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Abstract

Background: The benefits of breastfeeding infants are well characterized, including those on the immune system.

However, determining the mechanism by which human breast milk (HBM) elicits effects on immune response requires

investigation in an appropriate animal model.

Objective: The primary aim of this study was to develop a novel porcine model and to determine the differential effects

of feeding HBM and a commercial milk formula (MF) on immune response and gastrointestinal microbial colonization in

a controlled environment.

Methods: Male piglets were fed HBM (n = 26) or MF (n = 26) from day 2 through day 21. Piglets were vaccinated

(n = 9/diet group) with cholera toxin and cholera toxin subunit B (CTB) and tetanus toxoid at 21 d or were fed placebo

(n = 6/diet group) and then weaned to a standard solid diet at the age of 21 d. Humoral and cell-mediated immune

responseswere assessed from blood on days 35 and 48. Immune responsewas further examined from tissues, including

mesenteric lymph nodes (MLNs), Peyer’s patches (PPs), and spleen. The colonization of gut microbiota was characterized

from feces on days 16 and 49.

Results: Serum antibody titers in piglets fed HBM were 4-fold higher (P < 0.05) to CTB and 3-fold higher (P < 0.05)

to tetanus toxoid compared with piglets fed MF on day 48. Compared with MF, the numbers of immunoglobulin A

antibody–producing cells to CTB were 13-fold higher (P < 0.05) in MLNs and 11-fold higher (P < 0.05) in PPs in the HBM

diet group on day 51. In addition, significantly increased T cell proliferation was observed in the HBM group relative to

the MF group. Furthermore, microbial diversity in the HBM group was lower (P < 0.05) than in the MF group.

Conclusions: This porcinemodel appears to be valid for studying the effects of early postnatal diet on immune responses

and the gastrointestinal microbiome. Our results lay the groundwork for future studies defining the role of infant diet on

microbiota and immune function. J Nutr 2018;148:1860–1870.
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Introduction

Many of the studies reporting on beneficial outcomes (reduced
allergies, upper respiratory tract infections, and ear infections)
of feeding with human breast milk (HBM) are epidemiologic in
nature (1–5). Mechanisms that drive the association between
breastfeeding and immune function are not fully elucidated.
Studies have shown that neonatal immune system development
is influenced by postnatal diet. Children vaccinated against
Haemophilus influenzae type b and pneumococcal serotypes
6B and 14 and who experienced a longer duration of
exclusive breastfeeding showed enhanced antibody response to
vaccination at 13 mo of age (6). Interestingly, children aged
18 mo showed higher serum titers of IgG, IgA, and IgM if

fed HBM exclusively for >13 wk compared with <13 wk (7).
Hahn-Zoric et al. (8) also showed higher antibody responses to
tetanus, diphtheria, live poliovirus, and H. influenzae type b in
breastfed infants than in those consuming formula. However,
other studies of vaccine response to tetanus toxoid (TT) and H.
influenzae type b vaccines provide mixed evidence with regard
to feeding with HBM (9, 10).

Gut microbiota composition has been shown to be related
to an array of intestinal functions, including digestion, immune
response, metabolite production, and disease susceptibility (11–
19). For example, dietary lactose tolerance may be mediated
by the presence of bacteria with greater fermentative capacity
(20). In addition, postnatal diet shifts populations of intestinal
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microbiota that are associated with altered tryptophan
metabolism (21), which may have consequences for allergic
manifestation in infants (21–23). Previously, changes in the
gut microbiota were observed between breastfed and formula-
fed infants. However, these studies were limited in terms of
understanding the immune response in relation to changes
in the microbiota (21, 24, 25). Thus, it is prudent to
investigate the acute and longitudinal effects of postnatal diet on
immune system outcomes potentially mediated by the intestinal
microbiome.

Due to the inherent limitations in obtaining tissues from
human infants, an animal model can be used to gain a
mechanistic understanding of the health outcomes related to
postnatal diet. However, studies utilizing an animal model are
often confounded by suckling compared with bottle feeding
and by animal housing (e.g., farm, vivarium) (26, 27). These
environmental and technical factors limit interpretations that
can be derived from studying the effects of diet on immunity.
Furthermore, previous studies have been designed to rear piglets
with sow milk to emulate the condition of breastfeeding,
even though the compositions of sow milk and HBM vastly
differ (28). However, allowing piglets to suckle may not
accurately recapitulate the effects of infant breastfeeding due to
limitations such as housing environment, exposure to mother’s
pen, and inability to determine calorie intake. Therefore,
we hypothesized that an HBM-fed piglet model that allows
the study of the immune system under controlled dietary
and environment conditions will eliminate the environmental
limitations of a sow-fed model. Developing an animal model
of feeding with HBM is fundamental to bridging the gap
in understanding the effects of postnatal diet on immune
system development, to further translational research initiatives
focused on optimizing infant health. Because pigs are similar
to humans in terms of gastrointestinal tract development (29–
31), the neonatal porcine model is considered to be a good
model for investigating the relation between gastrointestinal
tract development and postnatal diet.

