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Abstract

Background

During the first stages of development human infants are either fed human milk or
human milk substitutes (infant formulas). The composition of infant formulas and
human milk differ drastically, including a difference in protein constituents and
bacterial load. Due to the high global frequency of infant formula use, the
humanization of infant formulas to better reflect the complex nature of human milk is
warranted. To better understand the role of human milk components, the fate and
function of a key bacterial sensor in human milk, soluble CD14, was determined.
Additionally, the microbiome of human milk was analyzed from a metagenomic
standpoint in an attempt to determine which types of bacteria are present in human
milk and what their potential biological function might be.

Results

In rodent models, ingested sCD14 persisted in the gastrointestinal tract and was
transferred intact into the blood stream. Once transferred to the blood, ingested
sCD14 retained its ability to recognize lipopolysaccharide and initiate an immune
response in pups. This transfer of sCD14 across the epithelial barrier was also
observed in human cells in vitro, where it appears to be dependent on Toll-like
receptor 4. Using [llumina sequencing and the MG-RAST pipeline, the human milk
metagenome of ten mothers was sequenced. DNA from human milk aligned to over
360 prokaryotic genera, and contained 30,128 open reading frames assigned to

various functional categories. The DNA from human milk was also found to harbor



immune-modulatory DNA motifs that may play a significant role in immune
development of the infant.

Conclusions

Given the complex nature of human milk in comparison to its bovine or plant based
substitutes, the results presented in this thesis warrant future modification of infant
formulas to include non-nutritive bioactive components. Current human milk
components not yet present in infant formulas include the diverse microbiome of
human milk, the immune-modulatory DNAs which those microbes harbor, and

bioactive human proteins such as sCD14.
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Chapter 1

Introduction



1.1 Infant nutrition

One distinguishing feature that separates the organisms in the class Mammalia from
other amniotes is the development of milk-secreting mammary glands. The
production of milk post partum (PP) has evolved as a means to provide the first food
needed by the offspring (1). Similar to other bodily fluids such as blood, milk is highly
complex in composition, consisting of an emulsion of milk fat globules suspended in
water containing carbohydrates, proteins, minerals, and whole cells. Ingestion of milk
by the offspring is foremost for nutritive purposes and also provides immunological
protection for the newborn through its bioactive components. In non-human
mammals, milk is consumed as the first food, and lack of available milk to the
newborn offspring can result in death without outside intervention.

Humans, however, do not always receive human milk as their first food,
especially with the increasing availability of milk substitutes, which will be termed
infant formulas herein. Due to the complex nature of human milk in comparison to
infant formulas, the World Health Organization (WHO) recommends that exclusive
human milk consumption should begin within one hour of birth and should continue
for the first six months of life (2). Also recommended is continued breastfeeding
complemented with supplementary foods for up to two years of age or beyond (2).
Additionally, to promote breastfeeding and diminish outside influence to formula feed
children, an international code was developed in 1981 to regulate the marketing of
infant formulas. Specifically, this code calls for all formula labels to state the benefits
of breastfeeding and risks of formula feeding, and also calls for a ban on the

promotion of infant formulas through advertisements and free samples (2). Despite
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agreement by health organizations on the benefits of human milk versus infant
formulas, currently less than half of all infants exclusively receive human milk for the
first six months of life (30% of infants, 95% CI 26-35), with the lowest rates of
breastfeeding reported in Europe (14% of infants, 95% CI 7-22; 3).

In developing countries, the benefits of human milk for the infant are even
greater than in the more developed world, given the limited access of some
communities to safe drinking water (4). In less developed countries one of the largest
threats to infant health is the occurrence of diarrhea, which can lead to stunted
growth and even death (3). By breastfeeding infants as opposed to formula feeding,
the risk of diarrhea mortality is significantly diminished (5). Suboptimal breastfeeding
has recently been reported as responsible for 804,000 deaths in 2011, which is 11.6%
of total deaths of children under five years old (3). Despite efforts in recent years to
improve breastfeeding practices through the WHO and UNICEF Baby Friendly
Hospital Initiative (2), even countries with successful programs still have
breastfeeding rates far below the levels recommended by the WHO (3). Therefore,
while infant formulas continue to be widely used, the study of human milk
components, their impact on infant health, and the potential addition of these
components to infant formulas provide complementary avenues or strategies to

improve the current status of infant nutrition.



1.2 Composition of milk

Similar to the milk of other mammals, human milk can be divided into major groups of
components. The current concept of major milk components is shown in Figure 1.1,
which includes fats, proteins, carbohydrates and minerals. The proportion of each
milk component in Figure 1.1 varies from mother to mother and also changes over the
duration of lactation. Throughout lactation there are three types of milk produced:
colostrum (first 72 hours), transitional milk (72 hours - 2 weeks PP) and mature milk
(2 weeks PP and onwards), each differing in composition (6). Colostrum, for example,
contains significantly more protein than transitional milk (2.5 £ 0.2 g/100 mL versus
1.7 £0.1g/100 mL), whereas the lipid content of human milk increases during
lactation (2.2 + 0.2 g/100mL, 3.0 £ 0.1g/100 mL and 3.8 + 0.1 g/100mL for
colostrum, transitional and mature milk, respectively (7). Also, when milk is
monitored over longer periods of time (12 months), concentrations of other proteins
are shown to fluctuate, some increasing in concentration while others decrease (8, 9).
Therefore, unlike the stationary composition of infant formulas manufactured to a
factory recipe, the composition of human milk is variable and fluctuates during
lactation to ensure the full development of the growing infant.

The two major subdivisions of milk proteins are caseins and whey proteins,
which differ significantly in their structure and solubility. Caseins lack disulfide
bridges, contain highly hydrophobic regions and exist in milk as micelles, which
contain calcium phosphate and casein complexes (10). Due to the lack of disulfide
bridges, the micelles easily precipitate in acidic conditions (pH 4.6) causing a milk clot

to form in the acidic stomach of the infant, aiding in more efficient digestion (10).
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Figure 1.1. The gross composition of human milk. (Modified from 11, 12)
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Conversely, whey proteins have a more ordered structure and are not easily
precipitated by acidic conditions. Whey proteins include nutritive proteins, enzymes
and bioactive proteins. One major difference between human and bovine milk, from
which most infant formulas are derived, is the types of whey proteins present. For
example, human milk does not contain the major bovine whey protein (3-lactoglobulin
(2-4 g/L in bovine milk), and human milk contains more total whey protein in
comparison to bovine milk (whey to casein ratio is 60:40 in human milk, but 20:80 in
bovine milk; 9, 13, 14). Also, bovine milk lacks human immunoglobulins and has lower
levels of bioactive proteins, such as the antibacterial protein lactoferrin, than those in

human milk (0.01-0.1 g/L versus 1.0-2.0 g/L; 15-17).



1.3 Bioactive proteins in milk

Although milk has classically been thought to be primarily nutritive in function, it also
contains numerous bioactive components. The proteome of human milk consists of an
array of immunologically relevant proteins including growth factors, cytokines, and
antimicrobial peptides. For proteins to retain immunological function and provide
benefit for the infant, bioactive milk proteins must remain intact following ingestion.
Two examples of proteolytically resistant milk proteins include secretory
immunoglobulin A (sIgA; 18, 19) and lactoferrin (20, 21), which have been shown to
survive passage through the infant digestive system. Immunoglobulins and lactoferrin
are also examples of proteins that are translocated intact across the mucosal barrier
post-ingestion by the infant. Uptake of these two proteins along the gastrointestinal
(GI) tract is receptor mediated by the neonatal Fc receptor and the lactoferrin
receptor, respectively (22, 23). Once ingested, immunoglobulins from human milk
provide passive humoral immunity donated by the mother to her infant (24).
Similarly, lactoferrin has been shown to reduce the risk of sepsis and infection in
preterm infants (25-27). Although the digestive fate and biological function of some
milk proteins, such as those described above, have been characterized, the
significance of the majority of milk proteins remains unknown. For example, although
it is found in high concentrations in human milk, the fate and function of the pattern
recognition receptor Cluster of Differentiation 14 (CD14) remains unknown. The lack
of knowledge on the role of many human milk proteins causes difficultly in setting

standards regarding which human proteins should be used to supplement infant



formulas. Therefore, further studies on the digestive fate and function of human milk

proteins, such as CD14, are needed.



1.4 CD14 in human milk

CD14 is a pattern recognition receptor for several bacterial components including
lipopolysaccharide (LPS) on the surface of Gram-negative bacteria. CD14 exists either
as a glycosylphosphatidylinositol (GPI)-anchored membrane protein (mCD14) or as a
soluble protein (sCD14). Soluble CD14 exists in human milk at 20.10 * 8.74 pg/mL
(five days PP) and in serum at 3.71 * 0.59 pg/mL, and is notably absent from
commercially produced infant formulas (28, 29). Both forms of CD14 appear
functionally interchangeable as they both enhance proinflammatory signalling in
response to LPS through the Toll-like receptor 4 (TLR4)/MD-2 pathway (Figure 1.24,
B). In blood, sCD14 decreases LPS-related mortality and septic shock by sequestering
LPS from mCD14/TLR4-expressing immune cells in coordination with accessory
lipoproteins (Figure 1.2C; 30). Within the first year of life, the infant GI tract becomes
colonized with bacteria, including those expressing LPS (31-34). The introduction of
LPS, a molecule that in trace amounts (15 pg/kg bodyweight) is able to induce a life
threatening immune response (35), could be detrimental to the infant should the
barrier function of its developing GI tract fail. Therefore, given the known role sCD14
plays in LPS recognition in conjunction with the considerable concentration of sCD14
in human milk warrants investigation into the role that ingested sCD14 may serve in
LPS recognition by infants.

Previously, sCD14 was shown to partially survive a mock GI digestion, as
sCD14 remained intact following pepsin digestion and was partially digested by

pancreatin in vitro (36). Inmunoprecipitation of sCD14 from milk also led
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Figure 1.2. The involvement of CD14 in the innate immune response to
lipopolysaccharide (LPS).

(A) LPS is delivered to mCD14 by LPS binding protein (LBP), which transfers LPS to
MD2. The LPS:MD2 complex binds and activates TLR4. TLR4 signals internally
through the Toll-interleukin 1 receptor adapter protein (TIRAP) and MYD88, leading
to the migration of the NF-kB transcription factor to the nucleus. NF-kB then activates
the transcription of proinflammatory genes such as tumor necrosis factor (TNFa) and
interleukin 6 (IL-6).

(B) LPS is delivered to sCD14 by LBP. Soluble CD14 can then transfer LPS to MD2 and
initiate the same TLR4 activation and proinflammatory response described in panel A.
(C) LPS is delivered to sCD14 by LBP, which can sequester LPS away from mCD14 and
transfer LPS to serum lipoproteins (LP). Lipoproteins then carry LPS to the liver for
clearance, thereby down regulating the immune response.

(Modified from 37-39).
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to the discovery of sCD14-interacting proteins, such as a-lactalbumin that protect
sCD14 from digestion (40). A lack of sCD14 in the feces of breast-fed infants (BF), in
conjunction with the proteolytic protection of sCD14 in vitro suggests sCD14 may be
taken up whole into the blood stream of BF infants. Additionally, the interaction
between CD14 and TLR4 to signal an immune response to LPS has been shown to
result in CD14 internalization in macrophages (41). Studies have shown TLR4 to be
expressed by intestinal epithelial cells (42), which may represent a route of sCD14
transport from the GI lumen into the blood stream of BF infants.

This present thesis incorporates three major hypotheses derived from the above
questions, and the research was conducted during the course of my training for the
degree of Doctor of Philosophy. These three hypotheses have been submitted as two

manuscripts (chapters 2 and 3) and are described below.
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Hypotheses and Objectives

Manuscript 1 - Ingested soluble CD14 from milk is transferred intact into the
blood of newborn rats

Hypothesis:
sCD14 remains intact along the digestive tract, and is absorbed intact into the
circulatory system post-ingestion.

Objectives:
- Track the digestive fate of ingested sCD14 using 14C- and 125I-labeled sCD14
in a rat model of breastfeeding infants.

- Compare the digestive fate of 14C- and 12]-labelled sCD14 to a similarly
labeled, fully digestible control protein, Bovine Serum Albumin (BSA).

Manuscript 2 - Ingested soluble CD14 contributes to the functional pool of
circulating sCD14 in mice

Hypotheses:
Ingested sCD14 is a major contributor to circulating sCD14 in infants, and once
transferred to the blood sCD14 remains functional in its ability to detect LPS.

Transfer of sCD14 across intestinal epithelial cells occurs in both rodent and human
cells, and that sCD14 transfer across human intestinal cells is TLR4 dependent.

Objectives:
- Use CD14-/- mouse pups fostered to wild type (WT) mothers to quantify the
amount of sCD14 transferred from ingested milk to the circulatory system
of infants.

- Compare the amount of sCD14 transferred to the circulatory system of
CD14-/- mice to that of WT mice in similar foster scenarios.

- Determine the functionality of ingested sCD14 in CD14-/- pups following
LPS injection using the immune response as a measurement of sCD14
functionality.

