24

Research Article

MLN
A ILC1
*
*
— ¥
c 30 ok *%k
o - Pmicrobiota = 0.0333
) —
0 PHMO = 0.0108
8_ 20 Pinteraction = 0.0122
- |8
bt
C
%1 . .Ej
8 104
Y
s}
X
0 I 1 I
SMM NSM MFM
ILC2
* %k %k
* ok %k
%k %k %k
60 *k %k %k
c * %k
.g Pmicrobiota = 0.0001 -
& 40— PHMO =0.0153
8_ Pinteraction = 0.0029
o
O 20
=
% N - = .
o 2\
k]
1_
X
(=)
]
0 |- T T
SMM NSM MFM
C
ILC3
c 2.57 Pmicrobiota = 0.0125
3
© 2.0
>
s
Q_ 1-5_
4J
C
Y 1.0
© g l
o
‘S 0.5 !
°\° [
0.0

T T
SMM  NSM

T
MFM

SPLEEN
D ILC1
*ok
*ok
ok k
80 *
c *
.o I
% Pinteraction = 0.0105
= 60+ Pmicrobiota = 0.0006
Q
@)
2 40
5 M
©
o
20
S B r ¥m
>~
0 T T T
SMM NSM MFM
ILC2
E
*k
*k
* %
0.4 * %k
*K

o
w
]

% of parent population
=] =]
- N
1 1

Pmicrobiota = 0.0012
PHMO = 0.0157
Pinteraction = 0.0122

o
)

1.5

1.0

0.5

% of parent population

. _-r-_.lﬁ_
SMM NSM MFM

ILC3

0.0

T T T
SMM NSM MFM

mSystems

= HMO-
= HMO+

= HMO-
= HMO+

= HMO-
= HMO+

FIG 3 Microbiota of infants consuming milk from secretor or non-secretor mothers or infant formula impact innate lymphoid cells. Percentage of Innate
Lymphoid Cell (ILC), ILC1 (Live CD90.2 + CD8b-TCRB-GATA3-RORyt-Tbet+), ILC2 (Live CD90.2 + CD8b-TCRB-GATA3+), and ILC3 (Live CD90.2 + CD8b-TCRB-RORyt+)
in mesenteric lymph nodes (A-C) and spleen (D-F) in mice transplanted with microbiota from infants consuming milk from secretor or non-secretor mothers
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FIG 3 (Continued)

or those consuming milk formula and those supplemented with HMOs. Cell populations are shown as the percentage of the parent population (Fig. S1). Group
differences, the effect of microbiota, HMOs, and their interactions were determined using two-way ANOVA with Tukey’s multiple comparison test in GraphPad
Prism Version 10.0.2 (www.graphpad.com). P-adjusted <0.05 was considered significant. Group differences are indicated by “*” system, ***P < 0.001, **P < 0.01, *P
< 0.05. The P-values for the effects of microbiota or HMO factor or their interactions are included when significant. SMM = mice transplanted with fecal material
from infants consuming milk from secretor mothers, NSM = mice transplanted with fecal material from infants consuming milk from non-secretor mothers, MFM
= mice transplanted with fecal material from infants consuming dairy-based formula, HMO— = without human milk oligosaccharides supplementation, HMO+ =
with human milk oligosaccharides.

genes were related to solute carriers (Slc1a3, Slc6a13), a transcriptional factor (Irf4),
antimicrobial peptides (Defa36, Defa28, Defa35, Defa31, Defa33), and fatty acid uptake
(CD36) (Table S4, sheet “Upregulated Genes in HMO-"). In the MFM group (six unique
genes), a neuropeptide-related gene, Npy, and a pore-forming protein-related gene,
Gsdmcl2 were significantly upregulated (Fig. 5D, Table S4, sheet “Upregulated Genes
in HMO-"). Among the downregulated genes, 50 unique genes were suppressed in
NSM ileum, while only 2 unique genes were downregulated in the MFM group (Fig
S5A; Table S4, sheet “Downregulated Genes in HMO-", Fig. 5C). The unique genes in
NSM include claudin 23 (Cldn23), interferon-gamma receptor (Ifngr1), a transmembrane
protein (Tmem42), and a solute carrier family 6 gene (SIc6A20b). One of the suppressed
genes in the MFM group was solute carrier family 23 (Slc23a2) (Table S4, sheet “Downre-
gulated Genes in HMO-", Fig. 5C).

To understand the pathways altered due to microbiota, all genes obtained from
RNA-sequencing analysis were subjected to Gene Set Enrichment Analysis (GSEA). GSEA
revealed that biological processes (BP) related to immunoglobulin production and
production of molecular mediators of immune responses were activated in all three
groups (Fig. 5E-5G). In contrast, biological processes like immunoglobulin production,
production of molecular mediator of immune response, immune response, immune
system process, and cellular components like extracellular regions and immunoglobulin
complexes were activated only in the NSM group (Fig. 5F).
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FIG 4 Microbiota of infants fed by secretor or non-secretor mothers or those consuming infant formula alter serum immunoglobulins. (A) Serum Immunoglobu-
lin A (IgA), (B) Immunoglobulin M (IgM), and (C) Immunoglobulin G (IgG) in mice transplanted with microbiota from infants consuming milk from secretor
or non-secretor mothers or those consuming milk formula and those supplemented with HMOs. Group differences, the effect of microbiota, HMOs, and
their interactions were determined using two-way ANOVA with Tukey’s multiple comparison test in GraphPad Prism Version 10.0.2 (www.graphpad.com).
P-adjusted <0.05 was considered significant. Group differences are indicated by “*” system, ***P < 0.001, **P < 0.01, *P < 0.05. The P-values for the effects
of microbiota or HMO factor or their interactions are included when significant. SMM = mice transplanted with fecal material from infants consuming milk
from secretor mothers, NSM = mice transplanted with fecal material from infants consuming milk from non-secretor mothers, MFM = mice transplanted
with fecal material from infants consuming dairy-based formula, HMO— = without human milk oligosaccharides supplementation, HMO+ = with human milk
oligosaccharides.
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FIG 5 (Continued)