A primary aim of this study was to develop a novel
porcine model to understand the relation between diet, HBM
feeding, and immune response and the resulting coincident
microbial colonization in a controlled environment. The present
study focuses solely on the differences between HBM and
infant formula diets in relation to both humoral and cell-
mediated immunity outcomes under controlled environmental
and feeding conditions. In addition, we explored diet-induced
differences in fecal microbiota composition and its relation to
postnatal dietary effects on gut health and the resulting immune
system development.
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Methods
Animal experiments
Animal maintenance and experimental treatments were conducted in
accordance with the ethical guidelines for animal research established
and approved by the Institutional Animal Care and Use Committee at
the University of Arkansas for Medical Sciences. Piglet experimental
conditions were performed as previously described (32).

Study design
Two-day-old White Dutch Landrace Duroc male piglets (Metz Farm,
Russellville, Arkansas) were transferred to individual housing at
the vivarium in Arkansas Children’s Nutrition Center. Piglets were
randomly assigned to consume HBM (n = 26) or an isocaloric dairy
milk–based formula (MF; n = 26) (Figure 1). HBM was obtained
from the Mothers’ Milk Bank of North Texas, and Similac Advance
powder was obtained from Ross Products (Abbot Laboratories). Both
HBM and MF diets were modified (Supplemental Table 1) (31) to meet
the energy and nutrient recommendations of the NRC for growing
pigs (33). In addition, diet composition and nutritional contents were
analyzed (Eurofins, Des Moines, Iowa). With the transition to the
Arkansas Children’s Nutrition Center, piglets were trained to drink
from rubber nipples and were fed 1.047 MJ � kg−1 � d−1 of either
HBM or MF. Piglets were fed with warmed diet every 2 h in the
first week of the study, every 4 h in the second week of the study,
and every 6 h in the third week of the study through day 21. At
day 14, solid “starter pig food” was slowly introduced until day 21
and all piglets had transitioned completely to an ad libitum solid
diet (Teklad diet, TD 140608; Harlan) (Supplemental Table 2). Piglet
weights and diet consumption were recorded daily for the duration of
the study. Fecal samples were collected at day 16 and again at day
49 to provide microbial composition and relative abundance values.
Eleven randomly selected piglets from each diet group were killed at
21 d. The remaining piglets from each diet group (HBM, n = 15; MF,
n = 15) were further randomly assigned to the nonimmunized control
group (n = 6) or an immunization group (n = 9). Initial immunization
was conducted at day 21 and a booster immunization was given at
day 35. The immunization regimen included oral administration of
100 µg cholera toxin (CT; C8052; Millipore Sigma) and 100 µg CT
subunit B (CTB; C9903; Millipore Sigma) by gavage in 2 mL saline with
0.2 M sodium bicarbonate. Eight hours before immunization, piglets
were feed deprived and received omeprazole (20 mg, orally; Arkansas
Children’s Hospital pharmacy) to promote optimal absorption and
prevent degradation of CT. Piglets continued to be feed deprived for

FIGURE 1 Two-day-old White Dutch Landrace Duroc male piglets
were fed HBM (n = 26) or MF (n = 26) at the vivarium. Eleven piglets
in each diet group were killed at 21 d, and tissues were obtained.
The remaining piglets were weaned to an ad libitum diet at 21 d. In
each diet group, piglets were immunized (n = 9) against CT+CTB
and DTaP on day 21 and given a booster dose on day 35. Blood
was drawn at 35 and 48 d. Tissues were obtained after killing at
51 d. ACNC, Arkansas Children’s Nutrition Center; CT, cholera toxin;
CTB, cholera toxin subunit B; d, day; DTaP, diphtheria, tetanus, and
pertussis vaccine; HBM, human breast milk; MF, milk formula; TT,
tetanus toxoid.
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1 h postimmunization. The DAPTACEL [diphtheria, tetanus, pertussis
(DTaP)] vaccine (0.5 mL; Arkansas Children’s Hospital pharmacy) was
administered intramuscularly in the shank on the same day. Piglets in
the nonimmunized control group also received omeprazole and were
feed deprived before and 1 h postgavage with PBS (detailed methods
outlined in the online supplemental material).

Sample collection and processing
Blood samples were collected on day 35, before the immunization
booster vaccine, and again at day 48. Peripheral blood mononuclear
cells (PBMCs) were isolated from the blood samples collected (Fico/Lite;
density, 1.077 g/L; Atlanta Biologicals) at both time points. As
previously mentioned, a subset of piglets were killed at 21 d, or
subsequently at 51 d for the remaining cohort, by exsanguination
after anesthetization with isoflurane. Organs and tissues, including
spleen, colon, small intestine, cecum, and prostate, were collected and
weighed. In addition, individual segments of intestine were measured
for length and weight after rinsing the contents out with 1× PBS.
Peyer’s patches (PPs), mesenteric lymph nodes (MLNs), spleen, and
cervical lymph nodes (CLNs) were harvested using aseptic technique
(detailed methods outlined in the online supplement material). Cells
were washed and counted by Trypan blue exclusion before preparation
for cell proliferation or ELISpot assays.

ELISA
CTB- and TT-specific antibody titers were assessed as well as total
(nonspecific) serum IgA and IgG titers (detailed methods outlined in
online supplemental material) by ELISA. Absorbance was measured on
a Bio-Rad Benchmark Plus spectrophotometer at 450 nm.