- Use human intestinal epithelial cells grown in Transwell assays to
determine if sCD14 transfer is conserved across species.

- Use human intestinal epithelial cells in conjunction with small interfering
RNA (siRNA) to determine if TLR4 is responsible for transfer of sCD14
across the epithelium.

14



1.5 Cells and DNA as milk bioactives

In human milk, bioactives can be proteinaceous in nature or can occur as live cells,
either somatic or of other origin (43). For example, colostrum contains leukocytes
(5x108to 4 x 10° leukocytes/L) that provide a surveillance system for the naive
immune system of the infant (44). As the number of human microbiome studies
increases, the biological importance of microbes and the influence of one’s
microbiome on one’s health have come to light. Numerous studies have documented
live bacteria within human milk, a bodily fluid once believed to be sterile. The bacteria
within human milk include Streptocococcus and Bifidobacterium, which can be
cultured from human milk expressed from a sterilized breast (45, 46). Sequencing of
the 16S ribosomal RNA (rRNA) gene has allowed for the analysis of the microbiome of
milk, including those that are not easily cultured. One such analysis, which followed
16 different mothers throughout lactation, found Staphylococcus and Streptococcus to
be the predominant milk genera, and Lactobacillus and Bifidobacterium as minor milk
microbiota members (47). Another study found the microbiome of milk to be more
variable and dependent on factors such as maternal weight (48).

Further advances and improvements in next generation sequencing technology
and analysis techniques, such as whole genome sequencing using the Illumina
platform, have allowed for more information to be extracted or ‘mined’ from
microbiome studies. For example, metagenome sequencing, in which the entire
genomes of the microbiome are sequenced, allows for the determination of which
genes are present within each member of the community and therefore which

proteins and pathways may also be present. Thus, metagenomic studies shed light on
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the functional capacity of microbiomes. Sequencing just the 16S rRNA portion of the
microbiome as a means to classify which bacteria are present is extremely useful and
is thus far the standard in taxonomical analysis of microbiomes (49). Metagenomic
sequencing, however, allows for the comparison of microbiomes at a functional level
as well as a taxonomical level, placing it at the forefront of microbiology (50). Prior to
the experiments conducted for the third manuscript incorporated within this thesis,
no metagenomic studies on the human milk microbiome, to the best of the author’s
knowledge, had yet been published.

In addition to proteins and whole cells, DNA itself can act as a bioactive molecule
that is able to stimulate and/or suppress the immune system through recognition by
Toll-like receptor 9 (TLR9Y, Figure 1.3; 51, 52). Due to cells present in the fluid, human
milk contains DNA of both somatic and non-somatic origin. If human milk DNA
contains immune stimulatory motifs, such as unmethylated cytosine phosphate
guanine (CpG) dinucleotides, exposure to the immune-modulatory motifs upon
ingestion would impact the mucosal immune system of the infant as demonstrated in
rodent models (53). In infants, ingested DNA motifs may also affect the immune
system in a similar fashion to the DNA motifs used as adjuvants in vaccinations (54).
Therefore it is important to understand which types of DNA motifs are found in
human milk, and whether these motifs play a role in the development of the infant
immune system. Given the recent supplementation of commercially-available infant
formulas with both nucleic acids and bacteria, it is of utmost importance to better
understand which bacteria and DNA sequences should be added to formulas to ensure

positive health outcomes for the consuming infant.
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Figure 1.3. Recognition of DNA by Toll-like receptor 9. Cells are able to
endocytose circulating DNA. Once in the endosome, TLR9Y is able to recognize DNA
motifs, such as cytosine phosphate guanine (CpG) dinucleotides and initiate a
signalling cascade involving NF-kB, AP-1 and/or IRF7. Recognition of immune-
stimulatory DNA results in a proinflammatory response of interleukin 12 (IL-12),
tumor necrosis factor (TNF-a), and/or interferon (IFN-o/) production. (Modified
from 51, 52).
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This present thesis also incorporates three major hypotheses derived from the
above questions on the metagenome of human milk. Research on the three hypotheses
described below was conducted during the course of my training for the degree of

Doctor of Philosophy and has been submitted as one manuscript (chapter 4).

Hypotheses and Objectives

Manuscript 3 - Human milk metagenome: a functional capacity analysis

Hypotheses:
Human milk contains a wide variety of bacteria, whose genomes house open reading
frames (ORFs) for functions that permit the bacteria to survive within human milk.

The metagenome of human milk is similar to that of infant’s feces both at the
taxonomical and functional level.

Human milk contains DNA motifs that are immune-modulatory in nature.
Objectives:
- Sequence the metagenome of human milk using I[llumina Sequencing and

the MG-RAST pipeline.

- Determine the genera of bacteria within human milk and the types of ORFs
in human milk that may influence bacterial presence and stability.

- Determine the similarities and differences amongst the microbiome of
human milk and mother’s and infant’s feces at taxonomical and functional

levels.

- Search for immune-modulatory DNA motifs within human milk-derived
DNA.
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2.1 Abstract

Background

Milk acts as an edible immune system that is transferred from mother to newborn.
Soluble CD14 is a protein found in significant quantities in human milk (~8-29
nug/mL). At a 10-fold lower concentration in the blood (~3 pg/mL), the most notable
role of sCD14 is to sequester LPS of Gram-negative bacteria from immune cells.
Methods

To explore the pharmacodynamics of this milk protein and its biological fate, the
biodistribution of radiolabeled sCD14 (14C, 125]) was monitored in 10-d-old rat pups.
Results

Up to 3.4 + 2.2% of the radiolabeled sCD14 administered was observed, intact, in the
pup blood for up to 8 h post-ingestion. Additionally, 30.3 + 13.0% of the radiolabeled
sCD14 administered was observed degraded in the stomach at 8 h post-ingestion. A
reservoir of intact, administered sCD14 (3.2 + 0.3%), however, remained in the
stomach at 8 h post-ingestion. Intact sCD14 was observed in the small intestine at
5.5+ 1.6% of the dose fed at 8 h post-ingestion.

Conclusion

The presence of intact sCD14 in the blood and the GI tract of newborns post-ingestion
has implications in the development of allergies, obesity, and other inflammation-

related pathogeneses later in life.
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2.2 Introduction

Cluster of Differentiation 14 is a 48-kDa pattern recognition receptor first discovered
as a sensor for LPS of Gram-negative bacteria. CD14 exists either as a GPI-anchored
membrane protein (mCD14) on the cell surface or as a soluble protein (sCD14) found
in bodily fluids. Soluble CD14 is observed in adult blood at a concentration of
3.71+0.59 pg/mL and at up to ten-fold higher concentration in human milk,

20.10 +8.74 pg/mL (at 5d PP) to 12.16 + 3.75 pg/mL (at 3 mo PP; 28, 29). The two
forms of CD14 (membrane-bound or soluble) appear functionally interchangeable
because they both can enhance proinflammatory signaling in response to LPS through
TLR4, alerting the immune system of potential infections (55).

In blood, circulating sCD14 decreases LPS-related mortality and septic shock,
presumably by sequestering LPS from mCD14/TLR4-expressing immune cells (30).
This allows clearance of LPS from the body before activation of the immune system.
Recent studies have also implicated sCD14 in inflammation-related diseases. For
example, both circulating and milk-derived sCD14 levels have been correlated with fat
mass in humans, and the genomic elimination of the CD14 gene in mice attenuated
symptoms of obesity, such as hypertension (56-58). Furthermore, CD14 is thought to
influence the type of bacteria colonizing the GI tract of infants (59). Therefore, similar
to many other immunologically relevant agents present in human milk, such as serum
proteins, cytokines, and immunoglobulins, milk-derived sCD14 may play a role in
inflammation, development, and overall infant health, as discussed in a recent review

(60).
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The high concentration of sCD14 in human milk exposes a breastfeeding infant
to milligram quantities of the protein per day. In an initial study, however, neither
intact nor degraded portions of sCD14 were found in the feces of BF infants (36).
Immunoprecipitation of sCD14 from milk and in vitro digests demonstrated that
sCD14 is able to complex with other milk proteins, namely, a-lactalbumin, which
protect it from degradation (40). Taken together, the combined proteolytic protection
of sCD14 by milk components and lack of sCD14 in infant feces raise the possibility
that sCD14 may be absorbed intact along the GI tract of the infant, as earlier suggested
(36).

Whole-protein uptake across the epithelium and into the blood stream has been
previously described for other milk proteins such as immunoglobulins (22). Once
translocated to the blood, these milk proteins contribute to the infant’s endogenous
serum pool of proteins, stimulating the immune system and offering passive immunity
(for review, see ref. 61). Because sCD14 levels continue to increase during the first 18
months of life, sCD14 provided by the mother via her milk may afford additional
surveillance against bacteria in the GI tract or blood of the infant (59).

In healthy full-term infants, “gut closure” (a decrease in intestinal permeability
with age) occurs within a few days PP, which can be altered depending on the nutrient
source (such as human milk vs. formula; 62). In rodents, gut closure is further delayed
and correlates with the weaning age of 17-21 days PP (63). In this study, 10-d-old rat
pups were used as a model for newborn human infants in whom gut closure has not
yet occurred (term infants: 1-3 d old; or preterm infants: 1-10 d old). This age was

chosen because it correlates with the greatest expression of sCD14 in human milk,
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which can reach concentrations as high as 67.09 + 27.61 pg/mL in colostrum (28, 29).
Using radiolabeled proteins as a means to track digestive fate, the hypothesis that
sCD14 remains intact along the digestive tract and is absorbed intact into the

circulatory system, post-ingestion was addressed.
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2.3 Methods

Radiolabeling of proteins
Human recombinant sCD14 (hrCD14, R&D Systems, Minneapolis, MN) and BSA
(Sigma-Aldrich, Oakville, Ontario, Canada) were labeled with [14C]-methyl iodide
using 52.9 mCi/mmol (sCD14) or 10 mCi/mmol (BSA; Perkin Elmer, Waltham, MA;
and Sigma-Aldrich). Proteins (100 pug of sCD14 or 500 pg of BSA) were lyophilized and
labeled using a previously established protocol (64).

Separately, sCD14 and BSA were labeled with [125]]-Nal (MP Biomedical, Solon,
OH) using Iodination Beads (Thermo Scientific, Rockford, IL) following the
manufacturer’s protocol with 100 pg of protein and 1 mCi of [125]]-Nal in a total
volume of 1.1 mL phosphate buffered saline (PBS). Proteins were recovered by
centrifugation at 1,000 x g for 2 min using a 2 mL Zeba Desalt spin column (Thermo
Scientific). The resultant specific radioactivity levels were as follows: [14C]-sCD14,
1.63 x 105 disintegrations per minute (dpm)/ug; [14C]-BSA, 3.44 x 104 dpm/pg; [12°1]-
sCD14, 12.16 x 10¢ dpm/pg; and [125]]-BSA, 13.7 x 10¢ dpm/pg. Radiolabeled proteins

were stored at -70°C.

Feeding studies and protein isolation

Feeding studies were conducted in accordance with the University of Ottawa’s Animal
Care and Veterinary Service under approval permit ID number “BMI 77” and
approved by the University of Ottawa’s Animal Care Committee. Sprague Dawley rat
pups aged 10 d were used as a model for preweaning infants as at this age, the

animals only ingest their mother’s milk. In total, 26 pups (derived from three litters of
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13 pups each) weighing between 11 and 26 g were fasted for 2 h at 37°C to partially
empty the stomach and accommodate for the gavage protein solution (65). Pups were
gavage fed 25 pg of [14C]-sCD14, [14C]-BSA, [12°]]-sCD14, or [125]]-BSA in 250 pL of PBS
using a previous technique (65). As a control, one pup per experiment was fed PBS
alone. BSA was chosen as a digestible control because it is known to be easily
degraded and absorbed in the GI tract (66). Animals were anesthetized with
isoflurane at 0.3, 4, and 8 h post-gavage and sacrificed by cardiac puncture. Organs
were harvested, flash frozen in liquid nitrogen, and stored at =70°C. The GI tract was
separated into the duodenum, jejunum, ileum, and large intestine by length (7, 80, 2,
and 11%, respectively; 67).

To determine the amount of sCD14 transferred to the blood, five 10-d-old
Sprague Dawley pups were fasted as described above and gavage fed 25 pg of [12°]1]-
sCD14 or PBS alone and returned to their mother. Blood samples (10 pL) were
collected from the hind leg by needle prick for up to 8 h post-gavage and stored at

-70°C.

Quantifying intact and degraded proteins

Organs and luminal contents were weighed and homogenized on ice in 150 pL buffer
(containing 50 mmol/L tris(hydroxymethyl)aminomethane (pH 7.4), 2 mmol/L
ethylenediaminetetraacetate (EDTA), 150 mmol/L NacCl, 0.5 mmol/L dithiothreitol
(DTT), and protease inhibitor cocktail; Sigma-Aldrich) using a micropestle
(Eppendorf, Westbury, NY). Samples were sonicated on ice three times using a 30-s

on/off cycle at 5 W, and cell debris was removed by centrifugation. Samples were
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prefiltered using a 0.22-pm spin filter (Amicon, Millipore, Bedford, MA), followed by
separation through a 30,000 Da molecular weight cutoff spin filter (Amicon). Flow-
through solutions (<30 kDa) and retentates (>30 kDa) were added to 5 mL of liquid
scintillation cocktail (ScintiSafe-Econo1, Fisher Scientific, Ottawa, Ontario, Canada)
and radioactivity levels were quantified using a Tri-Carb liquid scintillation counter

(Perkin Elmer).