mSystems

among three groups when compared to germ-free controls, (B-D) Volcano plots showing DEGs in SMM (B), NSM (C), and MFM (D) groups compared to GF

controls. Significantly upregulated genes are represented by red circles (log2 fold change >1.5, adjusted P-value < 0.05, pairwise comparison). (E-G) Barplots

showing the significantly activated pathways in SMM (E), NSM (F), and MFM (G) groups compared to GF controls. Pathways are ranked based on normalized

enrichment score (NES) and significant pathways are shown (pairwise comparison, P-adjusted <0.05). SMM = mice transplanted with fecal material from infants

consuming milk from secretor mothers, N = 6; NSM = mice transplanted with fecal material from infants consuming milk from non-secretor mothers, N = 7; MFM

= mice transplanted with fecal material from infants consuming dairy-based formula, N = 4.

In addition, when mice were supplemented with HMOs, 265 genes in SMM + HMOs,
80 genes in NSM + HMOs, and 146 genes in MFM + HMOs groups were upregulated
when compared to GF controls (Fig. 6A through D; Table S4, sheet “Upregulated Genes in
HMO+", log2 fold change >1.5, adjusted P-value < 0.05, pairwise comparison). Likewise,
424, 31, and 621 genes were downregulated in SMM + HMOs, NSM + HMOs, and MFM +
HMOs groups when compared to the GF controls, respectively (Fig. S5E; Table S4, sheet
“Downregulated Genes in HMO+", Fig. 6B-6D,). Among these genes, 39 were significantly
upregulated and 27 were downregulated in all three groups (Fig. 6A; Fig. S5E; Table S4,
sheets “Upregulated Genes in HMO+", “Downregulated Genes in HMO+"). The 39 genes
upregulated in all three treatment groups were predominantly related to immunoglobu-
lins and immune responses (Table S4, sheet “Upregulated Genes in HMO+"). Besides the
shared genes, several unique genes were changed due to HMO, specifically in SMM +
HMOs and MFM + HMOs groups (179 and 80 genes, respectively, Fig. 6A; Table S4, sheet
“Upregulated Genes in HMO+"). Among the GSEA pathways that were activated, five
pathways, such as production of molecular mediator of immune response, immunoglo-
bulin production, pathways related to cell surface, side of membrane, and external side
of plasma membrane, were activated in all three groups (Fig. 6E through 6G; Table S6,
sheet “Pathway UP in lleum in HMO+").

While in the absence of HMOs fewer pathways were upregulated in all three groups
compared to GF controls, (Fig. 5E-5G), HMOs supplementation induced activation of
several pathways compared to the control, specifically in SMM + HMOs and MFM +
HMOs groups, with 20 pathways being shared between these two groups (Table S6,
sheet “Pathway UP in lleum in HMO+"). Among the unique pathways activated in SMM
+ HMOs, they were related to NK T cell activation, B and T cell activation and prolifera-
tion, G protein-coupled receptor activity, and peroxisome proliferator-activated receptor
signaling pathways (Table S6, sheet “Pathway UP in Ilum in HMO+"). Interestingly,
only in the MFM + HMOs group, pathways related to antimicrobial response, defense
response to bacterium, defense response to Gram-negative bacterium and Gram-posi-
tive bacterium, and antimicrobial humoral response were upregulated (Fig. 6G; Table S6,
sheet “Pathway UP in llum in HMO+").

Microbiota of infants consuming milk from secretor or non-secretor mothers
or those consuming infant formula impacts gene expression in the large
intestine

In the colon, 224, 148, and 32 genes were upregulated (Fig. 7A; Table S3, sheets “Up
in SMM vs GF" “Up in NSM vs GF" and “Up in MFM vs GF”) and 100, 47, and 8 genes
were downregulated (Fig. S6A; Table S3, sheets “Down in SMM vs GF” “Down in NSM vs
GF" and “Down in MFM vs GF”) in SMM, NSM, and MFM groups, respectively, compared
to GF controls (log2 fold change >1.5, adjusted P-value < 0.05, pairwise comparison).
Among the upregulated genes, 22 genes were common among all three groups and
were predominately related to immunoglobulins and immune response (Table S5, sheet
“Upregulated Genes in HMO-"). Specifically, an immunoglobulin A related gene, Igha,
and chemokine receptor 10, Ccr10, were upregulated. Similar to small intestinal (ileum)
gene expression, the number of upregulated genes common between SMM and NSM
(85 DEGs) was higher than between MFM and SMM (2 DEGs) or NSM (5 DEGs) (Table S5,
sheet “Upregulated Genes in HMO-"). The unique upregulated genes in SMM (115 DEGs)
were represented by genes related to solute carrier family (Slc22a13b, Slc16a6, Slc16a10,
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is compared to the germ-free controls. (A) Venn-diagram showing shared and unique DEGs among the groups when compared to germ-free controls, (B) volcano

plots showing DEGs in SMM + HMOs, (C) NSM + HMOs, and (D) MFM + HMOs groups compared to GF controls. Significantly upregulated genes are represented

by red circles (log2 fold change >1.5, adjusted P-value < 0.05, pairwise comparison). (E-G) Barplots showing the significantly activated pathways in SMM + HMOs

(E), NSM + HMOs (F), and MFM + HMOs (G) groups compared to GF controls. Pathways are ranked based on normalized enrichment score (NES) and significant

pathways are shown (pairwise comparison, P-adjusted <0.05).SMM + HMOs = mice transplanted with fecal material from infants consuming milk from secretor

mothers and supplemented with HMOs, N = 7; NSM + HMOs = mice transplanted with fecal material from infants consuming milk from non-secretor mothers and

supplemented with HMOs, N = 7; MFM + HMOs = mice transplanted with fecal material from infants consuming dairy-based formula, N = 4.