ELISpot
To understand the humoral immune response elicited, secretions of
antibodies for CTB-IgA and TT-IgG fromMLNs, PPs, spleen, and CLNs
at 51 d and PBMCs at 35 and 48 d were also assessed using an in-house-
developed ELISpot assay (Supplemental Methods). Distinct antibody
secretion spots were counted using a Nikon 7645 microscope or a
Nikon NI-150 Fiber Optic Illuminator.

Lymphocyte cell proliferation
Cells were maintained in complete media (Roswell Park Memorial
Institute media containing 1 mM sodium pyruvate, 1 mM nonessential
amino acids, 1 mM HEPES, 0.5 mM 2-mercaptoethanol, 2mM
l-glutamine, 10% FBS, and 50 µg gentamycin/mL). To understand the
effects of diet on cell-mediated immune response, cells (2 × 105, dupli-
cate/treatment) from MLNs, PPs, spleen, or PBMCs were stimulated by
adding one of the following: 5 µg concanavalin A (ConA)/mL (C5275;
Millipore Sigma), 50 ng phorbol 12-myristate-13-acetate (PMA)/mL
(P8139, Millipore Sigma), 750 ng ionomycin (PMA+ionomycin)/mL
(I-24222; Thermo Fisher Scientific), 1 µg LPS/mL (SC3535; Santa Cruz
Biotechnology), 5 µg CTB/mL, or 3 μg TT/mL. CLN cells were assayed
by using the aforementioned method and served as controls. Cells were
incubated for 72 h (37°C, 5% CO2). Alamar blue (20 µL; DAL1100;
Thermo Fisher Scientific) was added to the wells, and after 24 h the
absorbance was read on a Bio-Rad Benchmark Plus spectrophotometer
at 570 and 600 nm. The percentage difference in reduction of Alamar
blue by antigen-treated compared with control untreated cells was
calculated in order to determine the level of proliferation as described
previously (34). The formula used to calculate the percentage difference
is shown in the Supplemental Methods.

Microbiota analysis
Feces were homogenized, assessed for 16S ribosomal RNA (rRNA)
gene amplicon sequencing (35), and analyzed by using QIIME 1.9.1
as described previously (Supplemental Methods) (36). Dietary group
differences of α- and β-diversity and differential abundance were
assessed in R using DAME (Dynamic Assessment of Microbial Ecology)
(37).

Histomorphometric analyses
PP width and height and germinal center formation were assessed as
previously described (21).

Statistical analysis
To model body weight and calorie intake over time, a mixed-effects
regression model with a repeated-measures test was used. Restricted
cubic splines for age were computed and interacted with diet category
to better model the association between energy intake and age.
All of the models were fitted via maximum likelihood estimation.
From each fitted model, marginal effects and δ-method SEs were
computed at each age. Computed marginal effects at each day were
compared across diet categories with the use of Bonferroni-adjusted
Wald tests. Data from day 22 onward were initially analyzed for
diet, immunization, and interaction. For body and organ weights
and histology, proliferation, and microbiome data, no immunization
or interactions were observed; thus, data were analyzed for dietary
group differences. Means of organ weights and lengths, antibody
titers, and proliferation data were compared between HBM and MF
diet groups by Mann-Whitney U test. Antibody titers are shown in
log10. Proliferation data from immunized and nonimmunized piglets
were subsequently pooled when neither interaction nor immunization
was determined to be significant by 2-factor ANOVA. Data from the
immunized piglets in the ELISpot assay were normalized to observations
in the nonimmunized (control) piglets at 51 d, and negative binomial
regression was used to assess differences between diet groups for the
number of antibody-secreting cells (ASCs)/106 cells. Mann-Whitney
U test and Permutational multivariate analysis of variance were used to
assess microbiota differences between diet groups for α- and β-diversity,
respectively. Pairwise comparisons of diet groups were assessed by
using negative binomial regression as used by the DESeq2 Bioconductor
package (38). Significance was defined at α < 0.05.

Results
Energy intake and body weight
Energy consumption is reported for piglets from days 3 through
48 (Supplemental Figure 1). There was no immunization or
interaction effect observed; thus, data were pooled across
immunization groups for subsequent energy and body-weight
analyses. From days 3 through 48, there were no significant
changes in energy intake between diet groups. However, there
were acute exceptions observed on days 35, 37, and 38. Energy
intake was lower in the HBM diet group than in the MF group
at days 35 and 37, and energy intake was higher on day 38 in
the HBM group than in the MF group.

Longitudinally, there were no significant diet effects on
body-weight gain (Supplemental Figure 1), which is an
expected outcome because diets were isocaloric (Supplemental
Table 1). There were no significant group differences between
organ weight or gastrointestinal length measures at day 21
(Supplemental Figure 2). On day 51, weights of the prostate and
small intestine were lower in the HBM diet group than in the
MF group (Supplemental Figure 2).