Determining protein intactness

[solated proteins were subjected to size separation by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using AnyKD SDS-polyacrylamide
gradient gels (Bio-Rad, Mississauga, Ontario, Canada) and electrophoresis. Gels were
silver stained, exposed to a storage phosphor screen (GE Healthcare, Piscataway, NJ),

and imaged using a Typhoon Trio Imager (GE Healthcare).

Detecting CD14 in rat milk

From three pups fed PBS alone, stomach contents were resuspended in PBS and
pooled. Proteins, including 100 ng of hrCD14 (R&D Systems) as a positive control and
a biotinylated molecular weight marker (7727, Cell Signaling Technology, Danvers,
MA), were size separated using SDS-PAGE and transferred to nitrocellulose
membrane. A mouse anti-human CD14 antibody (cross-reactive to rat CD14, MAB
3831, R&D Systems), a goat anti-mouse IgG horseradish peroxidise (HRP)-linked
antibody (HAF007, R&D Systems), and a goat anti-biotin HRP-linked antibody to

recognize the molecular weight markers (7727, Cell Signaling Technology) were used
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in a western blot of the milk proteins. Proteins were visualized using exposure to

enhanced chemiluminescent (ECL) substrate (GE Healthcare).

Data analysis

Percentage dose was calculated using the formula [(dpm/g organ) x (total organ
weight)]/[dpm dose fed]. Total organ weight of blood was calculated using the
approximation that blood represents 7% of the body weight. Data were analyzed by
two-tailed paired or unpaired t-tests (Sigma Plot 12.1, Systat Software, Inc., San Jose,

CA). An alpha level of <0.05 was considered significant.
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2.4 Results

Ingested sCD14 persists in the GI tract

Within the stomach, 3.2 + 0.3% of the [1#C]-CD14 dose fed remained intact at 8 h post-
ingestion, which did not significantly differ from the amount at 0.3 h post-ingestion
(3.5+£1.3%, P=0.838; Figure 2.1A). The amount of degraded [14C]-CD14 at 0.3 h post-
ingestion (50.0 £ 17.9%) also did not significantly decrease over the duration of the
experiment (30.3 +13.0% at 8 h, P = 0.423). This differs from the profile of the
digestible control protein, BSA. In the stomach, 7.7 £ 2.9% of the [1#C]-BSA dose fed
was present intact at 0.3 h, which significantly decreased to 1.3 + 0.5% by 8 h post-
ingestion (P = 0.027; Figure 2.1A). The stomach also contained no more than

0.3 £ 0.1% of the dose fed of degraded [14C]-BSA at all time points.

In the duodenum, no more than 2.5 + 0.7% of the [14C]-CD14 dose fed, degraded
or intact, was observed at any time point, probably due to the small size of the tissue
(Figure 2.1B). A similar trend was observed for ingested [14C]-BSA, with no more than
0.5+ 0.5% present in the duodenum, degraded or intact, at any time point (Figure
2.1B). In the jejunum, however, the amount of intact [14C]-CD14 increased from
0.9 £0.3% of the dose fed at 0.3 h to 5.5 = 1.6% of the dose fed at 8 h (P = 0.045; Figure
2.1C). Similarly, the amount of degraded [14C]-CD14 in the jejunum increased from
9.6 +2.0% at 0.3 h to 37.5 +9.8% of the dose fed at 8 h post-ingestion (P = 0.049). The
control protein, BSA, showed an opposite trend (Figure 2.1C). In the jejunum, the
amount at 0.3 h for both intact and degraded BSA (4.4 + 1.0 and 8.3 + 2.2%,
respectively) significantly decreased by 8 h (0.8 +0.1% (P = 0.024) and 0.8 +0.2% (P =

0.027), respectively).
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Similar to the jejunum, the ileum and the large intestine demonstrated an
increase in both intact and degraded [14C]-CD14 from 0.3 to 8 h post-ingestion. For
example, in the large intestine, the 0.05 + 0.01% of the dose fed of intact [14C]-CD14
significantly increased to 0.3 £ 0.1% of the dose fed at 8 h post-ingestion (P = 0.042;
Figure 2.1E). The amount of intact BSA, however, decreased in the ileum over time
(0.2 £0.09 to 0.05 £ 0.03% of the dose fed, from 0.3 to 8 h, P = 0.045), and the amount
of BSA in the large intestine showed no significant change across time points (Figure

2.1E).
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Figure 2.1. Biodistribution of intact (>30 kDa, black) and degraded (<30 kDa,
white) [14C]-sCD14 and a digestible control protein, [14C]-BSA, post-ingestion in
10-d-old rat pups. (A) Stomach; (B) duodenum; (C) jejunum; (D) ileum; and (E) large
intestine. Rat pups were gavage fed 25 ug of [14C]-sCD14 (1.63 x 105> dpm/pg) or [14C]-
BSA (3.44 x 10* dpm/pg). Post-sacrifice (0.3, 4, or 8 h), proteins were extracted from
organs, size separated using a 30-kDa cutoff spin column, and quantified using liquid
scintillation counting. Data are presented as mean * SD, and n=3 for each time point.
*P < 0.05, using a Student’s t-test.
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Ingested sCD14 is transferred to the blood
Intact (48 kDa) and degraded [1251]-sCD14 (30 and 25 kDa) were observed in the
stomach for up to 8 h (Figure 2.2A). By exaggerating the image contrast, intact [125]]-
sCD14 was also observed in the jejunum for up to 8 h post-gavage (Supplemental
Figure S2.1). No [12°]]-sCD14 was detected in the duodenum or ileum, probably due to
the small size of tissue and relative protein content (Supplemental Figure S2.2). Most
interestingly, intact [125]]-sCD14 (48 kDa) was detected in the blood at 4 h post-
ingestion and persisted up to 8 h post-ingestion (Figure 2.2A). In comparison, both
intact (66 kDa) and degraded [125]]-BSA (50, 40, and 30 kDa) were observed in the
stomach for up to 8 h (Figure 2.2B). [125]]-BSA was observed in both intact and in
multiple degraded forms (50, 40, and 30 kDa) in the duodenum, jejunum, and ileum
samples. Neither intact nor degraded [12°I]-BSA was detected in the blood at any of the
sampling times (Figure 2.2B).

In a separate experiment, intact [12°]]-sCD14 was detected in the blood as early
as 0.3 h post-gavage (0.5 £ 0.4% of the dose fed), which significantly increased to
2.5+ 1.2% of the dose fed by 1 h post-gavage (P = 0.021; Figure 2.3). The percentage of
intact [125]]-sCD14 in the blood did not significantly change after 1 h (3.4 + 2.2% of the
dose fed at 8 h, Figure 2.3). Degraded [125]]-sCD14 was also observed in the blood by
0.3 h post-ingestion, at a concentration of 1.08 + 0.5% of the dose fed. The
concentration of degraded [125]]-sCD14 in the blood at 0.3 h significantly increased at
4 h post-ingestion (P = 0.024), at which time it reached 4.9 * 2.0% of the dose fed

(Figure 2.3).
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Figure 2.2. Biodistribution of (A) [125I]-sCD14 and (B) a digestible control
protein, [125]]- BSA, post-ingestion in 10-d-old rat pups. Rat pups were gavage fed
25 pg of [1251]-sCD14 (12.16 x 106 dpm/pg) or [12°]]-BSA (13.7 x 106 dpm/ug). Post-
sacrifice (0.3, 4, or 8 h), proteins were extracted from harvested organs, size separated
by SDS-PAGE, and phosphor imaged. Stomach (St) and contents (St Con), duodenum
(Duo) and contents (Duo Con), jejunum (Je) and contents (Je Con), ileum and contents
(Ileum Con), large intestine (L In) and contents (L In Con), liver, and blood are shown.
Figure is representative of n=3.
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Figure 2.3. Uptake of (A) intact (>30 kDa) and (B) degraded (<30 kDa) [125]]-
sCD14 into the blood of 10-d-old rat pups. Data are presented as mean + SD, and
n=4. (A) Percentage dose fed of sCD14 >30 kDa at 0.3 h was significantly less than that
at all subsequent time points (*P < 0.05). (B) Percentage dose fed of sCD14 <30 kDa at
0.3 h was significantly less than that at 4, 5, and 7 h (*P < 0.05, Student’s t-test).
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Using SDS-PAGE and phosphor imaging, the circulating [125]]-sCD14 was
confirmed to be fully intact (48 kDa; Figure 2.4A). Degraded sCD14 was not detected
by these methods, probably due to its small size (<10 kDa). This was confirmed by
silver staining the SDS-PAGE gels of the >30 or <30 kDa size-fractionated samples,

where no protein was observed in the <30 kDa fraction (Figure 2.4B).

Rat milk contains sCD14

Because the pups were ingesting rat milk from their mother pre- and post-gavage, any
unlabeled rat sCD14 within the milk may have hindered uptake of labeled CD14
across the GI tract. A western blot using milk clots from pups fed only PBS showed the

presence of sCD14 in rat milk (Figure 2.5).
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Figure 2.4. Intactness of ingested [125]-sCD14 in the blood of 10-d-old rat pups
after size separation (< or >30 kDa) visualized by (A) phosphor imaging and (B)
silver staining of SDS-PAGE gels. Intact and non-ingested [12°]]-sCD14 was used as a
positive control. Figure is representative of n=4.
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Figure 2.5. The presence of rat sCD14 in rat milk, at 10 d PP, as detected by
immunoblotting. Lanes: 1, molecular weight marker; 2, rat milk; 3, human
recombinant sCD14 (100 ng, positive control).
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2.5 Discussion

Evasion of digestion by milk proteins
The bioactive components of human milk that promote development and provide
protection to the infant, including the bacterial sensor sCD14, must be proteolytically
resistant to digestion or must form complexes with other proteins to avoid
degradation and retain functionality in the infant’s GI tract or circulatory system.
Secretory IgA and lactoferrin are well-known examples of bioactive proteins that
survive passage through the infant’s digestive system (21, 36). Similarly, in this study,
sCD14 was able to evade digestion in the GI tract because 3.2 + 0.3% of ingested [14C]-
CD14 remained undigested in the stomach for up to 8 h. In comparison, the digestible
control, BSA, decreased from 7.7 £ 2.9% at 0.3 h to 1.3 + 0.5% of the dose fed at 8 h
post-ingestion (Figure 2.1A). Soluble CD14 was also able to enter and persist in the
small intestine because 5.5 + 1.6% of the dose fed of sCD14 was observed intact in the
jejunum at 8 h post-ingestion (Figure 2.1C). This persistence may, in part, be due to
the interaction of sCD14 with other milk proteins. For example, a-lactalbumin was
previously shown to interact with sCD14 in milk and protect it from digestion in vitro
(40). Rat milk, which was ingested pre- and post-gavage by the pups, contains
a-lactalbumin at a concentration of 1.5 g/L at 8 d PP, which increases to 3 g/L at 15d
PP (68). In vivo, a-lactalbumin in rat milk probably confers the same proteolytic
protection of sCD14 observed in vitro.

The high percentage of degraded sCD14 observed in all organs using liquid
scintillation counting (Figure 2.1, white bars) was not observed by SDS-PAGE and

phosphor imaging (Figure 2.2A). This is probably due to the small size of the peptides
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produced during digestion (<10 kDa), which would migrate off the gel, limiting
detection. Previous in vitro work showed human milk sCD14 to be partly resistant to
pepsin digestion, which was confirmed herein through the observation of intact
sCD14 in the stomach for up to 8 h post-ingestion (Figure 2.2A; 36). Additionally, in
vitro pepsin and pancreatin digestion—simulating the small intestine—showed
human milk sCD14 to be proteolytically sensitive, and the digestion produced
fragments of ~20 kDa (36). In this report, [14C]-sCD14 of <30 kDa was detected in the
small intestine at all time points (Figure 2.1b-d), but these fragments were not
detected using phosphor imaging (Figure 2.2). This may be due to the location of the
radiolabel along the peptide chain, which may have prevented detection of some

fragments depending on how the protein was digested.

Activity of digested and intact sCD14

Whether it is intact or degraded, ingested sCD14 may be acting as an important
regulator of development in the infant GI tract. Intact sCD14 in the GI tract may aid in
dampening the immune response to the influx of colonizing bacteria as the child
develops just as sCD14 is able to neutralize bacterial LPS in the blood (30, 69).
Similarly, degraded sCD14 may provide protection to the infant because sCD14
peptides as small as 20 amino acids (residues 81-100 especially) have been shown to
contain effective LPS-neutralizing capabilities (70). Furthermore, a fragment of CD14
(residues 139-160) has been shown to protect human lymphocytes from gliotoxin-
induced death, and sCD14 has been shown to be a survival factor for leukemic cells

(71, 72). If sCD14 behaves similarly along the GI tract of infants, it may be promoting
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gut closure and intestinal epithelial cell homeostasis. In support of this, it has been
shown that digested infant formulas, which notably lack sCD14, increase death of
intestinal cells, whereas digested human milk preserves their function (73).