Slc7a10), phospholipase (Pla2g5, Pla2g12b, Pla2g2a), granzyme (Gzmb), apolipoprotein
(Apol9a, Apol9b), regulatory T cells (Foxp3), transcription factor (Irf4), and glutathione
transferase (Gstal, Gstm3) (Fig. 7B; Table S5, sheet “Upregulated Genes in HMO-").
In NSM, marginal zone B-related gene, Mzb1, and lymphocyte antigen, Ly6c2, were
upregulated, while in MFM, two unique genes, Adoral and Pla2g4c, were upregulated
(Fig. 7C and D, Table S5, sheet “Upregulated Genes in HMO-"). Also, the majority of
downregulated genes were from the colon of SMM and NSM groups, with 13 downre-
gulated DEGs shared between these groups (Fig. S6A; Table S5, sheet “Downregulated
Genes in HMO-"). In SMM, 86 unique genes were downregulated, whereas in NSM and
MFM, 31 and 5 individual genes were downregulated compared to the GF controls,
respectively (Fig. S6A; Table S5, sheet “Downregulated Genes in HMO-"). GSEA analysis
showed biological processes related to immunoglobulin production, and production of
molecular mediators of immune response were activated in SMM and NSM groups (Fig.
7E and F; Table S6, sheet “Pathway UP in colon in HMO-"), whereas immune response
and immune system pathways were activated only in SMM (Fig. 7E; Table S6, sheet
“Pathway UP in colon in HMO-"). However, no such pathways were activated in the MFM
group (Table S6, sheet “Pathway UP in colon in HMO-").

Among the suppressed pathways, in SMM, genes were overrepresented by pathways
related to nuclear components and protein modifications (Fig. S6B; Table S6, sheet
“Pathway DOWN in Colon in HMO-"). Similarly, in NSM colon, pathways related to
molecular function, cellular processes, and intracellular components were suppressed
(Fig. S6C; Table S6, sheet “Pathway DOWN in Colon in HMO-"). In the MFM group,
majority of the pathways related to cellular responses were suppressed (Fig. S6D; Table
S6, sheet “Pathway DOWN in Colon in HMO-").

When mice were supplemented with HMOs, 198 genes from SMM + HMOs, 96 genes
from NSM + HMOs, and 384 genes from MFM + HMOs groups were upregulated in
the colon when compared to the GF controls (Fig. 8A through D; Table S3, sheets “Up
in SMM + HMOs vs GF" “Up in NSM + HMOs vs GF," and “Up in MFM + HMOs vs GF/
log2 fold change > 1.5, adjusted P-value < 0.05, pairwise comparison). Likewise, 131,
5, and 324 genes were downregulated in SMM + HMOs, NSM + HMOs, and MFM +
HMOs groups compared to the germ-free controls, respectively (Fig. 8B through D; Fig.
S6E; Table S3, sheets “Down in SMM + HMOs vs GF’ Down in NSM + HMOs vs GF" and
“Down in MFM + HMOs vs GF”). Among these differentially expressed genes, 63 were
upregulated in all three groups (Fig. 8A; Table S5, sheet “Upregulated Genes in HMO+").
These DEGs were mainly related to immunoglobulins and immune responses, including
immunoglobulin E (Ighe) and immunoglobulin A (Igha) (Table S5, sheet, “Upregulated
Genes in HMO+"). Likewise, there were 71 significantly upregulated genes common
between SMM + HMOs and MFM + HMOs groups (Table S5, sheet, “Upregulated Genes
in HMO+"). Though genes encoding immunoglobulins (Igha, Ighe) were upregulated in
all three HMOs supplemented groups, the Foxp3 gene was upregulated only in the SMM
+ HMOs and MFM + HMOs groups (Fig. 8B and D; Table S5, sheet “Upregulated Genes in
HMO+"). The unique genes upregulated in SMM + HMOs include genes involved in the
regulation of inflammation, like Mfsd2a and IL10 (Fig. 8B; Table S5, sheet “Upregulated
Genes in HMO+"). Similarly, in the NSM + HMOs group, genes encoding apolipoprotein,
Apof, Apocl, and Apoa2 were upregulated (Table S5, sheet, “Upregulated Genes in
HMO+"). Two hundred thirty-nine unique genes were differentially higher in the MFM
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FIG 7 (Continued)

mSystems

among three groups when compared to germ-free controls, (B-D) Volcano plots showing DEGs in SMM (B), NSM (C), and MFM (D) groups, compared to GF

controls. Significantly upregulated genes are represented by red circles (log2 fold change >1.5, adjusted P-value < 0.05, pairwise comparison). (E-G) Barplots

showing the significantly activated pathways in SMM (E), NSM (F), and MFM (G) groups compared to GF controls. Pathways are ranked based on NES and

significant pathways are shown (pairwise comparison, P-adjusted < 0.05). SMM = mice transplanted with fecal material from infants consuming milk from

secretor mothers, N = 6; NSM = mice transplanted with fecal material from infants consuming milk from non-secretor mothers, N = 7; MFM = mice transplanted

with fecal material from infants consuming dairy-based formula, N = 4.