Humoral immune response
We assessed total antibody responses from serum on day 48
and found no differences in total IgA serum titer between diet
groups (Figure 2A). However, on day 48, serum titer levels of
total IgG in the HBM group were significantly higher than in
the MF group (Figure 2A). We further analyzed serum samples
for CTB- and TT-specific antibody response on days 35 and 48.
In both HBM-fed and MF-fed groups, immunization elicited
CTB-specific IgA and TT-specific IgG antibody titers of log2.2
or greater and titers from nonimmunized piglets (controls) were
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FIGURE 2 Total IgA and IgG serum titers (n= 15/diet group) for day 48 (A), CTB-specific serum IgA (n= 9/diet group) (B), TT-specific serum IgG
(n = 9/diet group) (C), CTB-specific ASCs from PBMCs (n = 9/diet group) (D), and TT-specific ASCs from PBMCs on days 35 and 48 (n = 9/diet
group) (E). Data were evaluated by using Mann-Whitney U test to compare diet groups and time points. *,***Different between bracketed
means: *P < 0.05, ***P < 0.001. ASC, antibody-secreting cell; CTB, cholera toxin subunit B; HBM, human breast milk; MF, milk formula; PBMC,
peripheral blood mononuclear cell; TT, tetanus toxoid.

log1 or less, indicating that the immunization regimen elicited
the anticipated antibody response as designed (data not shown).
In both HBM- and MF-fed piglets, we observed significant
increases in serum antibody titers at day 48 compared with
day 35 in response to CTB and TT (Figure 2B, C). When diet
groups were compared at each day, no group differences were
observed on day 35 in CTB or TT antibody responses.However,
on day 48, titers of CTB-specific IgA and TT-specific IgG were
significantly higher in the HBM group compared with the MF
group (Figure 2B, C). PBMCs isolated from blood samples on
days 35 and 48 were stimulated ex vivo with CTB and TT
and numbers of ASCs were measured. At day 35, there was
a significantly higher number of ASCs for CTB in HBM-fed
relative to MF-fed piglets (Figure 2D). For TT, there was a
trend toward higher ASCs in the HBM group relative to the
MF group, but this did not achieve significance (P = 0.06)
(Figure 2E). On day 48, there were no significant differences
between diet groups to CTB or TT (Figure 2D, E).

To understand intestinal antibody response, intestinal con-
tents collected at the termination of the experiment on day 51
were used to measure CTB-specific IgA response. No significant
differences in the production of CTB-specific IgA between diet
groups were observed (Figure 3A). Furthermore, we determined
the local immune response from the gut (e.g., MLNs, PPs) and
systemic response from spleen cells on day 51 to CTB and TT
ex vivo. Antibody secretions of IgA to CTB and IgG to TT were
measured by ELISpot assay. Data from control, nonimmunized

piglets were below the detection limit for ASCs. The number
of ASCs for CTB was significantly higher in the HBM group
than in theMF group fromMLNs and PPs in immunized piglets
(Figure 3B). No significant differences in ASCs were observed
between diet groups with spleen cells to CTB. In addition, the
number of ASCs to TT did not show any difference between
the diet groups (Figure 3C). CLN tissues served as a negative
control and, as expected, did not secrete anti-CTB antibodies.
A very low number of ASCs were detected to TT (Figure 3C).

Cell-mediated immunity
Cell-mediated immunity was examined from PBMCs, MLNs,
PPs, and spleen by measuring cell proliferation after exposure
to CTB, TT, and nonspecific mitogens (ConA, LPS, and
PMA+ionomycin). Cells without any antigens or mitogens
served as controls, and data were normalized to cells
alone. No immunization effect was observed in proliferation;
therefore, data were pooled from immunized and control,
nonimmunized groups. PBMCs from HBM-fed piglets showed
significantly increased proliferation relative to MF-fed piglets
in response to CTB challenge on day 35 but not on day 48
(Figure 4A). In addition, PBMCs stimulated with TT from the
HBM group showed increased proliferation on days 35 and
48 relative to the MF group (Figure 4A). PBMCs from the
HBM-fed group showed significantly increased proliferation to
nonspecific mitogens relative to the MF group on both days 35

FIGURE 3 IgA titers in the small intestine [duodenum (HBM: n = 2; MF: n = 2), jejunum (HBM: n = 6; MF: n = 6), and ileum (HBM: n = 6;
MF: n = 6)] of immunized piglets fed HBM or MF on day 51 (A); CTB-specific ASCs from MLNs, PPs, spleen, and CLNs (n = 9/diet group) (B);
and TT-specific ASCs from MLNs, PPs, spleen, and CLNs on day 51 (n = 9/diet group) (C). Values are means ± SEMs. Data were evaluated by
Mann-Whitney U test. *Different between groups, P < 0.05. ASC, antibody-secreting cell; CLN, cervical lymph node; CTB, cholera toxin subunit
B; HBM, human breast milk; MF, milk formula; MLN, mesenteric lymph node; PP, Peyer’s patch; TT, tetanus toxoid.
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FIGURE 4 Proliferative response elicited fromPBMCs and spleen cells to CTB and TT in piglets (n= 15/diet group) fed HBMorMF (A), mitogen-
specific proliferation from PBMCs on days 35 and 48 (B), CTB- and TT-specific proliferation from spleen cells on day 51 (C), and mitogen-specific
proliferation of spleen cells on day 21 (D). Values are means ± SEMs. Data were evaluated by Mann-Whitney U test. *Different between groups,
P < 0.05. ConA, concanavalin A; CTB, cholera toxin subunit B; HBM, human breast milk; MF, milk formula; PBMC, peripheral blood mononuclear
cell; PMA+Iono, phorbol 12-myristate-13-acetate + ionomycin; TT, tetanus toxoid; % control, percentage difference in reduction of Alamar blue
by antigen-treated compared with control untreated cells calculated in order to determine the level of proliferation.