Strikingly, sCD14 was detected intact in the blood at 4 h post-gavage, where it
remained for up to 8 h (Figure 2.2a). This finding was confirmed by a second
experiment in which the blood of gavage-fed pups was sampled each hour following
sCD14 ingestion (Figures 2.3a and 2.4a). Approximately 3% of the ingested sCD14 was
absorbed intact into the blood, which did not significantly change up to 8 h post-
ingestion (Figure 2.3a). When extrapolated, this amount may represent up to 30% of a
newborn’s circulating sCD14. As more studies describing the milk constituents that
are able to cross the infant epithelial barrier are published, the notion of “you are
what you eat” gains validity. The transfer of beneficial immune components, such as
the sCD14 reported here, immunoglobulins, and noninherited maternal antigens, can
positively affect the infant’s health by conferring additional immunity (74, 75). For
example, once ingested, noninherited maternal antigens present in the mother’s milk
convey tolerance to the infant during bone marrow transplantation later in life (75).
This type of donated protection via milk into the infant’s blood is probably conserved

across other immune proteins, such as sCD14.

Potential mechanisms of CD14 uptake
Whole-protein uptake of milk components has been well described for
immunoglobulins and lactoferrin, which are receptor mediated and conserved across

species, including humans and rodents (22, 23). One potential route of sCD14 uptake
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may involve the bacterial recognition receptor TLR4, which is present on multiple gut-
associated cell types, including intestinal epithelial cells of adults and newborns (42).
TLR4 interacts with both mCD14 and sCD14 to signal the presence of bacteria and
alert the immune system. In vitro studies have shown that TLR4 internalization
during LPS exposure is CD14 dependent in B cells, and translocation of LPS and whole
bacteria by intestinal epithelial cells has been demonstrated in vitro and in vivo (76,
77). This internalization of LPS and whole bacteria may represent a potential
mechanism for sCD14 uptake in vivo along the GI tract. Soluble CD14 may “piggyback”
on luminal LPS while the latter are being translocated. If the uptake of sCD14 is
specific and receptor mediated, the proportion (3.4 + 2.2%) of the intact [125]]-sCD14
fed that is translocated to the blood at 8 h may be an underrepresentation of the total
amount of sCD14 absorbed in the GI tract (Figure 2.3A). Because rat milk contains
endogenous rat sCD14 (Figure 2.5), unlabeled endogenous protein may be competing
for the uptake mechanisms used by radiolabeled sCD14, thereby hindering uptake of
the labeled protein. Consequently, further experiments to better quantify the total

amount of sCD14 translocated to the blood are warranted.

Possible role of ingested CD14

In the blood, the classic role of circulating sCD14 is to attenuate bacteria-induced
immune responses by sequestering bacterial components, including LPS, from
immune cells and protecting against exaggerated immune responses such as septic
shock (30). The exact role of ingested sCD14 in the infant is yet to be determined, but

the molecule’s newly found associations with inflammation-related diseases suggest
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that its transfer from mother to infant holds significance. For example, there are
numerous situations where removing both mCD14 and sCD14 expression results in
attenuation of inflammation-related disease phenotypes. In obesity, there is a chronic
low-grade state of inflammation, which is affected by the presence of CD14. When the
CD14 coding region was removed from the genome, mice still possessed the ability to
become obese, but they gained less fat compared with WT mice and suffered from less
obesity-related phenotypes, such as hypertension (57). Another closely related
example is the effect of CD14 on insulin resistance. Specifically, when WT mice were
given a bone marrow transplant with CD14-null cells, they no longer became glucose
intolerant or insulin resistant when fed a high-fat diet (58). Therefore, sCD14 levels
may affect inflammatory responses in the infant.

In the context of LPS response, elevated levels of sCD14 were able to attenuate
exaggerated immune responses in mice in otherwise-normal physiological contexts
(69). Perhaps the presence of additional sCD14, obtained from the mother’s milk,
provides similar protection for the infant both during the LPS response and in other
systems. For example, delivering additional hrCD14 via injection to adult WT mice
was able to increase glucose tolerance and increased the action of insulin in the same
manner as a total CD14 knockout (58). Furthermore, the ability of additional sCD14 to
ameliorate negative inflammatory symptoms was also seen in allergy development. It
has been shown that children with allergies often have decreased levels of circulating
sCD14 and that exogenous sCD14 was able to suppress allergen-induced T helper cell

2 differentiation in vitro (59, 78). The link between the level of sCD14 in mother’s
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milk and the development of atopy and eczema in the infant, however, remains

controversial (79-81).

Conclusions

The significance of the transfer of ingested sCD14 from human milk into the
circulation of the infant should not be underestimated. As new roles of sCD14 in
disease pathogenesis are uncovered, the protein’s impact on infant development may

become clearer.
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3.1 Abstract

Background

Soluble CD14 is a pattern recognition receptor and Toll-like co-receptor observed in
human milk (5-26 pg/ml) and other bodily fluids such as blood (3 pg/ml). The most
well defined role of sCD14 is to recognize LPS of Gram-negative bacteria and signal an
immune response through TLR4. Previous research has shown ingested sCD14 to
transfer from the GI tract and into the blood stream in neonatal rats. The contribution
of human milk sCD14 to circulating levels in the infant and the functionality of the
protein, however, remain unknown.

Results

Using CD14-/- mouse pups fostered to WT mothers expressing sCD14 in their milk,
ingestion of sCD14 resulted in blood sCD14 levels up to 0.16 £+ 0.09 pg/ml. This
represents almost one third (26.7%) of the circulating sCD14 observed in WT pups
fostered to WT mothers (0.60 * 0.14 pg/ml). Ingested-sCD14 transferred to the blood
also remained functional in its ability to recognize LPS as demonstrated by a
significant increase in immune response (IL-6 and TNF-a) in CD14-/- pups fostered to
WT mothers in comparison to control animals (P=0.002 and P=0.007, respectively).
Using differentiated human epithelial colorectal adenocarcinoma cells (Caco-2), a
significant decrease in sCD14 transcytosis was observed when TLR4 was knocked

down (P<0.001), suggesting sCD14 transfer is TLR4-dependent.
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Conclusions
The bioavailability of ingested sCD14 established in this study confirms the
importance of human milk proteins for the infant and demonstrates the need to

improve infant formulas which are lacking in immune proteins such as sCD14.
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3.2 Introduction

Human milk consumption in comparison to infant formula has been linked to
beneficial health outcomes for the infant such as decreased incidence of necrotizing
enterocolitis (NEC; 82, 83). The bioactive components of human milk linked to health
benefits for infants include prebiotics, probiotics and innate immune components.
One such immune component is CD14. CD14 is a pattern recognition receptor found in
two forms, mCD14 on the surface of cells, or as a sCD14 in bodily fluids such as tears
(0.5 pg/mL), blood (3 pg/ml) and milk (5-26 ug/ml), depending on time of lactation
(56, 84). Both forms of CD14 are responsible for the detection of several bacterial
components including LPS of Gram-negative bacteria (85). In combination with TLR4,
detection of LPS by CD14 results in a proinflammatory immune response through
both the TIRAP-MyD88 dependent pathway and the TRAM-TRIF dependent pathway
(86, 87).sCD14, in comparison to mCD14, can also decrease the immune response to
LPS by sequestering LPS from mCD14-expressing cells and providing clearance of LPS
through the liver (88, 89).

To provide benefit for the infant, bioactive milk components, including sCD14,
must remain intact and functional post-ingestion. In a previous study, a significant
portion (3.4 + 2.2%) of radiolabeled-hrCD14 survived GI transit post-ingestion and
was transferred, intact, into the blood of rat pups (90). The total amount of
endogenous milk CD14 transferred into the blood and its functionality, however,
remain unknown. In this study, soluble CD14 was hypothesized to be a major
contributor to circulating sCD14 in infants, and once transferred to the blood, sCD14
was hypothesized to remain functional.
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Additionally, this study attempted to validate sCD14 transfer across the GI tract
using human intestinal epithelial cells, and to elucidate the mechanism by which
sCD14 is transferred from the GI tract into the blood. In macrophages and dendritic
cells, internalization of TLR4 has been demonstrated through a CD14 interaction (91).
In addition to immune cells, intestinal epithelial cells also express TLR4 (42), and
therefore transfer of sCD14 across human intestinal cells was hypothesized to occur

in a TLR4 dependent mechanism.
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3.3 Methods

Animals, fostering and LPS injection

Animal studies were conducted in accordance with the University of Ottawa’s Animal
Care and Veterinary Service under approval permit ID number 'BMI-129', and were
approved by the University of Ottawa’s Animal Care Committee. CD14 null mice
(B6.129S-Cd14tmifrm /1) and WT controls of the same background (C57BL/6]) were
purchased from Jackson Laboratory (Bar Harbor, Maine, USA). Using an experimental
design outlined in Table 3.1, mice were bred and pups were fostered at day 6 PP to
different mothers. Starting at day 0 (pre-foster) until day 4 post-foster, pups were
removed from the litter, euthanized by CO; inhalation, and organs were harvested
(Supplemental Figure S3.1 for the fostering timeline). Separately, pups were fostered
as described above and injected intraperitoneally on day 2 post-foster (day 8 PP) with
LPS (200 ng/g body weight, Sigma-Aldrich). Pups were monitored for signs of
discomfort and at 2 hours post injection pups were euthanized by CO2 inhalation and

organs were harvested (90).

CD14 and cytokine concentrations

Milk clots from the stomach of pups (15 mg) were resuspended in 150 pL of protein
extraction buffer (50 mM Tris-HCI pH 7.4, 2 mM EDTA, 150 mM NaCl, 0.5 mM DTT and
protease inhibitor cocktail, Sigma-Aldrich). Stomach contents and blood samples were
analyzed using mouse-specific enzyme linked immunosorbent assays (ELISAs) for
CD14, TNF-a and IL-6 (R&D Systems). Stomach contents and blood samples were also

analyzed by western blot to determine CD14 intactness. Samples, including 30 ng of
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Table 3.1. Fostering scheme used to determine the quantity and functionality of
ingested sCD14 transcytosed to the blood of mice.

Pup Foster Mother Endpoint
- Total circulating sCD14
WT wT - Positive control for LPS detection by sCD14
WT CD14+/- - Contribution of pup-CD14 to circulating sCD14
- Impact of lack of ingested sCD14 on LPS detection
CD14-- WT - Contribution of ingested sCD14 to circulating sCD14
- Functionality of transferred sCD14 to detect LPS
CD14-/- CD14-/- - Negative control
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mouse recombinant CD14 as a positive control (R&D Systems), were electrophoresed
using SDS-PAGE and proteins were transferred to nitrocellulose membranes which
were blocked with 5% BSA-Tris buffered saline with Tween (TBST) followed by 0.5
ug/mL rabbit anti-CD14 antibody (M-305), Santa Cruz Biotechnology, Dallas, TX, USA)
for one hour. Membranes were washed three times and incubated with a 1:30,000
dilution of a chicken anti-rabbit IgG HRP-linked antibody (SC-2955, Santa Cruz
Biotechnology). Following an additional three washes, proteins were visualized using

exposure to ECL substrate (GE Healthcare).

Caco-2 cells and transport assays

Human intestine-derived Caco-2 and HT29 cells were grown in Eagle’s minimum
essential media (Life Technologies, Burlington, ON, Canada) with a final concentration
of 2 mM L-glutamine, 1 mM sodium pyruvate, sodium bicarbonate, 1x Antibiotic-
Antimycotic (Life Technologies) and 20% FBS (Life Technologies) at 37°C and 5% CO..
Biocoat HTS Caco-2 transport assays were completed as per the manufacturer’s
protocol (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, cells were seeded on
transport membranes and differentiated for three days. Human recombinant CD14
(R&D Systems) was added to the apical well. Media from both the apical and basal
well was collected 2 hours post-addition for analysis by human CD14-specific ELISA
(R&D Systems). Passive transport of Lucifer Yellow (444.25 mol mass) was used to
determine monolayer intactness as per the manufacturer’s protocol. Lucifer Yellow
(70 uM, Sigma-Aldrich) was added in addition to the soluble CD14 and was detected in

the media using a Typhoon Trio Imager (GE Healthcare). Intactness of hrCD14 was
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determined by western blot, as described above with the exception of using an anti-
human CD14 primary antibody (1:1000 dilution, R&D Systems) and a rabbit anti-
mouse IgG HRP-linked secondary antibody (1:10,000 dilution, HAF007, R&D

Systems).