+ HMOs group. These genes were related to lymphocyte activation (Cd3e, Cd4, Cd8a,
Cd28, Cd300e), chemokine receptors (Ccr2, Ccr5, Cxcr2), transcriptions factors (Gata3,
Gata4), solute carrier family (Slc14a1, Slc4a8, Slc7a10, Slco5a1), and tumor necrosis factor
superfamily (Tnfrsf13b, Tnfrsf9, Tnfsf8) (Table S5, sheet “Upregulated Genes in HMO+").
GSEA analysis also revealed that majority of changes in the colon were in the MFM
+ HMOs group, followed by SMM + HMOs (Fig. 8E and G; Table S6, sheet “Pathway
UP in Colon in HMO+"). Though some pathways related to cellular components were
activated in all three groups, the pathways activated in SMM + HMOs were dominated
by genes related to immune system, immune response, immunoglobulin production,
and complement activation (Fig. 8E; Table S6, sheet “Pathway UP in Colon in HMO+").
In MFM + HMOs, cellular components and biological functions related to IgA were
upregulated (Fig. 8G; Table S6, sheet “Pathway UP in Colon in HMO+"). However, in NSM
+ HMOs group, only five of the cellular components-related pathways were upregulated
compared to the GF controls (Fig. 8F; Table S6, sheet “Pathway UP in Colon in HMO+").
Among the suppressed, pathways related to metabolic processes and cellular compo-
nents were suppressed in the SMM + HMOs group, whereas in NSM + HMOs groups, the
pathways were represented by cellular processes, cellular response, and signaling (Fig.
S6F and G; Table S6, sheet “Pathway DOWN in Colon in HMO+"). Similarly, in MFM +
HMOs group, pathways representing cellular response, defense response to bacteria, and
cell cycles were downregulated (Fig. S6H; Table S6, sheet “Pathway DOWN in Colon in
HMO+").

DISCUSSION

Maternal, dietary, and environmental factors determine early seeding of gut microbiota
in neonates. The establishment of gut microbiota is essential for infant growth and
development, which is influenced, in part, by dietary intake in infancy. HMOs are
composed of diverse and complex carbohydrates (8), whose representation is deter-
mined by several factors, including mothers’ secretor status (26). Previous literature has
suggested that maternal secretor status plays a role in infant gut microbiota composi-
tion (16). Likewise, infants consuming infant formula devoid of HMOs contain distinct
microbiota compared to those consuming human milk (27-29). Indeed, the present
study showed characteristic microbial community structure in the feces of infants fed by
secretor or non-secretor mothers or those consuming infant formula (Fig. S1). Bifidobac-
terium and Bacteroides were the two abundant bacterial genera in the feces of infants
fed by secretor mothers. Several previous studies have also shown a higher abundance
of Bifidobacterium species in breastfed children of secretor mothers (16, 20, 30, 31).
Bifidobacterium has also been shown to be associated with secretor genotype in adults
(21). In contrast to our findings, a study in a Chinese cohort showed enrichment of
the genus Bifidobacterium in infants fed by non-secretor mothers though a positive
correlation between maternal secretor status and specific Bifidobacterium OTUs was
observed (19). In a Danish cohort, no significant differences were found in the relative
abundance of Bifidobacterium-related amplicon sequence variants in the feces of infants
fed by secretor or non-secretor mothers, possibly due to the older age of the infants (5
months) in the study (20, 32, 33). Rural vs urban status have revealed distinct microbiota
composition in infants (34-37). In our cohort samples, we observe more Bacteroides than
Bifidobacteria unlike in rural population. Our data and the published literature suggest
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FIG 8 (Continued)

mSystems

compared to the germ-free controls. (A) Venn-diagram showing shared and unique DEGs among the groups when compared to germ-free controls, (B) Volcano

plots showing DEGs in SMM + HMOs, (C) NSM + HMOs, and (D) MFM + HMOs groups compared to GF controls. Significantly upregulated genes are represented

by red circles (log2 fold change > 1.5, adjusted P-value < 0.05, pairwise comparison). (E-G) Barplots showing the significantly activated pathways in SMM +

HMOs (E), NSM + HMOs (F), and MFM + HMOs (G) groups compared to GF controls. Pathways are ranked based on normalized enrichment score and significant

pathways are shown (pairwise comparison, P-adjusted < 0.05).SMM + HMOs = mice transplanted with fecal material from infants consuming milk from secretor

mothers and supplemented with HMOs, N = 7; NSM + HMOs = mice transplanted with fecal material from infants consuming milk from non-secretor mothers and

supplemented with HMOs, N = 7; MFM + HMOs = mice transplanted with fecal material from infants consuming dairy-based formula, N = 4.

that maternal secretor status and likely the housing environment and urbanization of the
population are likely factors in infant microbiota composition.

When 21-day-old germ-free mice were transplanted with the infant fecal microbiota,
several bacterial taxa successfully engrafted into the mice. Mice gavaged with microbiota
from infants consuming infant formula devoid of HMOs (MFM) had higher gut micro-
bial alpha diversity when compared to mice colonized with microbiota from infants
consuming milk from secretor (SMM) or non-secretor mothers (NSM) (Fig. 1A). These
data are in agreement with previous findings of higher microbial diversity in infants
consuming infant formula compared to infants consuming human milk (38). Similarly,
higher alpha diversity was observed in piglets fed dairy-based infant formula than
those provided human milk (39, 40). Bacteroides was one of the abundant genera in
the mice colonized with microbiota from infants fed by secretor mothers (SMM). A
higher abundance of Bacteroides spp. and related proteins was previously shown in the
cecal lumen of human milk-fed piglets relative to those consuming milk formula (27).
In addition, several studies conducted worldwide suggest that distinct microbiota are
present in human milk-fed infants with differential abundance of Bacteroides and/or
Bifidobacterium, further supporting elevated Bacteroides abundances in our findings (41).
In the majority of these studies, secretor status and milk HMOs composition were not
identified, which is a knowledge gap filled in our study. In addition, a potential probiotic
bacterium, Blautia, also successfully colonized in the SMM group (Fig. 1D; Fig. S2) (42).
Interestingly, 2’-FL HMO can increase the abundance of Blautia. Though Blautia itself
was not found to utilize 2’-FL, it can utilize fucose released from 2’-FL used by Bifido-
bacterium bifidum as shown via co-culture experiments (43). The higher abundances
of both Bifidobacterium and Blautia in the SMM group, which were transplanted with
microbiota from infants fed by secretor mothers (i.e., milk containing abundant 2'-FL),
suggests potential cross-feeding between these two microbial species observed in in
vitro may also be relevant in vivo. One of the predominant bacterial genera in NSM
and NSM + HMOs groups was a mucin-degrading bacterium, Akkermansia, which also
utilizes HMOs and allows other gut microbiota to cross-feed on the byproducts of the
substrate, though its HMOs utilization capacity is reported to be strain-dependent (44,
45). However, why this bacterium is abundant only in NSM and NSM + HMOs groups
and not in SMM/SMM + HMOs groups needs further exploration. It is possible that
elevated abundance of Bifidobacteria that use short-chain HMOs might outcompete
Akkermansia. Clostridium_sensu_stricto, a bacterium which had the highest abundance in
MFM mice, has been positively associated with antibiotic exposure during infancy (46).
Interestingly, HMOs supplementation in these mice significantly reduced the abundance
of this microbe, suggesting a potential beneficial effect of HMOs in formula-fed infants.
Parabacteroides was another abundant microbe in the MFM and MFM + HMOs groups
whose higher abundance has also been previously reported in milk formula-fed piglets
(28).