and 48, except to ConA on day 35 and LPS on day 48
(Figure 4B). In addition, spleen cells from the HBM-fed group
showed significantly decreased proliferation to TT on day 51
relative to the MF group (Figure 4C). Interestingly, spleen cells
from the HBM group showed increased proliferation to ConA
on day 21 (Figure 4D) relative to theMF group.No difference in
proliferation was noted fromMLNs and PPs; with the exception
of day 21 in which PMA showed increased proliferation of
T cells in the MF group relative to the HBM group in MLNs.
ConA increased proliferation on day 51 in theMF group relative
to the HBM group from PPs (Supplemental Figure 3).

Histomorphometric analyses
To understand if the neonatal diet has an impact on PP mor-
phology and germinal center development, histomorphometric
analyses were carried out. We did not observe any difference
in PP width or height or in germinal center formation on days
21 and 51, regardless of postnatal diet or immunization status
(Supplemental Figure 4).

Microbial diversity and abundance
α-Diversity. Previous studies have shown microbiota changes
in breastfed compared with formula-fed infants (29–32), and
the microbiome is believed to be a critical regulator of host
immune system development (14, 39–42). Thus, differences in

microbiota between diet groups were evaluated. No immuniza-
tion effect on α-diversity was observed; thus, we pooled the
control and immunized groups into their respective diets. We
observed significantly less diversity in the HBM group than in
the MF group at days 16 and 49 in both the observed and
Chao1 indexes (Figure 5A, B) at the phylum level. However,
these differences were not exhibited in the Shannon or Simpson
indexes for the same time points for phylum level (Figure 5C,D).
Genus-level α-diversity was also affected by diet group. At day
16, the HBM group showed less α-diversity than the MF group
across all 4 indexes (Figure 5). The trend of significantly less α-
diversity seen in the HBM group compared with the MF group
at the genus level continued at day 49 in both the observed and
Chao1 indexes (Figure 5).

β-Diversity. To determine the differences between piglets
relative to dietary group assignment, β-diversity was assessed
by using the Bray-Curtis dissimilarity (Figure 6). No effect was
observed between groups at day 16 or day 49 at the phylum
level using principal coordinates analysis. However, genus-
level diversity between diet groups was significant at day 16
(Figure 6B) but not at day 49.

Relative abundance. In addition to microbial diversity, the
relative abundance of taxa between diet groups was quantified
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FIGURE 5 α-Diversity boxplots for piglets at the phylum and genus levels for observed (A), Chao1 (B), Shannon (C), and Simpson (D) indexes
at 16 d in HBM (n = 14) and MF (n = 15) diet groups and at 49 d in the HBM (n = 11) and MF (n = 12) diet groups. Upper and lower hinges
(boxes) are minimum and maximum values within the IQR and the solid lines are median values. Data were analyzed by Mann-Whitney U test.
*Different between groups, P < 0.05. HBM, human breast milk; MF, milk formula.

by using 16s rRNA sequencing. Fecal samples collected at day
16 in both the HBM and MF groups detected 9 phylogenic
groups of microbiota (Table 1). Bacteriodetes, Firmicutes, and
Proteobacteria were the most abundant phyla in both diet
groups at this time point. Of the 9 phyla shown at day 16,
Verrucomicrobia was the only phylum to reach a significantly
higher abundance in the HBM group compared with the MF
group. To determine relative abundance after postneonatal diet,
16s rRNA sequencing was repeated using fecal samples taken
on day 49. Interestingly, in both diet groups at day 49, only
7 different microbial phyla were detected as opposed to the 9
phyla seen on day 16 (Table 2). At day 49, relative abundances
of Proteobacteria and Cyanobacteria were less in the HBM
group than in the MF group. Although Verrucomicrobia was
the only phylum to have a significantly different abundance
at day 16, it was not detected in either diet group at day 49.
Furthermore, Actinobacteria abundance decreased from day 16
to day 49 in both diet groups.

We further investigated genera differences between the diet
groups. At day 16, the most prevalent genera observed in
both diet groups were from Bacteroides, an unassigned genus
in the Ruminococcaceae family, Parabacteroides, Lactobacillus,
and Prevotella. In addition, significantly higher abundances
of Sharpea, Akkermansia, Sutterella, Dorea, Megaspaera, and
Pasturellawere observed in the HBM diet group compared with
the MF diet group (Table 2). Also of distinction, the relative

abundance of an unassigned genus in the Enterobacteriaceae
family was lower in the HBM group than in the MF group at
day 16.

At day 49, the 5 most abundant genera detected were
Prevotella (Prevotellaceae family), Lactobacillus, Bacteroides,
Prevotella (Paraprevotellaceae family), and an unassigned genus
in the Ruminococcaceae family (Table 3). The 5 genera
exhibiting significantly lower relative abundance at day 49 in
the HBM group in comparison to the MF group were YRC22,
Phascolarctobacterium, p-75-a5, CF231, and an unassigned
genus in the Erysipelotrichaceae family.