TLR4 siRNA knockdown

Caco-2 cells and HT29 cells were grown as described above. RNA was isolated from
cells using an RNeasy mini kit (Qiagen, Valencia, CA, USA) and subsequently used to
create cDNA using a Maxima cDNA kit (Thermo Scientific). TLR4 and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) cDNA was amplified using PCR conditions
previously described and the following primers

TLR4: 5’-CTGCGTGAGACCAGAAAGC-3’, 5-TTCAGCTCCATGCATTGATAA-3’ (75 bp
amplicon); GAPDH: 5’-AGCCACATCGCTCAGACAC-3’,

5’-GCCCAATACGACCAAATCC-3’ (66 bp amplicon; 92). Caco-2 cells were seeded and
differentiated on a Biocoat HTS transport assay as described above (BD Biosciences).
Following the manufacturer’s instructions, cells were transfected with siRNA for TLR4
(SC-40260) or scrambled siRNA as a control (Santa Cruz Biotechnology). After 48
hours, hrCD14 (24 pg/ml, R&D Systems) was added to the apical well and transfer to
the basal well was measured via ELISA, as described above. RNA was isolated from

Caco-2 monolayers and analyzed by RT-PCR as described above.
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Immunocytochemistry and microscopy

Following transport assays, monolayers were washed twice with PBS and fixed with
neutral buffered formalin. Fixed monolayers on Transwell membranes were excised
from the plastic trays, hydrated for one hour with buffer (0.1% tween, 0.15M Nacl,
5mM EDTA 20mM HEPES pH 7.5, 0.02% NaN3) and blocked with 1% BSA in buffer for
30 min. Membranes were incubated overnight with mouse anti-CD14 antibodies
(1pg/mL, UCH-M1, Santa Cruz Biotechnology) at 4°C, washed three times with buffer,
and incubated with FITC-labeled goat anti-mouse IgG antibodies (10 ng/mL, F0257,
Sigma-Aldrich) for 1.5 hours at room temperature. Membranes were washed three
times with buffer and stained with Hoechst (10pg/mL, Sigma-Aldrich) for 1 hour at
4°C, followed by three more washes with buffer. Membranes were mounted on slides
using ProLong Gold Anti-fade Reagent (Life Technologies) with a coverslip.
Microscopy was performed using an Axio Observer D1 microscope (Carl Zeiss,
Gottingen, Germany) and images were prepared using Axio Vision 4.8.2 software (Carl

Zeiss). Relative signal intensities were determined using Image] (NIH, Bethesda, MD).

Statistical analysis

Data were analyzed by 2-tailed paired or unpaired t-tests (Sigma Plot 12.1, Systat
Software, Inc.). An alpha level of <0.05 was considered significant. In the cases where
the measurands were below the level of detection (see Figures, “Not detected”) values

were assumed to be zero.

58



3.4 Results

Milk sCD14 is transferred to the blood of pups
In CD14/- pups, CD14 was not detected in either the stomach contents or blood prior
to fostering the pups to different mothers (Figure 3.1E, F). Once fostered to WT
mothers, sCD14 was detected in the blood of CD14-/- pups at day eight PP (two days
post-foster) at a concentration of 0.16 * 0.09 pg/ml, which decreased to non-
detectable levels by day ten PP (4 days post-foster, P<0.001, Figure 3.1F). This
decrease in sCD14 coincided with a decrease in sCD14 concentrations in the milk of
WT mice, which significantly decreased from 2.23 + 0.37 ug/ml at day seven PP to
0.02 £ 0.01 pg/ml at day ten PP (P<0.001, Figure 3.1A). The endogenous level of
circulating sCD14 observed in mouse pups changed over time. In WT pups fostered to
WT mothers, sCD14 was observed at 0.69 * 0.14 pg/ml in the blood which
significantly decreased to 0.31 + 0.04 pg/ml by day nine PP (P=0.011, Figure 3.1B). In
WT pups fostered to CD14/- mothers, sCD14 concentrations in the blood were similar
to that of WT pups fostered to WT mothers. At day six PP, sCD14 was detected at 0.63
+ 0.15 pg/ml in the blood of WT pups (pre-foster, Figure 3.1D). The concentration of
sCD14 in the blood decreased to 0.16 + 0.01 pg/ml on day seven PP when fostered to
CD14/- mothers (P=0.006), and was similar to the amount in WT pups fostered to WT
mothers by day nine PP (0.20 * 0.10 pg/ml P>0.05). Soluble CD14 was not detected in
CD14-/- pups fostered to CD14-/- mothers at any time point (Figure 3.1H).

Soluble CD14 in the stomach contents and blood of pups from all treatment

groups was confirmed to be intact (48 kDa, Figure 3.2). The amount of sCD14 in the

59



stomach contents and blood of pups visualized by western blot also corresponded to

the sCD14 concentrations obtained by ELISA (Figure 3.1).

sCD14 transferred to the blood remains functional

CD14/- pups fostered to WT mothers had significantly higher IL-6 and TNF-«a
concentration following LPS-injection (3,225 *+ 610 and 15.9 * 2.7 fold increase,
respectively) in comparison to CD14-/- pups fostered to CD14-/- mothers (693 + 184
and 6.1 * 1.5 fold increase for IL-6 and TNF-q, respectively, (P=0.002, P=0.005) Figure
3.3). The levels of sCD14 did not increase post-LPS injection in CD14-/- pups
irrespective of the foster mothers’ genotype (Figure 3.3A). WT pups fostered to WT
mothers showed an increase in circulating sCD14 levels (1.6 * 0.1 fold increase), IL-6
levels (5333 + 853 fold increase) and TNF-a levels (40.3 + 8.2) post-LPS injection
(Figure 3.3). WT pups fostered to CD14-/- mothers showed a significantly higher
increase in [L-6 concentration post-LPS injection (7764 + 946 fold increase) in
comparison to all other genotype/foster groups (P<0.031, Figure 3.3C). Conversely,
sCD14 and TNF-a levels post LPS-injection in WT pups fostered to CD14/- mothers
(2.0 £ 0.3 fold increase and 41.7 + 12.5 fold increase, respectively) were not
significantly different from that of WT pups fostered to WT mothers (P>0.05, Figure

3.3).

Human cells transport sCD14in vitro
When added to the apical media of Caco-2 cell Transwell assays, hrCD14 was

transcytosed through cell monolayers and into the basal media (Figure 3.4).
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Figure 3.1. Quantity of sCD14 in the stomach contents (left panel) and blood
(right panel) of mouse pups ingesting milk with or without sCD14. On day six
post partum, pups were fostered to different mothers (dotted line). (A) and (B), WT
pups fostered to WT mothers; (C) and (D), WT pups fostered to CD14-/- mothers; (E)
and (F), CD14-/- pups fostered to WT mothers; (G) and (H), CD14-/- pups fostered to
CD14/- mothers. *, P<0.05 by t-test, n=3, bars represent mean * standard deviations.

61



>

o sCD14 (ug/ml)

sCD14 (ug/ml)

m

sCD14 (ug/ml)

1] ﬁ

(0]

sCD14 (ug/ml)

6 7 8 9 10
Day post-partum

3.5 1
3.0 1
2.5 1
2.0 1
1.5 1
1.0
0.5 1

Not
Detected

0.0 - T T T T
6 7 8 9 10
Day post-partum

3.5 -
3.0 4 |
2.5 4 |
2.0 - I
1.5 4 |
|
|
[
|

1.0 1 Not
0.5 4 Detected

0.0 T T T T T
6 7 8 9 10
Day post-partum

0.5
0.3 Not | Not
Detected | Detected
0.0 T L T T T T
6 7 8 9 10

Day post-partum

o]

sCD14 (ug/ml)

o

sCD14 (ug/ml)

m

sCD14 (ug/ml)

sCD14 (ug/ml) T

62

1.0 - *
| T |
0.8 - | T 1
0.6 - I
I *
0.4 : 1
|
0.2 -
|
0.0 -
6 7 8 9 10
Day post-partum
1.0 - *
| | [ | |
0.8 4 |
0.6 4 : .
| I
0.4 4
|
02 - |
|
0.0 4
6 7 8 9 10
Day post-partum
1.2 9
1.0 4
I
0.8 |
| *
0.6 4 | I
J |
0491  Not | Not
0.2 4 detected | I I detected
0.0 T | T T T T
6 7 8 9 10
Day post-partum
0.5
Not Not
detected | detected
0.0 T | T T T T
6 7 8 9 10

Day post-partum



Figure 3.2. Intactness of sCD14 in the stomach contents and blood of mouse
pups ingesting milk with or without sCD14. (A) WT pups fostered to WT mothers;
(B) WT pups fostered to CD14-/- mothers; (C) CD14-/- pups fostered to WT mothers;

(D) CD14/- pups fostered to CD14-/- mothers. Dotted line indicates when the pups
were fostered to different mothers.
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Figure 3.3. Immune response to LPS following sCD14 ingestion in mouse pups,
assessed via sCD14, TNF-alpha, and IL-6 levels. Pups were fostered to mothers
expressing (WT) or not expressing sCD14 (CD14/-) in their milk and blood was
sampled pre and post LPS injection (200 ng/g body weight) on day two post-foster.
Immune response was measured by quantifying sCD14 (A), TNF-alpha (B) and IL-6
(C) by ELISA and is expressed as a fold increase over pups fostered similarly but
injected with PBS alone. *, P<0.05 by t-test, n=3.
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The amount of hrCD14 transcytosed was dependent on the initial dose in the apical
well; higher initial concentrations resulted in significantly more hrCD14 observed in
the basal well (Figure 3.4). After two hours of incubation, up to 3.41 + 0.06 % of the
initial hrCD14 added to the apical well was transcytosed to the basal well (Figure 3.4).
The integrity of the membrane was monitored by passive diffusion of Lucifer Yellow,
which was minimally detected in the basal media (Supplemental Figure S3.2). The
intactness of pre- and post- transcytosed hrCD14 was monitored by western blot,
which showed hrCD14 from the apical and basal well to be intact (48 kDa, Figure 3.4).
To confirm the cellular uptake of hrCD14 by Caco-2 monolayers, hrCD14 was
monitored by immunocytochemistry and microscopy. The amount of hrCD14 within
the Caco-2 cells was dependent on the initial apical hrCD14 concentration (Figure
3.5), further confirming the ELISA results shown in Figure 3.4. The production of
endogenous CD14 (mCD14 and sCD14) by Caco-2 cells was also observed by

microscopy (Figure 3.5A).

sCD14 transfer by Caco-2 cells is TLR4 dependent

TLR4 expression was observed in Caco-2 cells but not with another intestinal
epithelial cell line, HT29, via RT-PCR (Figure 3.6). Following TLR4-specific siRNA
treatment, TLR4 expression was significantly decreased in Caco-2 cells in comparison
to control siRNA (scrambled) or non-treated Caco-2 cells (Figure 3.7A). Knockdown of
TLR4 expression resulted in a significant decrease in sCD14 transfer across Caco-2

monolayers. Specifically, in control Caco-2 cells, 3.45 * 0.13% of hrCD14 was
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transferred to the basal media, whereas 0.005 + 0.001% of hrCD14 was transferred

from the apical to basal media in TLR-siRNA treated cells (P<0.001, Figure 3.7B).
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Figure 3.4. Quantity (A) and intactness (B) of sCD14 transferred across human
intestinal monolayers in vitro. Caco-2 cells were grown and differentiated as
monolayers on Transwell plates. Human recombinant CD14 (hrCD14) was added to
apical media and transfer of hrCD14 to basal media was measured by ELISA.
Intactness of hrCD14 in the apical (a) and basal (b) media was detected by western
blot. *, P<0.05 by t-test, n=3.
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Figure 3.5. Visualization of sCD14 within human intestinal cells treated with
sCD14 in vitro. Caco-2 cells were grown and differentiated as monolayers on
Transwell plates. Human recombinant CD14 (hrCD14) was added to the apical media
and presence of hrCD14 within the monolayers was detected by microscopy (A) after
incubation with or without hrCD14. Signal intensities for hrCD14 (B) were calculated
using Image]. *, P<0.05 by t-test, n=3.
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Figure 3.6. TLR4 expression in Caco-2 and HT29 cells. Intestinal epithelial cell
lines were grown in monolayers and TLR4 expression was determined by reverse
transcription PCR. TLR4 (75 bp) and GAPDH (66 bp) amplicons were electrophoresed
following PCR on polyacrylamide gels.
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Figure 3.7. Effect of TLR4 knockdown on sCD14 transfer by human intestinal
cells in vitro. Caco-2 cells were grown and differentiated as monolayers on Transwell
plates, treated with TLR4 specific siRNA, scrambled siRNA or no siRNA, and TLR4
expression was measured by reverse transcription PCR. Following PCR, TLR4 (75 bp)
and GAPDH (66 bp) amplicons were electrophoresed following PCR on
polyacrylamide gels (A). Human recombinant CD14 (hrCD14) was added to apical
media and transfer of hrCD14 to basal media was measured by ELISA (B). *, P<0.05 by
t-test, n=4.