Microbiome composition has a role in intestinal morphology (47, 48). In our
experimental settings, HMOs supplementation in mice colonized with NSM microbiota
increased the ileum villus height compared to NSM and MFM groups though no
differences were observed between SMM and SMM + HMOs and MFM and MFM + HMOs
groups. Previous studies have reported increased intestinal villus height in suckling rats
and newborn piglets receiving 2’-FL HMOs (49, 50). Though pooled HMOs were used
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in our study, the increase in ileum villus height in HMOs groups compared to the NSM
only groups suggests that this effect may arise through the impact of 2’-FL HMOs, as
the NSM group was colonized with microbiota from infants who were consuming milk
devoid of 2’-FL. Similarly, HMOs supplementation increased ileum villus height in SMM
+ HMOs and NSM + HMOs groups compared to the MFM group though this effect was
not seen when the MFM group was fed with HMOs. In contrast to these findings, in our
previous study, villus height was decreased in germ-free mice supplemented with HMOs
for 14 days (7). Since there was an absolute absence of microbiota in that study, the
increase in villus height observed in the current study implicates microbiota and HMOs
interaction effects.

Early-life microbiota establishment is essential for the optimal development of the
infant immune system, whereas inadequate microbiota colonization during early life can
have long-lasting effects on infants. In germ-free mice, the immune system is not well
developed, signifying the importance of microbiota in immune system development
(51, 52). HMOs can also modulate both innate and adaptive immune cell composition
either directly or via modulating microbiota or microbial metabolites (5, 7, 53). In our
study, HMOs supplementation elevated CD8+ T cells in the SMM group and Foxp3+
T regulatory cells (Tregs) in the MFM group in the MLN. In a previous study, where
rats were given 2’-FL reported an increased percentage of CD8+ T cells in MLN (49).
Though no difference in CD8+ T cells between MFM and MFM + HMOs groups was
observed in our study, another study demonstrated the elevated percentage of CD8+ T
cells in MLN of HMOs-fed pigs compared to formula-fed pigs (54). This effect of HMOs,
only observed with specific microbiota, indicates an interaction between the HMOs and
microbiota type. The localized increase in Foxp3+ Tregs in the MLN in the MFM + HMOs
group could be attributed to the first exposure of the MFM microbiota to HMOs, as MFM
microbiota were derived from infants fed milk formula devoid of any HMOs. In support
of this observation, there was a significant upregulation of Foxp3 gene in the colon of
MFM mice supplemented with HMOs. However, such changes were not observed in the
MFM only group. In addition, in the spleen, the SMM and SMM + HMOs groups had
the highest percentage of Foxp3+ Tregs, as well as upregulation of Foxp3 gene in the
colon of both groups, which may be attributed to the elevated abundances of Bacter-
oides and Bifidobacterium in these groups. Interestingly, upregulation of Foxp3 gene
in large intestine has been shown in HMO supplemented germ-free mice, suggesting
HMO could have direct effect on Foxp3 gene expression (7). Bacteroides fragilis was
shown to promote the development of Foxp3+ T cells in the mono-colonized mouse
gut (55). Similarly, polysaccharide A derived from B. fragilis can induce the production
of Foxp3+ T cells from CD4 T cells (55, 56). Bifidobacterium is also known to enhance
Foxp3 cell numbers in peripheral blood and intestine (57, 58). These findings suggest
that higher abundance of beneficial microbiota like Bacteroides and Bifidobacterium in
the infants who were consuming HMO-containing milk may increase intestinal Foxp3
gene expression as well as splenic Foxp3+ T regulatory cells.

Innate lymphoid cells (ILCs) are a heterogeneous group of lymphoid-like cells lacking
specific antigen receptors (59). These cells are primarily located at mucosal barriers,
lymphoid organs, and various other tissues. Our study showed that the effect of HMOs
on ILC composition was tissue and microbiota-specific (Fig. 3). In MLN, HMOs increased
the abundance of ILCT in the NSM group and ILC2 in the MFM group, while in the spleen,
HMOs elevated ILCT and decreased ILC2 in the SMM group. An in vitro study reported
that HMOs such as 2’-FL can induce Th1 type IFN-gamma and IL-10 secretion and reduce
Th-2 type IL-13 in peripheral blood mononuclear cells (60). These findings suggest
that though HMOs can impact the innate lymphoid cells composition in lymphoid
tissues, their impact can be different depending on the microbiota type (i.e., secretor
vs non-secretor) and previous exposure of microbiota to the HMOs.