Discussion
Porcine models for studying the gut and immune system offer
several advantages to other animal models, but when the
gastrointestinal microbiome is an important variable, the use
of the sow-fed piglets offers some challenges. These challenges
relate to housing conditions that allow fecal contamination
to influence piglet gastrointestinal microbiota composition and
relative abundance. A major challenge associated with allowing
piglets to suckle from the sow is the intake of microbiota from
the maternal environment and outcomes associated with skin-
to-skin contact (27, 43). A second challenge is the difficulty
in monitoring energy intake in sow feeding compared with
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FIGURE 6 Box and spider plots represent Bray-Curtis estimates of β-diversity for piglets for phylum (A) and genus (B) in HBM (n = 14) and MF
(n = 15) diet groups at 16 d and for phylum (C) and genus (D) in HBM (n = 11) and MF (n = 12) diet groups at 49 d. Box plot outliers are shown
as black dots outside the whiskers. Solid and dashed lines extend from diet group medoids to the PCoA score for an individual piglet. Ellipses
represent the SE of the point scores along the 2 components. P values represent group differences among PCoA scores along component 1
(Mann-Whitney U test). HBM, human breast milk; MF, milk formula; PCoA, principal coordinates analysis.

bottle feeding. The primary aim of the present study was to
use a novel porcine model to determine how the 2 widely
used infant diets, HBM and commercially marketed formula
(MF), affect development of immune responses. We believe this
is the first use of HBM in a pig model and the first head-
to-head comparison of HBM and commercial infant formula
effects on the immune system in a pig model. The present study
controlled for feeding conditions and environment, allowing
for differences in immune outcomes and microbial colonization
to be attributed specifically to postnatal diet. Therefore, the
porcine model of HBM feeding used in the current study is novel
because it controls for these challenges and may be particularly
relevant to studying the effects of diet on immune response and
relative to colonization of microbiota. The results indicate that
humoral and cell-mediated immune responses are significantly
greater in HBM-fed than in MF-fed piglets, suggesting that
breastfeeding may enhance experimentally induced immune
responses.

A previous study showed enhanced immune function related
to innate immunity in sow-fed piglets relative to formula-
fed piglets (44). In addition, the immune response exhibited
in the intestinal mucosa differs in piglets depending on
whether a formula or sow-milk postnatal diet is consumed.
For example, Jensen et al. (45) showed that formula-fed
piglets had significantly increased mucosal weights and crypt
depth. In another study, formula-fed piglets exhibited reduced
lactose-digestive capacity relative to sow milk–fed piglets (46).
Previously, we reported increased PP size in sow-fed relative
to formula-fed piglets (32). Our results suggest that 4 wk
postweaning, the HBM-diet group had a higher IgG response
than did the MF group. Furthermore, serum titers of IgA
and IgG specific to CTB and TT, as well as total IgG, were
significantly lower in formula-fed piglets relative to HBM-fed
piglets. This observation agrees with the enhanced immune cell
stimulation and proliferation elicited by CTB antigen seen in
PBMCs 2 wk after administration of vaccine in the HBM diet
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TABLE 1 Relative abundance of phyla in piglets fed HBM or MF at days 16 and 491

Day 16 Day 49

Phylum HBM (n= 14) MF (n= 15) Fold-change (log2)2 P (adjusted) HBM (n= 11) MF (n= 12) Fold-change (log2)2 P (adjusted)

Verrucomicrobia 3.11 ± 1.3 0.09 ± 0.0 5.30 <0.01 — — — —
Lentisphaerae 0.06 ± 0.0 0.02 ± 0.0 0.70 0.83 0.20 ± 0.1 0.12 ± 0.0 −0.58 0.88
Actinobacteria 2.63 ± 1.1 3.53 ± 0.6 −1.30 0.14 0.01 ± 0.0 0.02 ± 0.0 0.16 0.88
Proteobacteria 5.05 ± 1.5 4.64 ± 1.1 0.30 0.83 1.23 ± 0.4 2.40 ± 0.4 −0.77 <0.05
Firmicutes 36.53 ± 5.0 50.53 ± 5.1 −0.10 0.83 34.61 ± 3.3 34.07 ± 3.1 0.29 0.12
Bacteroidetes 47.26 ± 3.9 38.82 ± 4.7 0.10 0.83 63.21 ± 3.6 62.33 ± 3.4 0.17 0.74
Tenericutes 2.56 ± 0.8 1.25 ± 0.5 1.20 0.62 0.73 ± 0.2 0.54 ± 0.2 0.92 0.32
Fusobacteria 2.77 ± 0.0 0.04 ± 0.0 −0.40 0.83 — — — —
Synergistetes 0.01 ± 0.0 0.04 ± 0.0 −3.10 0.28 — — — —
Cyanobacteria — — — — <0.01 0.53 ± 0.2 −8.05 <0.01