75



TLR4 (75 bp)

GAPDH (66 bp)

hrCD14 (Percent Transfered +/- SD)

4.00

3.00 4

2.00 1

1.00 /
0.02 4

0.01 4

HH

0.00

TLR4 Scrambled
siRNA Treatment

76

Control




3.5 Discussion

Fate of ingested sCD14

Ingested sCD14 was transferred to the blood of mice as shown by detection of CD14 in
the blood of CD14-/- pups fostered to WT mothers (0.16 + 0.09 ug/ml, day eight PP,
Figure 3.1F). Ingested sCD14 contributed approximately 26.7% of the circulating
sCD14 on day eight PP, as assessed by comparing the concentration of sCD14 in the
blood of WT pups fostered to WT mothers to CD14/- pups fostered to WT mothers
(0.60 £ 0.14 pg/ml and 0.16 * 0.09 pg/ml, respectively, Figure 3.1). The contribution
of ingested sCD14 to circulating levels of sCD14 pups was significant earlier in
lactation, when sCD14 levels in milk were higher as (Figure 3.1A). Specifically, when
comparing WT pups fostered to CD14/- mothers to WT pups fostered to WT mothers,
the amount of circulating sCD14 significantly decreased from 0.60 * 0.14 pg/ml at day
eight PP (WT to WT) to 0.35 + 0.05 pg/ml at day eight PP (WT to CD14/-) due to the
absence of sCD14 from their diet (P=0.016, Figure 3.1B and D). Over time, the amount
of sCD14 in the mouse milk decreased, but the level of circulating sCD14 in WT pups
did not show a similar decrease (Figure 3.1). For example, when comparing sCD14
levels in the blood of WT pups fostered to WT mothers to WT pups fostered to CD14-/
mothers, the amount of circulating sCD14 on days nine and ten PP do not significantly
differ between the groups regardless of the absence of sCD14 from the diet of the WT
pups fostered to CD14-/- mothers (P>0.05, Figure 3.1B and D). The lack of correlation
between milk-sCD14 levels and circulating sCD14 levels after eight days of suckling
suggests pups begin producing more of their own circulating sCD14 at this time and

rely less on contributions from ingested sCD14.
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A decrease in sCD14 levels during lactation is also seen in humans, where sCD14
levels are reported as high as 26 pg/ml in colostrum, which decreases to 5ug/ml by 30
days PP (56). Additionally, circulating sCD14 levels in infants do not reach levels
similar to those in adults until four months PP (79). Therefore, uptake of ingested
sCD14 by infants as a means to compensate for a lack of endogenously produced
sCD14 is likely a conserved mechanism in both rodents and humans. This is supported
by the observation of human intestinal cells transferring hrCD14 across monolayers in
vitro (Figure 3.4). When exposed to hrCD14, Caco-2 cells were able to transfer hrCD14
from the apical to basal well of a Transwell assay in a dose-dependent manner (Figure
3.4).

Caco-2 monolayers have also been used as a model to demonstrate the
transcytosis of other milk components including proteins, bacteria and viruses. For
example -lactoglobulin, a major bovine milk allergen, was recently shown to evade
digestion similarly to sCD14, and was also transferred across Caco-2 monolayers in
vitro (93). Viruses found in human milk, such as human T-cell leukemia virus type 1
(HTLV-1) which resides within infected milk-lymphocytes in HTLV-1 positive
mothers, has also been shown to transfer across Caco-2 monolayers. This transfer
occurs via transcytosis despite the resistance of enterocytes to HTLV-1 infection (94).
Similarly, Caco-2 monolayers and brain microvascular endothelial cell monolayers
have been shown to transcytose Cronobacter, a type of bacteria linked to neonatal
meningitis (95). Cronobacter can be found in human milk (96) and can also reside
within powdered infant formulas, the latter of which has been reported as a source of

neonatal meningitis outbreaks and discussed in a recent review (97).
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In vivo uptake of other milk proteins, such as immunoglobulin, has also been
extensively studied. Recently, transcytosis of IgG by intestinal cells of rats was imaged
by electron tomography, which showed the antibody to be taken up by epithelial cells
along the intestine and transported to the blood in an endosome dependent pathway
(22, 98). Further analysis revealed the intestinal cells of weaned animals had less
multivesicular bodies containing early endosomal markers in comparison to neonatal
animals (22). The change in vesicle phenotype throughout suckling suggests the
capacity of the neonatal intestine to transport functional proteins from the lumen of
the intestine and into the blood diminishes during maturation. Because the present
study observed sCD14 transport across a window of five days (days six through ten
PP), decreased intestinal epithelial transport during suckling likely did not contribute

greatly to any changes in sCD14 transport during the study (Figure 3.1).

Functionality of ingested sCD14

One well studied function of CD14 (both mCD14 and sCD14) is its ability to recognize
LPS from Gram-negative bacteria and initiate an innate immune response through
TLR4 (85). Because of this, CD14/- mice are resistant to LPS mediated septic shock, as
a minimal TNF-a and IL-6 response is observed following injection of LPS in
concentrations normally lethal to WT mice (99). When CD14-/- pups were fostered to
WT mothers, their level of circulating sCD14 increased as ingested milk-sCD14 was
transferred to the blood (Figure 3.1F). When injected with LPS, CD14-/- pups fostered
to WT mothers presented with significantly higher TNF-a and IL-6 responses than

CD14-/- pups fostered CD14/- mothers (P<0.05, Figure 3.3B and C). This suggests that
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ingested sCD14 transferred to the blood of pups remains functional in its ability to
detect LPS.

CD14-/- pups fostered to WT mothers had a significantly lower immune response
(both IL-6 and TNF-«a) following LPS injection in comparison to WT pups fostered to
WT mothers (P=0.002 Figure 3.3B and P=0.007 Figure 3.3C). This is likely due to the
presence of only sCD14 and no mCD14 in the CD14-/- pups fostered to WT mothers. In
WT mice, mCD14 can be found on monocytes, hepatocytes and intestinal epithelial
cells where it is responsible for recognizing LPS and initiating the TLR4 mediated
immune response (100, 101). Therefore, because mCD14 is found on numerous cells
in WT pups, WT pups are more readily equipped to recognize LPS regardless of sCD14
ingestion. When comparing the immune response to LPS of WT pups fostered to WT
mothers (WT to WT) to WT pups fostered to CD14-/- mothers (WT to CD14-/), there
was a significantly higher IL-6 response in WT pups fostered to CD14-/- mothers (P=
0.030, Figure 3.3C). On the second day post-foster, significantly less sCD14 was
observed in the blood of WT pups fostered to CD14/- mothers in comparison to WT
pups fostered to WT mothers (P=0.016, Figure 3.1B and D). As previously stated, WT
pups express mCD14 on various cell types which are then able to detect LPS,
regardless of sCD14 ingestion. Although milk sCD14 is capable of recognizing LPS and
subsequently passing LPS to TLR4 (29), sCD14 can also sequester LPS away from
mCD14 expressing cells and bring LPS to the liver for clearance by TLR4 expressing
hepatocytes (30, 88). Therefore, the lower levels of sCD14 in WT pups fostered to
CD14/- mothers may decrease the amount of LPS sent to the liver for clearance,

resulting in a higher immune response to LPS exposure.
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sCD14 transfer by Caco-2 cells is TLR4 dependent

Caco-2 cells in Transwell assays were able to transfer hrCD14 across the cell
monolayer from the apical media to the basal media in a dose dependent manner
(Figure 3.4). Previous research has shown TLR4 internalization to be CD14 dependent
in macrophages and dendritic cells and thus CD14 internalization was hypothesized to
be TLR4 dependent in intestinal cells (91). When TLR4 expression was knocked down
using siRNA, the capacity of Caco-2 cells to transport hrCD14 across the monolayer
was diminished (3.45 % 0.13% of hrCD14 transferred by control cells versus 0.005 *
0.001% of hrCD14 transferred by TLR4-siRNA treated cells, P<0.001, Figure 3.7B). In
rats, LPS transport across the intestinal epithelial ex vivo was observed to be inhibited
using anti-CD14 or anti-TLR4 antibodies, supporting a role of these two pattern
recognition receptors in mucosal LPS transport (102). Similarly, a study using mouse
intestinal cells in vitro (mIC¢12) showed an increase of CD14 expression following LPS
exposure, and LPS was internalized and colocalized with TLR4 within mICc12 cells
(103). Recently, a study with Caco-2 cells showed that LPS increased TLR4 and CD14
expression in intestinal monolayers, and a similar trend was observed in vivo along
the mouse GI tract (100). In healthy intestine, LPS does not permeate through the
intestinal barrier to a great extent (intestinal lumen to blood transfer), likely due to a
low presence of TLR4 and CD14 along the GI tract (100, 104-106). Once exposed to
LPS, TLR4 and CD14 concentrations increase, resulting in greater intestinal
permeability (100). This is likely how milk-derived sCD14 is able to cross the

intestinal barrier, through involvement with LPS recognition.
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Implications of biologically active sCD14 post-ingestion

Although high concentrations of sCD14 in early-lactation milk in conjunction with
sCD14’s ability to transfer to the blood post-ingestion suggest sCD14 is an important
human milk protein, sCD14’s role in infant health remains unknown. Similarly to
following LPS exposure as shown by Guo et al, TLR4 is also upregulated along the GI
tract of premature infants (100, 104-106). Once activated, TLR4 is able to induce a
proinflammatory response, and this activation in the intestine has been implicated as
a cause of NEC (107, 108 for review). Incidence of NEC is higher in premature infants
and lower birth weight infants have the highest NEC-caused death rates of up to 30%
(109). During NEC, activation of TLR4 leads to autophagy and subsequent impaired
migration of intestinal epithelial cells from the crypts of the intestine resulting in
decreased barrier integrity (110). Additionally, TLR4 activation within the
endothelium has recently been shown to reduce mesenteric perfusion resulting in
intestinal ischemia and increased NEC severity (111). Activation of TLR4 may be
dependent on CD14, since blocking CD14 through inactivating antibodies decreased
the severity of induced NEC by decreasing the TLR4 immune response as measured by
IL-6 and TNF-a expression (112). WT pups not ingesting sCD14 were seen to have an
increase in IL-6 response to LPS compared to those ingesting sCD14 (Figure 3.3),
which confirms previous studies that show increased sCD14 levels prior to or at the
time of LPS exposure dampens the LPS-induced immune response (113, 114).
Therefore, high levels of sCD14, such as those in colostrum and early lactation milk

(26 pg/mL) may be beneficial to the infant prior to exposure of LPS.
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Conclusions

Ingestion of sCD14 within milk results in the transfer of intact sCD14 from the GI tract
to the circulatory system of mouse pups. Transfer of sCD14 across the intestinal
barrier is TLR4 dependent in vitro and newly circulating sCD14 derived from ingested
sources remains functional in its ability to detect LPS in vivo. High quantities of sCD14
in early lactation milk implicate sCD14 as a factor influencing infant health, especially
given the role of the LPS recognition pathway, which includes CD14 and TLR4, in the

development of NEC.
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4.1 Abstract

Background

Human milk contains a diverse population of bacteria that likely influences
colonization of the infant GI tract. Recent studies, however, have been limited to
characterization of this microbial community by 16S rRNA analysis. In the present
study, a metagenomic approach using I[llumina sequencing of a pooled milk sample
(ten donors) was employed to determine the genera of bacteria and the types of
bacterial ORFs in human milk that may influence bacterial establishment and stability
in this primal food matrix. The human milk metagenome was also compared to that of
BF and formula fed (FF) infants’ feces (n =5, each) and mothers’ feces (n = 3) at the
phylum level and at a functional level using ORF abundance. Additionally, immune-

modulatory bacterial-DNA motifs were also searched for within human milk.

Results

The bacterial community in human milk contained over 360 prokaryotic genera, with
sequences aligning predominantly to the phyla of Proteobacteria (65%) and
Firmicutes (34%), and the genera of Pseudomonas (61.1%), Staphylococcus (33.4%)
and Streptococcus (0.5%). From assembled human milk-derived contigs, 30,128 ORFs
were annotated and assigned to functional categories. When compared to the
metagenome of infants’ and mothers’ feces, the human milk metagenome was less
diverse at the phylum level, and contained more ORFs associated with nitrogen

metabolism, membrane transport and stress response (P < 0.05). The human milk
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metagenome also contained a similar occurrence of immune-modulatory DNA motifs

to that of infants’ and mothers’ fecal metagenomes.

Conclusions

The results presented here further expand the complexity of the human milk
metagenome and enforce the benefits of human milk ingestion on the microbial
colonization of the infant gut and immunity. Discovery of immune-modulatory motifs
in the metagenome of human milk indicates more exhaustive analyses of the

functionality of the human milk metagenome are warranted.
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4.2 Introduction

The benefits of human milk compared to the use of commercial infant formulas are
largely realized because of its bioactive components, including prebiotics, immune
proteins and the microbiome of human milk itself. Breastfeeding is associated with a
decreased incidence of GI tract infections (115, 116), which is corroborated by several
studies that have correlated breastfeeding with a lower incidence of NEC in humans
and animal models (117-119). Breastfeeding is also associated with an altered fecal
microbiome; two studies showed at two weeks of age over 90% of the total fecal
bacteria of a BF infant is Bifidobacteria, whereas in most formula-fed (FF) infants
Bifidobacteria is non-detectable (120, 121). Because the community of gut-colonizing
bacteria prevents adhesion and colonization of pathogenic bacteria whilst stimulating
mucosal cell proliferation and enhancing immune development, the types of
predominant bacteria in the fecal microbiome of the developing infant can affect the
health outcomes of the individual, as has been discussed in a recent review article
(122). Human milk, the infant's first food, is a primary source of ingested microbiota.
Therefore, it is paramount to fully understand the human milk microbiome and how it
might influence colonization of the infant GI tract.