In the ileum, the main pathways upregulated in all groups were related to
immunoglobulin production and production of molecular mediators of immune
response, regardless of the microbiota type. This robust response to fecal microbiota
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transplantation in germ-free mice could be due to the young age of mice and their
initial lack of microbes as their immune system is not well-developed. Germ-free mice
lack immunoglobulin A-secreting intestinal B cells, and colonization of these mice with
microbiota induces IgA production (61, 62). In our study, a gene encoding IghA was
one of the common upregulated genes in all microbiota-transplanted mice. However, we
also observed unique gene expression profiles in each group, suggesting the possibil-
ity of distinct microbiota-dependent effect on the ileum transcriptome. Interestingly,
17 upregulated genes were common between SMM and NSM, and only one gene
was common between SMM and MFM. The larger number of genes shared could be
attributed to colonization of mice with microbiota from the breast-fed infants. HMOs
supplementation increased overall global ileal gene expression in mice relative to
groups without HMOs. As the addition of HMOs did not induce significant differences
in microbiota composition, these changes could be attributed to either the direct effect
of HMOs or the function of microbiota (i.e., production of metabolites), which was not
evaluated in our study due to sample limitations. Several unique pathways were also
activated in the HMOs-supplemented SMM and MFM groups (Table S7). Specifically,
in the MFM + HMOs group, pathways related to antibacterial response were upregula-
ted, including defense response to gram-positive/gram-negative bacteria, response to
lipopolysaccharides, and antibacterial humoral responses. In the same group, innate
lymphoid cells (ILC2) and Foxp3+ T cells were also elevated in mesenteric lymph nodes,
as well as IgA in the serum. All these findings support the notion that HMOs could have a
protective effect on formula-fed children. In contrast, breastfed infants have been already
exposed to the HMOs; thus, major changes in immune cell composition or antibody
response were not observed.

In the colon, Igha was upregulated in all SMM, NSM, and MFM groups similar
to the ileum transcriptome, whereas a gene encoding immunoglobulin E (IgE), Ighe,
was upregulated only in SMM and NSM groups. Since the SMM and NSM groups
were colonized with microbiota from breast-fed infants, the upregulation of Ighe gene
could be attributed to the microbiome associated with human milk exposure rather
than the mother’s secretor status. A gene related to Foxp3 was upregulated only in
SMM. Gut-resident Foxp3 regulatory cells contribute to tissue homeostasis and induce
tolerance to gut microbiota during the postnatal period (63-65). Certain commensal
species of Bacteroides can elicit the production of Foxp3+ Tregs and have been shown
to be associated with high numbers of Tregs (55, 56). Supporting these reports, higher
abundances of Bacteroides spp. were seen in the colon contents of SMM mice. Though
HMOs supplementation did not change Foxp3 gene expression in SMM and NSM groups,
it elevated the expression of Foxp3 transcripts in MFM groups. It is likely that SMM
and NSM groups had been exposed to human milk, and the functional outputs of
these microbiota were programmed. In addition, in MLN of MFM, an elevated Foxp3+
Treg percentage due to HMOs supplementation fits with our previous observation (7).
This suggests that even without robust change in gut microbiota composition, HMOs
can induce Foxp3 gene expression in mice. HMOs also promoted the expression of a
gene related to anti-inflammatory marker, 1110, in SMM group. A previous study had
showed that 2’-FL can enhance IL-10 and Th1-type IFN-gamma production and reduce
Th2-type IL-13 in a cell-culture settings (60, 66). In our study, HMOs supplementation
in SMM group increased splenic ILC1s, reduced ILC2s, and upregulated large intestine
IL10 expression. It is also noteworthy that, although fewer pathways were significantly
activated in SMM/NSM groups in the large intestine compared to the control, no
such pathways were activated in MFM group. However, HMOs induced a pronounced
impact on MFM group with several unique pathways activated in this group. Specifically,
multiple pathways related to IgA immunoglobulin were activated in HMOs supplemen-
ted MFM groups. Interestingly, unlike in the ileum, pathways related to antimicrobial
responses were not activated in MFM groups. This suggests that HMOs can change
the gene expression in ileum and colon differently in MFM group. Similarly, to ileal
gene expression, very few common genes were upregulated in SMM and MFM, but
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HMOs supplementation increased the common upregulated genes in the SMM and MFM
groups. These findings suggest that the impact of HMOs is more pronounced in mice
colonized microbiota which were naive to HMOs, leading to robust modulation in gene
expression.

Conclusion

Utilizing a germ-free mouse model, the impact of microbiota derived from infants fed
by secretor or non-secretor mothers or those consuming infant formula on intestinal
morphology, innate and adaptive immune system, and intestinal gene expression was
evaluated. This study validated previous findings that formula-fed infants have higher
gut microbiota diversity. We also demonstrated a minimum effect of the supplemen-
tation with pool of human milk oligosaccharides for 14 days in the overall gut micro-
biota composition in mice. However, distinct gut microbiota abundances were observed
between the treatment groups, irrespective of the HMOs supplementation. This study
also showed distinct adaptive immune responses and innate lymphoid cell composition
due to different microbiota and supplementation of HMOs. At the transcriptome level,
microbiota-specific changes were seen in both the ileum and colon. Several features
related to immune response and immunoglobulin production were common among the
three groups. Unlike gut microbiota composition, robust changes were seen in gene
expression levels due to HMOs supplementation. Specifically, the changes were mainly
seen in the mice transplanted with microbiota derived from infants consuming infant
formula devoid of HMOs. Overall, we report the impact of mothers’ milk secretor status
or infant formula consumption on infant microbiome and show its impact on immune
system and intestinal gene expression using a mouse model.

Limitations

First, the secretor status of the infants who consumed the human milk or infant formula
was not determined. Second, wild-type mice’s intestines are rich in fucosylated glycans,
and transplanted microbiota could be changed due to these glycans. Third, in this study,
day 21 old germ-free mice were transplanted with the human infant fecal inoculum.
Though at this age, the immune system and intestinal tract is immature compared to
the conventional mice of similar age (67, 68), using younger mice pups could be more
translational to young infants. Fourth, pooled HMOs were used in the study. Thus, future
studies will be interesting to investigate the effect of individual HMOs like 2'FL, which is
the major HMO determining the maternal secretor status and leveraging FUT2 knockout
mice.