1Values in diet columns are means ± SEMs of relative abundances on days 16 and 49. The SEM is not indicated where relative abundance was <0.01% and the em dash (—)
indicates <0.005% relative abundance. P values (adjusted) from Wald test indicate differences between diet groups within day. HBM, human breast milk; MF, milk formula.
2Fold-change [log2(normalized means)] reference group is MF.

group. Although antibody secretion by MLNs and PPs was also
increased by HBM feeding, this observation was not reflected in
the titer of IgA specific to CTB in the small intestine contents.
This latter effect may not have been observed due to the stimulus
used to evoke an immune response or because intestinal
antibody titers had reached a plateau and were thus equal in
both diet groups 4 wk after initial immunization. Alternatively,
feed deprivation of piglets before collecting luminal contents
may have eliminated diet-induced differences in antibody levels
in the lumen. Taken together, these data support the notion that
the early effect of postnatal diet influences humoral immune
responses in the gut and systemically with regard to vaccine
response and highlight that feeding breast milk early in life
may enhance the immune response to exogenous challenges.
The processes that underlie the differences in immune function
when comparing breastfed with formula-fed conditions might
involve host IgA, toll-like receptor (TLR) signaling, and shifts
in the population and activities of the gut microbiota.

Humoral immune response can be initiated by binding of
pattern recognition receptors to pathogen-associated molecular
patterns. In this respect, TLR signaling pathways are critical
in the induction of the adaptive immune response (47).
For example, TLR5 knockout in mice results in decreased

antibody titers to trivalent inactivated influenza vaccine and
restoration of TLR5-mediated sensing of microbial flagellin-
induced IgG responses similar to wild-type mice (48). In
addition, stimulation of TLR4 in monocytes increases IgG
titer (49), and the production of IgG is reduced by TLR4
knockout (50).Moreover, there is cross-talk between TLR4 and
nucleotide-binding oligomerization domain–containing protein
2 (NOD2) (51), which enhances the magnitude of both humoral
and cell-mediated immune responses. Interestingly, pattern
recognition receptors interact with the gut microbiota and
then confer downstream signaling to inhibit or promote the
humoral immune response (52–54). In fact, administration of
vancomycin decreases intestinal Bacteroidetes and decreases
serum IgA and IgG titers, and specific genera within the
Bacteroidetes phylum are known TLR agonists (55). Thus,
microbiota composition was measured and an elevation in the
abundance of Bacteroideswas noted in the HBM group. Several
studies have shown differences in the gut microbiota when
comparing breastfeeding with formula feeding (25, 56, 57),
suggesting that the gut microbiota may play a role in immune
response (13, 39, 40, 58–60). Results noted here indicate that
HBM enhances the humoral immune response when compared
with formula feeding, which may be due to the postnatal diet,

TABLE 2 Relative abundance of genera in piglets fed HBM or MF at day 161

Genus HBM (n= 14) MF (n= 15) Fold-change (log2)2 P (adjusted)

Bacteroides 29.34 ± 4.3 22.03 ± 3.8 1.40 0.02
Unassigned genus (in Ruminococcaceae family) 11.31 ± 2.2 13.36 ± 1.4 0.40 0.55
Parabacteroides 6.77 ± 2.7 6.94 ± 1.4 0.30 0.85
Lactobacillus 1.89 ± 1.2 8.35 ± 2.0 −1.40 0.13
Prevotella 4.80 ± 2.2 3.00 ± 1.3 1.40 0.39
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Sharpea 0.23 ± 0.2 0.01 ± 0.0 22.50 <0.01
Akkermansia 3.11 ± 1.3 0.084 ± 0.0 6.00 <0.01
Sutterella 1.18 ± 0.6 0.12 ± 0.1 4.60 <0.01
Dorea 2.30 ± 1.0 0.51 ± 0.1 2.60 <0.01
Megasphaera 0.10 ± 0.1 0.04 ± 0.0 5.30 <0.01
Unassigned genus (in Enterobacteriaceae family) 0.82 ± 0.6 3.18 ± 1.1 −2.70 0.02
Pasteurella 0.30 ± 0.1 0.17 ± 0.1 2.40 0.04

1Values in diet columns are means ± SEMs of relative abundance on day 16. The dashed line separates the 5 most abundant taxa from
other taxa that were significantly different (P < 0.05) between diet groups. P values (adjusted) fromWald test indicate differences between
diet groups within day. HBM, human breast milk; MF, milk formula.
2Fold-change [log2(normalized means)] reference group is MF.
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TABLE 3 Relative abundance of genera in piglets fed HBM or MF at day 491

Genus HBM (n= 11) MF (n= 12) Fold-change (log2)2 P (adjusted)

Prevotella (in Prevotellaceae family) 26.66 ± 3.5 22.65 ± 2.6 0.11 0.87
Lactobacillus 9.42 ± 3.2 6.60 ± 1.8 1.21 0.30
Bacteroides 11.52 ± 2.6 9.96 ± 2.8 0.74 0.30
Prevotella (in Paraprevotellaceae family) 4.58 ± 1.1 2.56 ± 0.8 1.54 0.21
Unassigned genus (in Ruminococcaceae family) 3.49 ± 1.3 3.23 ± 1.5 0.17 0.79
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
YRC22 <0.01 4.14 ± 2.0 −8.18 <0.01
Phascolarctobacterium 0.30 ± 0.1 1.47 ± 0.3 −1.90 <0.01
p-75-a5 0.01 ± 0.0 0.21 ± 0.1 −4.40 <0.01
CF231 <0.01 3.24 ± 1.7 −9.14 <0.01
Eubacterium (in Erysipelotrichaceae family) 0.03 ± 0.0 0.03 ± 0.0 −2.98 0.01