Ingestion of viable bacteria in human milk may lead to effective colonization of
the infant GI tract, but the presence of bacterial DNA alone may also hold
responsibility for proper infant immune development. For example, unmethylated
CpG dinucleotides within bacterial DNA are known as potent immune stimulators,
acting through TLR9 (123). Conversely, immune suppressive motifs including poly-
guanosine or guanosine cytosine-rich sequences, such as those on the telomere region

87



of mammalian DNA, can block immune activation induced by CpGs (124). Recently,
immune suppressive motifs (TTAGGG and TCAAGCTTGA) that are able to counter the
effects of CpGs have been discovered in Lactobacillus (125). If immune-modulatory
motifs occur in human milk derived DNA, they could contribute to proper immune
development by decreasing exaggerated inflammatory responses to colonizing
bacteria, which are seen in infants with NEC (126).

Human milk bacteria have previously been analyzed by culture-dependent and -
independent mechanisms, confirming the presence of a magnitude of bacterial
phylotypes (45-48, 127-130). In one study, Staphylococcus and Streptococcus
dominated the milk microbiome of most mothers, whereas commercially well known
bovine milk-associated genera, Lactobacillus and Bifidobacterium, contributed as
minor milk microbiota members (2-3% of genera; 47). Another study showed that the
human milk microbiome changes over time, and may be dependent on the mother’s
weight and the baby’s mode of delivery (48). Most recent methods for determining the
milk microbiome have included amplification of 16S ribosomal RNA genes (rRNA)
followed by pyrosequencing (47, 48). Although this technique is widely accepted as a
means to determine microbial diversity, it does present limitations such as a lack of
information on the functional capacity of the microbes within the milk matrix and also
prevents data accumulation on the types of DNA motifs to which an infant is exposed.

In this study a metagenomic analysis of the bacteria in human milk using
[llumina sequencing and the MG-RAST pipeline was performed (131). The aims were
to determine the genera of bacteria in human milk, search for immune-modulatory

DNA motifs, and determine the types of bacterial ORFs in human milk that may
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influence bacterial presence and stability in this complex yet foundational food

matrix.
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4.3 Methods

Donors and sample collection

Breastfeeding women (n = 10) were recruited from the Children’s Hospital of Eastern
Ontario (CHEO, Ottawa, Canada) in accordance with the Research Ethics Board of
CHEO and the University of Ottawa Research Ethics Board (2007303-01H). Informed
consent was given by all participants, all donors were healthy, and milk was donated
between 9 and 30 days PP. Milk samples were collected by either manual or electric
breast pump expression into a sterile milk collection bag (Medela AG, Baar,
Switzerland). To better represent a milk sample that would be received by the infant,
breasts were not sterilized prior to collection. Samples were immediately frozen and

then stored at -70°C.

DNA isolation

Milk samples (1 mL) were centrifuged at 5,000 x g for 10 minutes to pellet eukaryotic
cells. Prokaryotic cells were pelleted from milk serum by centrifugation at 13,000 x g
for 15 minutes. Pellets were resuspended in 2 mL PBS with 1% Triton X-100 and
incubated for 2 hours at 37°C to lyse any remaining eukaryotic cells. Bacteria were
pelleted by centrifugation at 13,000 x g for 15 minutes and pellets were resuspended
in 500 pL TE with 30 pL of 10% SDS and 5 pg proteinase K. Samples were incubated
for 2 hours at 37°C, and DNA was isolated using phenol/chloroform as previously
described (132). DNA pellets were resuspended in 50 pL Tris-EDTA buffer and pooled.
A total of ~4 pg of double stranded DNA was isolated as quantified with Quant-iT

PicoGreen (Invitrogen, Burlington, ON, Canada) using a Typhoon Trio Imager and
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Image Quant TL software (GE Healthcare). DNA integrity was also determined by

agarose gel electrophoresis prior to sequencing.

DNA sequencing, filtering and contig assembly

The pooled DNA sample was sequenced seven independent times by StemCore
Laboratories (Ottawa, Ontario, Canada). DNA was prepared according to the DNA
sample preparation protocol 1003806 Rev. B for Illumina sequencing (Illumina Inc.,
San Diego, CA, USA). Sequencing was performed using an Illumina GAIlx Genome
Analyzer and Illumina CASAVA analysis pipeline (v 1.7.0). Sequences were aligned to
the human genome (hg19/NCBI37) with a stringency of 2 bp mismatching using
ELAND (Illumina Inc). Prokaryotic genomes (1,731 genomes) were imported from
NCBI. Sequences were aligned to the genomes using BLAT (Kent Informatics, Inc.) and
sorted via best hit analysis to genera according to “List of Prokaryotic Names with
Standing in Nomenclature” (http://www.bacterio.cict.fr/ website, accessed February
2012). Unidentified sequences were further filtered by using BLAT against the human
genome with a stringency of <10 mismatches or gaps. Both prokaryotic and remaining

unknown sequences were assembled into contigs using Ray v1.7 (133).

Contigs, ORF prediction and characterization

Assembled contigs were uploaded to the MG-RAST pipeline (131). Organism
abundance was analyzed using a lowest common ancestor approach with a maximum
e-value of 1 x 10-5, a minimum identity of 60%, and a minimum alignment length of 15

measured in amino acids for protein and base pairs for RNA databases. A functional
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abundance analysis of ORFs was performed using "Hierarchical Classification" by
comparing to subsystems with a maximum e-value of 1 x 10-3, a minimum identity of
60%, and a minimum alignment length of 15 measured in amino acids for protein and
base pairs for RNA databases. Previously reported and publicly available
metagenomes of feces from five unrelated BF-infants, five FF-infants (metagenome
IDs: USinfTW4.1, 6.1, 10.1, 11.1, 12.1, 13.1, 15.1, 19.1, 20.1, and 21.11) and three
unrelated mothers (metagenome IDs: USchp [1,3,4,18,33]mom) were compared at the
phylum level to the human milk metagenome within MG-RAST using the same lowest
common ancestor analysis described above (131). The mean percent alignments of
the individuals were used in Figure 4.4 and Supplemental Figures S4.4 and S4.5. The
normalized mean percent of ORFs in each functional category was used in Figures 4.5
and 4.6. Metagenome comparisons were statistically compared by Student’s t-tests

(P<0.05) using SigmaPlot (Systat Software, Inc.).

Immune-modulatory motif identification

An identity of 100% was used to search for immune-modulatory motifs by alignment
with assembled contigs from the human milk metagenome (56,712 contigs) or the
fecal metagenomes described above (834,774, 64,662 and 553,391 contigs from BF-
infants’, FF-infants’ and mothers’ feces, respectively). The human genome
(2,865,822,365 bp) was used as a comparative reference. Z-score was calculated using
the formula Z = (0-E) /Stdev, where O was the observed number of hits and E was the
expected number of hits using the formula E = (Lcont)(Nh/Lh) where Lcont was

length of sequences or assembled contigs, Nh was number of sites found in the human
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genome (or compiled bacterial genomes); Stdev was the standard deviation of

occurrence of each motifin 22 + X +Y human chromosomes.

Availability of supporting data
The data set supporting the results of this article is available in the MG-RAST
repository, under the project name Human_milk_microbiome,

http://metagenomics.anl.gov/linkin.cgi?project=2959
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4.4 Results

Phyla and genera within human milk

Metagenome sequencing of a pooled human milk sample resulted in 261,532,204
sequenced reads of 51 bp, which were binned into those aligning to the human
genome (186,010,988, 72.01 £ 3.06%), known prokaryotic genomes (1,331,996,

0.53 £ 0.16%) or those not aligning to either category (74,189,220, 27.46 + 3.72%,
Supplemental Table S4.1). Using a best hit analysis of the 1,331,996 51-bp sequences,
75% aligned to Staphylococcus, 15% to Pseudomonas, 2% to Edwardsiella, and 1% to
Pantoea, Treponema, Streptococcus and Campylobacter, respectively (Figure 4.1). The
remaining 3% of the known prokaryotic sequences mapped to 361 bacterial genera,
demonstrating the diversity of the human milk metagenome while confirming the
presence of key genera like Akkermansia (134; Supplemental Table S4.2).

Sequences not aligning to prokaryotic or human genomes with a <2 bp mismatch
were re-aligned to the human genome with decreased stringency (<10 bp mismatch),
leaving 32,991,450 sequences for contig assembly (Table 4.1). Using Ray v1.7 (133),
56,712 contigs were assembled and submitted to the MG-RAST pipeline (131). Post
quality control, 53,785 sequences (94.8%), with a mean length of 160 + 55 bp, were
used for further analysis (Table 4.1). When the contigs were analyzed using a best hit
approach through MG-RAST, they aligned predominantly to the phyla of
Proteobacteria (65.1%) and Firmicutes (34.6%, Figure 4.2). The contigs aligned to
194 known genomes at the genus level, predominantly Pseudomonas (61.1%),
Staphylococcus (33.4%) and Streptococcus (0.5%), with the highest level of diversity at

the genus level within the Proteobacteria phylum (125 different genera, Figure 4.2).
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Figure 4.1 Best hit analysis of 51 bp DNA sequences from human milk. DNA from
human milk was sequenced using Illumina sequencing followed by alignment to
known prokaryotic genomes. Sequences (75,521,216) were BLATed against 1,731
known prokaryotic genomes imported from NCBI (min 95% identity), with 1,331,996
sequences aligning to 370 prokaryotic genera. Other refers to genera each
representing <0.1% of all sequences.
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Table 4.1. Contig assembly and open
reading frame (ORF) prediction of
Illumina reads (51 bp) from human milk.

Sequenced reads (51 bp) 261,532,204

Matching human 186,010,988
Matching prokaryotic 1,331,996
Used in contig assembly! 32,991,450
Contigs 56,712
Post quality control 53,785
Average length (bp) 160 £ 55
Total length (bp) 8,630,997
Predicted ORFs 41,352
Annotated 33,793
rRNAs 103
Functional category 30,128
Unrecognized 7,559

1all sequences not matching the human genome
(=10 bp mismatch)
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Figure 4.2. Best hit analysis of open reading frames within human milk.
Assembled contigs (56,712) were submitted to MG-RAST for analysis. Contigs aligned
to 194 known genomes at the genus level (maximum e-value of 1x10-3, minimum
identity of 60%, and minimum alignment length of 45 bp). Color denotes phylum and
red bars indicate the number of positive alignments.

Figures in this chapter can be seen in expanded view mode at doi:10.1186/1471-
2180-13-116.
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These results are similar to the best hit analysis performed with the non-
assembled sequences in that the majority of sequences are from Staphylococcus and
Pseudomonas, but differ in their proportion (Figure 4.1). Contigs matching viral
genomes were observed (<0.04%), including phages derived from Pseudomonas and
Staphylococcus (Figure 4.2). Contigs also aligned to the genomes of humans, gorillas,
chimps and orangutans, likely due to the 60% identity criteria used (Figure 4.2). The
observation of some of the genera, including Staphylococcus, Pseudomonas and
Pantoea, was further validated through the presence of their rRNA ORFs

(Supplemental Table S4.3).

Open reading frames within human milk

A total of 41,352 ORFs were predicted using MG-RAST, of which 82% were annotated
(33,793 ORFs), and 18% were unrecognized (7,559 sequences, Table 4.1). A total of
30,128 ORFs corresponded to a functional category (Figure 4.3). For example, many
ORFs encoded proteins for basic cellular function, including those for respiration
(4.2%), cell signaling (4.8%), RNA (7.0%), DNA (2.6%), and amino acid metabolism
(5.3%, Figure 4.3). ORFs encoding proteins for carbohydrate metabolism (5.7% of all
ORFs) included those for lactose metabolism (oligosaccharide, 6.7%), but none for
human milk oligosaccharide (HMO) metabolism (Figure 4.3), likely due to the lack of
sequences aligning to the genome of Bifidobacteria (Figure 4.2). Virulence-related
ORFs (4.5% of all ORFs) included those for antibiotic resistance (60.2%), adhesion

(17%), bacteriocins (2.7%), as well as others (Figure 4.3). Stress-related ORFs (4.0%
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of all ORFs) included those for oxidative stress (40.3%), osmotic stress (20.2%), heat

and cold shock (12.0% and 4.0%, respectively) and many others (Figure 4.3).