MATERIALS AND METHODS
Microbiota inoculum

Human milk from mothers and fecal material from 3- to 3.5-month-old exclusively
breastfed infants who were enrolled in the ongoing Happy Tummies Study (clinical trial#
NCT03493711) at Arkansas Children’s Nutrition Center were collected. Similarly, fecal
material from infants who were exclusively consuming dairy-based infant formula since
birth was also collected. Parents were advised to collect fecal material in a sterile vial
and asked to store at —20°C until transported to the research center. At the research
center, samples were transferred immediately to —80°C. The Institutional Review Board
of University of Arkansas of Medical Sciences approved the human fecal samples for
studies. Human milk secretor status of the mothers was determined in Dr. Lars Bode's
Laboratory at the University of California-San Diego (UCSD) based on the presence of
2’-FL (69). Fecal samples from infants consuming secretor (N = 5) or non-secretor milk
(N = 5) or infant formula (N = 5) were pooled, aliquoted into 100 mg, and transferred
into a Coy Anaerobic Chamber (Coy Lab, Grass Lake, Ml). One hundred milligram of
fecal material was mixed in 1 mL reduced 1x phosphate-buffered saline containing
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0.10% resazurin (Sigma, Catalog # R7017-5G) and 0.05% L-cysteine (MP Bio, Catalog #
02101444-CF). The solution was vortexed vigorously for 5 min and allowed to settle
down for 5 min. The supernatant was transferred into a sterile Eppendorf tube and exited
the anaerobic chamber for transplantation into mice.

Animal studies

All animal experiments were conducted in accordance with the Institutional Animal Care
and Use Committee at the University of Arkansas for Medical Sciences. At 21-23 days
of age, C57BL/6 germ-free mice were distributed across groups (N = 8-13 per group)
based on body weights. HMOs were isolated and purified from the donor human milk
by LB’s Laboratory at University of California (UC)-San Diego (69). A set of mice per
group (N = 4-7 per group) received 100 pL of microbiota inoculum (total amount 10 mg/
mouse) and another set of animals received both microbiota inoculum (same amount)
and 15 mg of HMOs per mouse (N = 4-7 per group). HMOs were gavaged orally for 14
days, whereas fecal material was gavaged twice, on days 1 and 7. Germ-free control mice
(N = 6 per group) received the vehicle. Body weights were recorded daily throughout
the experiment. At day 35 of age, mice were anesthetized with isoflurane. Blood was
collected in a tube via retroorbital bleeding. After breath cessation, mice were subjected
to cervical dislocation. Small intestine (SI), large intestine (LI) lengths, and organ weights
were measured. Tissue samples were processed fresh or fixed in formalin or flash-frozen
in liquid nitrogen and stored at —80°C. Blood was spun down at 3,000 rpm for 10 min
in 4°C, and clear serum was collected, aliquoted, and stored immediately at —80°C.
Samples were processed for 16S sequencing, histomorphometry, ELISA, flow cytometry,
and transcriptome analyses.

Histomorphometry analyses

The distal ileum (3 cm), proximal colon (2 cm), and cecal sections were fixed in formalin.
Fixed tissues were cut, paraffin-embedded, and processed for staining with hematoxylin
and eosin (H and E). Histomorphometry analyses of S| crypt depth and villi height and
the LI and cecum gland depth were carried out to evaluate the GIT morphology. All
measurements were made using Aperio Image software by a board-certified pathologist,
Dr. Tanya LeRoith. Crypts immediately adjacent or as near as possible to measured villi
were selected and the crypt depth was measured using the pen tool. Crypts had to be
intact and entirely within the plane of the section.

Flow cytometry

Mesenteric lymph nodes and spleen were collected from each mouse in a tube
containing cold Roswell Park Memorial Institute media (RPMI) (Invitrogen, Catalog #
11875093) containing 20% FBS media and immediately stored on ice. Using a 3-mL
syringe plunger, spleen and MLN tissues were squished through a 70-um strainer placed
on top of a sterile 50-mL conical tube. Ten milliliters of cold RPMI + 20% FBS media was
added into each conical tube and spun down at 3,000 rpm for 5 min at 4°C. Supernatant
was aspirated without disturbing the cell pellet; 5 mL cold RPMI + 20% FBS media was
added and vortexed to mix. The MLN cells were then poured onto a 40-um strainer
placed on top of a sterile 50 mL conical tube and spun down at 3,000 rpm for 5 min
at 4°C. Supernatant was aspirated and cell pellet was resuspended in 1T mL cold flow
cytometry staining buffer (Thermofisher, Catalog #00-4222-26).

Spleen cells were resuspended in 2 mL lysis buffer kept at room temperature,
vortexed to mix, and incubated for 10 min at room temperature. After incubation, 3 mL
cold RPMI + 20% FBS media was added, vortexed to mix, and spun down at 3,000 rpm
for 5 min at 4°C. Supernatant was removed, and 5 mL cold RPMI + 20% FBS was added
and vortexed to mix. Single-cell suspension was obtained in 2 mL cold flow cytometry
staining buffer as described above for MLN.
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Single-cell suspensions were counted using Vi-Cell Blu Cell counter (Beckman Coulter,
Catalog # C19196) and 2 x 10° splenocytes and 8 x 10° MLN cells were stained with
live/dead stain followed by the Fc receptor block (Innovex, NB309) and antibodies for
various immune cell populations. Antibody information is provided in Table S7. Stained
cells were analyzed using BD LSRFortessa (UAMS flow cytometry core facility). Gating for
T cells, innate lymphoid cells, B cells, and myeloid cells are shown in Fig. S7.

ELISA

Serum Immunoglobulin A, 1gG, and IgM were measured using ELISA using commer-
cial mouse kits (Invitrogen, catalog # 88-50450, 88-50400, and 88-50470) as per the
manufacturer instructions. The plates were read using an Omega Polar Star at 450 nm
wavelength.