1Values in diet columns are means ± SEMs of relative abundance on day 49. The SEM is not indicated where relative abundance was
<0.01%. The dashed line separates the 5 most abundant taxa from other taxa that were significantly different (P < 0.05) between diet
groups. P values (adjusted) fromWald test indicate differences between diet groups within day. HBM, human breast milk; MF, milk formula.
2Fold-change [log2(normalized means)] reference group is MF.

intestinal microbiota composition, or both (39, 42, 50, 61–64).
In summary, these studies suggest that immune cell signaling
and subsequent response may be modulated on the basis of the
presence of specific microbiota and cross-talk with the host.

Interestingly, previous literature has shown that fecal trans-
plant significantly improves clinical manifestation of infantile
allergic colitis and was also concurrent with an increase in
Bacteroides in feces (65). From a mechanistic standpoint,
Bacteroides have been shown to induce development of
T-regulatory cells by promoting the expression of IL-10 (66)
which mitigates proinflammatory signaling via production of
polysaccharide A (67). Exposure of naïve T cells to commensal
gut microbiota has been suggested to divert from the generation
of colitogenic effector cells (68). The literature supports our
results, because T cell stimulation (69) was enhanced in PBMCs
and spleen by the HBM diet relative to formula. Therefore,
intestinal colonization by Bacteroides may affect cell-mediated
immunity systemically and constitutes a potential mechanism
by which postnatal diet exhibits effects on the immune system.
Although we did not observe major differences in T cell
proliferation in the gut tissues, it is possible that cells from
gut regions reached the threshold for stimulants to observe
differences between diet groups. Future studies should evaluate
the specific role of the microbiota in immune response.

In addition to Bacteroides, distinct dietary differences in the
relative abundances of several other genera and phyla were
noted in feces in the postnatal and weaning periods. The relative
abundance of the Verrucomicrobia phylum and Akkermansia
genus were higher with HBM diet. Akkermansia has been
linked to altered physiologic processes. Specifically, it has been
associated with regulation and maintenance of intestinal barrier
integrity (70); the implication is that HBM may regulate gut
permeability via promoting growth of specific microbiota such
as Akkermansia and others. In addition, the gut microbiota has
been shown to utilize IgA for colonization (61). Cumulatively,
this study and the body of literature suggest that there is cross-
talk between the immune system and microbiota composition
during postnatal feeding. This, in turn, could possibly alter
processes that affect chronic disease risk later in life. Future
studies should aim to determine the cross-talk between host and
microbiota and its impact on immune function.

Strengths and limitations
There is a demonstrated need for reliable models in which
to study how early diet mediates immune response. Piglets

are considered the model most similar to human infants
to understand immune system function (30, 45, 71–73).
However, in previous porcine models, there have been technical
limitations that have contributed to the limited generalizability
of results. The diets used in this study were matched for energy
density and macronutrient composition. It is possible that the
effects of postnatal diet observed in this study were due to the
presence or absence of immunomodulatory components such
as prebiotics (60), oligosaccharides (74, 75), immunoglobulins,
and lactoferrin (76), but it is beyond the scope of the current
study to infer correlation between any specific component in the
diet and the HBM effects observed. This study shows the feasi-
bility of using a porcine model of feedingHBMunder controlled
conditions,with the limitations that piglets were fed 48 h of sow
milk, only male piglets were analyzed, and the donor human
milk was pasteurized. The findings in the present study confirm
that the gut microbiota are more diverse in infants who consume
formula compared with HBM (12, 25, 56, 57, 77), indicating
a strength of this animal model. However, there is a distinct
difference between colonization of piglet and infant intestine
with respect to the relative abundance of certain taxa.The infant
gut microbiota is highly abundant in Actinobacteria, of which
Bifidobacterium is among the most abundant genus (78, 79).
However, detection of this phylum and genus was very low in
the piglet intestine, even when fed HBM. There is speculation
that the intestines of some infants do not permit growth of
Bifidobacterium (80). Thus, there is an opportunity to utilize the
piglet HBMmodel to discern the necessary habitable conditions
for intestinal colonization of Actinobacteria in future research.

Conclusions
The postnatal diet influences gut and systemic immune
responses. Specifically, humoral and cell-mediated immune
responses are higher in breast milk–fed than in commercially
marketed formula–fed piglets. The influence of postnatal diet on
intestinal microbiota composition constitutes a plausible and
likely mechanism by which HBM confers beneficial effects on
the development of the local gut and systemic immune response.
Although there are differences in perinatal development of the
intestinal tract between piglets and infants, the porcine HBM
model appears to offer advantages over the sow-fed model to
eliminate the limitations associated with housing environment
and diet intake. Future studies in sow-fed and HBM-fed piglets
under same environmental conditions would further validate
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the model. Future studies should aim to identify specific gut
bacterial signals or diet components that modulate immune
function.
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