16S rRNA Sequencing and microbial community composition analysis

16S rRNA gene amplicon sequencing (V4-V5 region) and analysis was performed as
described previously (70). Briefly, extracted DNA was amplified using KAPA HiFi hot
start ready mix (catalog number: KK2602, Kapa Biosystems, Wilmington, MA) accord-
ing to the manufacturer’s instructions and using the universal bacterial primers 515FB
(GTGYCAGCMGCCGCGGTAA) and 926R (CCGYCAATTYMTTTRAGTTT) (71). PCR parameters
were as follows: initial denaturation of 98°C for 3 min, followed by 20 cycles of 10 s
denaturation at 98°C, 30 s annealing at 50°C, and 30 s extension at 72°C. A 10-min final
extension at 72°C was performed, and products were held thereafter at 4°C. PCRs were
cleaned up to remove unincorporated dNTPs and primers using the Axygen AxyPrep
PCR Clean-up Kit (Axygen Scientific, Corning Life Sciences, Tewksbury, MA); amplicons
were barcoded using the TruSeq dual-index approach (using primers TS-501-516 and
TS-701-724; Integrated DNA Technologies, Coralville, IA) and extracted again using the
AxyPrep PCR Clean-up Kit. DNA concentrations were quantitated using the Qubit dsDNA
HS Assay Kit (Invitrogen, Carlsbad, CA) and pooled equally. Pool quality was measured
using an Agilent Bioanalyzer (Agilent, Santa Clara, CA), and sequencing was performed
using an lllumina MiSeq 2 x 250 paired end run at the Purdue Genome Facility.

Amplicon sequences were analyzed using mothur v. 1.44.3 (72) following the MiSeq
SOP (https://mothur.org/wiki/miseq_sop/) with the previously described modifications
(73). Briefly, contigs were constructed by merging read pairs and reads with errors in
barcodes or primer sequences, ambiguous bases, homopolymers longer than 9 bases,
and lengths longer than 411 bp were removed. Screened reads were aligned to the
mothur-formatted SILVA bacterial reference database v.132, preclustered allowing up to
3 differences, and chimeras were identified and removed using the mothur-formatted
Ribosomal Database Project classifier v.18, to which species epithets had been added
(74). Sequence taxonomy classifications were accepted over a bootstrap value of 95
and reads classified as eukaryota, mitochondria, chloroplasts or of unknown phylogeny
were removed. Samples were clustered using the OptiClust method (75) and OTU Tables
were rarefied to 4,450 reads per sample for ecological analyses. Alpha-diversity (Shannon
Index), Beta diversity (Bray-Curtis dissimilarity), taxa abundance from the OTUs Tables
were determined using MicrobiomeAnalyst, a web-based platform for microbiome
analysis (76).

Transcriptome analyses

Total RNA from colon and ileum was extracted using QIAzol (QlAgen, Catalog #79306)
and 1-bromo-3-chloropropane (Millipore Sigma, Catalog #B9673). RNA was purified
using RNeasy mini kit following the manufacturer’s instructions. The RNA concentration
was measured by QUBIT fluorometer (Invitrogen, Catalog # 33226) and messenger
RNA was purified from total RNA using poly-T oligo-attached magnetic beads. After
fragmentation, the first strand cDNA was synthesized using random hexamer primers
followed by the second-strand cDNA synthesis. The library was ready after end repair,
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A-tailing, adapter ligation, size selection, amplification, and purification. The library was
checked with QUBIT fluorometer and real-time PCR for quantification and bionalyzer
for size distribution detection. Quantified libraries were pooled and sequenced on the
lllumina platform at Novogene Corporation Inc. (Sacramento, CA).

Bulk RNA-Seq analysis

Sequenced FASTQ files were subject to quality control and adapter sequence trimming
with FastQC (v0.11.9) (77) and TrimGalore (v0.6.5) (78). Trimmed reads were then aligned
with STAR (79) (v2.7.9a) against the mouse GRCm39_107 reference genome. Aligned
reads were processed with featureCounts (80) (subread v2.0.1) to produce a gene-count
matrix for all samples. All downstream processing and analysis of the data were
performed using R (v4.3.0, R Core Team, 2022) (81). Differential expression analysis was
performed using DESeq2 (82) (v1.40.0). Genes were termed as differentially expressed
at an adjusted P-value < 0.05 and | log2FoldChange | > 1.5. Genes were mapped from
ENSEMBL IDs to the appropriate gene symbols and ENTREZ IDs using the bitr function
from clusterProfiler (83) (4.9.0) and subjected to Gene Set Enrichment Analysis (84).
Several gene sets were used as reference databases for the pathway analysis, including
Gene Ontology, C2, C5, and C7 gene sets from MSigDB (85), extracted using the msigdbr
(v7.5.1, Dolgalev 2022) package, and tested with the gseGO and GSEA functions from
clusterProfiler. Pathways were considered significantly activated or suppressed with
adjusted P-value < 0.05. P-values were adjusted using Benjamini-Hochberg correction
for both the differential expression and pathway analyses.

Statistical analyses

Differences in Shannon index among the groups were determined using a two-way
ANOVA with Tukey’s multiple comparison test. Beta diversity was calculated using the
Bray-Curtis dissimilarity statistics and visualized using principal coordinate analysis,
and the differences among the groups were tested using a permutational multivariate
analysis of variance (PERMANOVA) test. Histomorphometry parameters among groups
within each tissue type (log-transformed) were modeled with a linear mixed-effects
model accounting for repeated measurements within each individual and compared
using multiple-pairwise comparison with Sidak’s adjustment. Group differences, the
effect of microbiota, HMOs and interaction on body weight gain, organ weights, and
immune cells composition were determined using a two-way ANOVA with Tukey’s
multiple comparison tests in GraphPad Prism Version 9.3.1 (www.graphpad.com).
Adjusted P < 0.05 was considered significant. Mixed-effects models were fit using the
packages Ime4 (v1.1-31 (86) and emmeans (v1.8.3, Lenth 2022) in R (v4.2.1, R Core Team
2022) (81, 86, 87).
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