Human milk metagenome compared to mothers’ and infants’ feces

The metagenome of human milk was compared to that of feces from 10 unrelated
infants (five BF and five FF) and three unrelated mothers (Figure 4.4). Using a best hit
analysis at the phylum level, contigs from human milk were dissimilar from contigs
from feces in regards to the lack of diversity within the human milk metagenome, as
over 99% of the contigs were from just two phyla, Proteobacteria and Firmicutes
(65.1% and 34.6%, respectively, Figure 4.4). BF-infants’ feces had a high proportion
of Actinobacteria (70.4%), followed by FF-infants’ feces (27.3%), mothers’ feces
(12.6%), and human milk (0.15%). The proportion of Proteobacteria in the human
milk metagenome (65.1%) was most similar to that of BF-infants’ feces (10.8%), but
was significantly different from FF-infants’ feces and mothers’ feces (7.5% and 4.3%,
respectively, P <0.05, Figure 4.2 and Supplemental Figure S4.1). The metagenomes of
FF-infants’ feces and mothers’ feces were most similar in regards to their high
proportion of Bacteroidetes (17.6% and 20.6%), respectively). Conversely, when using
a lowest common ancestor approach at the phylum level in comparison to the best hit
analysis, human milk appeared more similar to the fecal metagenomes in terms of an
increase in diversity (Supplemental Figure S4.2), but was still dominated by
Proteobacteria (38.5%). Also, using the lowest common ancestor analysis increased
the proportion of contigs aligning to Actinobacteria in human milk (0.15% to 11.58%),

as well as in mothers’ feces (12.6% to 30.6%).
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Figure 4.3. Functional categorization of open reading frames within human
milk. The percent of ORFs assigned to each functional category is shown. Using the
“Hierarchical Classification” tool within MG-RAST, 41,352 ORFs were submitted,
33,793 were annotated and assigned to a functional category (maximum e-value of
1x10-5, minimum identity of 60%, and minimum alignment length of 15 amino acids).
Three categories of genes (stress, virulence, carbohydrates) are expanded on the right
to demonstrate the diverse capabilities of milk-derived DNA sequences.
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Figure 4.4. Best hit comparison of bacterial phyla in human milk, infants’ feces
and mothers’ feces. The percent of sequences assigned to each phylum according to
MG-RAST (maximum e-value of 1x10-5, minimum identity of 60%, and minimum
alignment length of 45 bp) is shown. Breast-fed and formula-fed infant feces values
are an average of five individuals, and mothers’ feces values are an average of three
individuals. All subjects were unrelated. Other contains phyla each representing <1%
of the contigs.
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The metagenomes of human milk and feces were also compared at the functional
level (Figure 4.5). The functional ORF profile of the human milk metagenome is
similar to that of each fecal metagenome, but two fecal profiles were even more
similar, for example BF- versus FF-infants’ feces, as seen using pair-wise comparison
plots (Figure 4. 6). The human milk metagenome is most dissimilar from that of FF-
infants’ feces as 17 out of the 26 functional categories contain a significantly different
proportion of the ORFs (Figure 4.6). The three fecal metagenomes had a significantly
higher proportion of ORFs encoding genes for dormancy and sporulation (2.3%, 2.3%
and 2.7%, for BF-infants’, FF-infants’ and mothers’ feces, respectively) than did the
human milk metagenome (no associated ORFs, Figures 4.5 and 4.6). Both BF- and FF-
infants’ fecal metagenomes had significantly higher proportions of cell division (3.5%
each, respectively) and phosphorus metabolism related ORFs (3.1% and 3.0%,
respectively) than did the human milk metagenome (2.3% and 2.1%, Figures 4.5 and
4.6). The human milk metagenome, in comparison to BF- and FF-infants’ feces, did,
however, have significantly higher proportions of membrane transport (5.0%
compared to 4.0% and 4.0%), nitrogen (3.5% compared to 3.1% and 3.0%) and RNA
metabolism (4.9% compared to 4.1% and 4.3%), cell regulation (4.4% compared to
3.5% and 3.3%), respiration (4.3% compared to 3.4% and 3.4%), stress response
(4.2% compared to 3.7% and 3.5%) and virulence-related ORFs (4.4% compared to

3.7% and 3.7%, Figures 4.5 and 4.6).
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Figure 4.5. Functional category comparison of open reading frames within
human milk versus infants’and mothers’feces. The percent of ORFs assigned to
each functional category of genes is shown. Using the “Hierarchical Classification” tool
within MG-RAST, ORFs within each metagenome were assigned to a functional
category (maximum e-value of 1x10-5, minimum identity of 60%, and minimum
alignment length of 15 amino acids). Asterisk denotes that the proportion of ORFs
within the category is significantly different from that in human milk (Student’s t-test,
P <0.05). Breast-fed and formula-fed infant feces values are an average of five
individuals, and mothers’ feces values are an average of three individuals. All subjects
were unrelated.
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Figure 4.6. Pair-wise comparison of categorized open reading frames from
human milk versus infants’ and mothers’ feces. Pair-wise comparisons for the
human milk metagenome versus (A) breast-fed infants’ feces, (B) formula-fed infants’
feces and (C) mothers’ feces are shown. For comparison, a plot of breast-fed infants’
feces and formula-fed infants’ feces (D) is also shown. Each point represents a
different SEED subsystem and its relative abundance within the human milk
metagenome compared to the fecal metagenomes. Points lying on or near the dotted
line have equal or similar abundance in both metagenomes. Red dots signify those
with significantly different proportions between the two metagenomes (Student’s t-
test, P<0.05). Breast-fed and formula-fed infants’ feces values are an average of five
individuals, and mothers’ feces values are an average of three individuals. All subjects
are unrelated.
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Immune-modulatory DNA motifs in human milk and feces

When contigs were searched for the presence of immune suppressive motifs,
TCAAGCTTGA was found in 0.02% of the human-milk assembled contigs (11 sites,
Table 4.2) with an occurrence 1.5 times that of the human genome alone (once per
844,000 bp compared to once per 1,276,500 bp in the human genome, Z-score -1.6).
The contigs positive for TCAAGCTTGA aligned to the genomes of Pseudomonas (45%),
Nocardia (9%), Staphylococcus (9%) and contigs of unknown origin (36%, Table 4.3).
When the contigs from BF-infants’ feces, FF-infants’ feces and mothers’ feces were
scanned for TCAAGCTTGA, it was found at a relative occurrence of 1.19, 1.64, and 1.64
times that in the human genome, respectively (Table 4.2). Another immune
suppressive site, TTAGGG was observed 1,684 times in the human milk metagenome
(3.2% of contigs), and at a relative occurrence 0.48 times that of the human genome
(once per 5,600 bp compared to once per 2,670 bp, Z-score 22.54, Table 4. 2). Contigs
containing TTAGGG corresponded to genomes of Staphylococcus (59%), Pseudomonas
(10%), Lactobacillus (0.5%), 21 other known prokaryotic genomes (2.7%), and
contigs from unknown genomes (27%, Table 4.3). When the contigs from BF-infants’
feces, FF-infants’ feces and mothers’ feces were scanned for TTAGGG, this sequence
was observed at a relative occurrence of 0.33, 0.18 and 0.26 times that in the human
genome, respectively (Table 4.2). Assembled contigs were also searched for the
presence of synthetically-assembled immune suppressive or immune stimulatory
DNA motifs (7 and 5 motifs, respectively), such as those used in vaccine production
(Supplemental Table S4.4; 135-139). No synthetically-assembled sequences were

observed in the human-milk contigs, whereas three motifs were found in less than 5 x
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10-* % of contigs from the fecal metagenomes (maximum of 4 hits per 834,774

contigs, Supplemental Table S4.4).

112



Table 4.2. Occurrence of immune suppressive motifs in various metagenomes.
DNA motifs TTAGGG and TCAAGCTTGA were searched for in contigs derived from
human milk, breast-fed infants’ feces (BF infant), formula-fed infants’ feces (FF
infant) and mothers’ feces. Relative occurrence is in comparison to the human

genome.
Relative
Number . .
Sequence . Base Pairs per Hit Occurrence
of Hits
(Z-score)
TCAAGCTTGA 11 844,000 (Human Milk) 1.51 (-1.6)
344 1,077,000 (BF Infant) 1.19 (-0.74)
124 779,000 (FF Infant) 1.64 (-1.84)
268 777,000 (Mother) 1.64 (-1.85)
2,245 1,276,500 (Human Genome)
TTAGGG 1,684 5,600 (Human Milk) 0.48 (22.54)
18,118 8,200 (BF Infant) 0.33 (42.54)
16,410 15,000 (FF Infant) 0.18 (94.85)
20,612 10,200 (Mother) 0.26 (57.92)
1,082,623 2,670 (Human Genome)
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Table 4.3. Occurrence of immune suppressive
motifs TTAGGG and TCAAGCTTGA in contigs

from human milk.

Sequence Genus Numper
of Hits

TCAAGCTTGA Pseudomonas 5
Nocardia 1

Staphylococcus 1

Unknown 4

TTAGGG Staphylococcus 1000
Pseudomonas 169

Lactobacillus 8

Bacillus 6

Streptococcus 6

Streptomyces 4

Tetragenococcus 4

Other 25

Unknown 461
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4.5 Discussion

Genera within human milk

Determining the human milk metagenome, a bodily fluid notably absent from the
human microbiome project (140), is crucial for enabling better insight on the process
of infant GI colonization and immune development. Pooling DNA from ten human milk
samples and subjecting it to [llumina sequencing has demonstrated the large diversity
of the human milk metagenome with over 56,000 contigs aligning to 177 bacterial
genera (Figure 4.2). Previous studies investigating the microbiome of human milk
have used both culture-dependent and -independent approaches. Using 16S rRNA
sequencing, Hunt et al. have reported several predominant species in human milk
including a core of genera found in 16 human milk samples across time: Streptococcus,
Staphylococcus, Serratia, Pseudomonas, Corynebacteria, Ralstonia, Propionibacteria,
Sphingomonas, and Bradyrhizobiaceae (47). Other studies showed colostrum was
populated mostly by Weisella and Leuconostoc, followed by Staphylococcus,
Streptococcus, and Lactococcus, and that Akkermansia were more prevalent in
overweight mothers (48, 56). Using a best hit analysis of the 51 bp Illumina reads,
alignments for Akkermansia, Propionibacteria, Sphingomonas and Weisella were
observed (Supplemental Table S4.2), but because of the small number of base pairs
used for the alignment (51 bp) and the lack of assembled contigs associated with
these microbes, their presence in the milk samples used here is a tentative
identification. Using PCR-denaturing gradient gel electrophoresis and quantitative
PCR, two studies from Martin et al. reported the presence of Bifidobacterium breve,

B. adolescentis, B. bifidum and B. dentium in human milk, which differs from the
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current findings (Figure 4.2; 45, 129). This is likely due to the method of DNA
extraction used in this study, as bead-beating as a means to extract DNA from the hard
to rupture Bifidobacterium was not incorporated (141). The differences between the
previously reported microbial communities and this analysis may also be due, in part,
to the geographic location of the mothers, which has been shown to greatly impact the
microbiome of individuals (142). Furthermore, other differences between this
characterization of the milk microbiome and those previously reported may be
attributed to the means of milk collection. In comparison to previous studies where
human milk was expressed from an aseptic breast (45-48, 127-130), the current
method determines the total microbiome (i.e. metagenome) ingested by the infant
(from a non-sterilized breast), indicative of what an infant would receive from its
mother during suckling.

Because the samples used here were collected from a non-sterilized breast, it
could be hypothesized the human milk metagenome reported here would be similar
to that of the skin microbiome. Although no reference database was freely available
within MG-RAST for comparison, the metagenome of human milk is similar to
previously reported skin profiles in that there is a large proportion of Staphylococcus,
which is found in moist areas of skin. These moist areas, such as the antecubital fossa
(inner fold of the elbow), also contain Betaproteobacteria, such as Burkholderia and
Bordetella, which are present in the milk metagenome (Figure 4.2; 143, 144). The
human milk metagenome is also similar to drier areas of the skin such as the plantar
heel, which contains Gamaproteobacteria such as Pseudomonas (143). The human

milk metagenome is, however, more similar to fecal microbiomes (as described in 16S
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rRNA studies) due to the large proportion of Firmicutes bacteria within human milk,
which is a very minor member of the skin microbiome (Figure 4.4; 143, 144). Also,
the skin of adults tends to contain a high level of Propionibacteria, which notably
tends to colonize the skin of cesarean-section birthed babies, whereas this genus is
minimally represented in this human milk sample using a best hit analysis of the 51
bp Illumina reads (0.2%, Supplemental Table S4.2; 145, 146). This observation
suggests that mother's milk may prove useful as a skin lotion, to re-balance the skin

microbiome of C-section babies.

Phylogenetic differences between human milk and feces

Comparing the metagenome of human milk to that of publicly available infants’ and
mothers’ fecal profiles provides insight as to how human milk may lead to proper
colonization of the infant gut. When comparing the human milk metagenome to the
infant fecal metagenome, there are numerous differences. For example, the
metagenome of BF-infants’ feces contains a high proportion of Actinobacteria (70.4%,
Figure 4.4), which correlates with previous studies demonstrating a high abundance
of Bifidobacterium in the feces of BF-infants whereas FF-infants had a more varied
microbiota (120, 142, 147). Contigs from human milk, however, aligned mostly with
Proteobacteria and Firmicutes (65.1% and 34.6%, respectively, Figure 4.4). At the
phylum level, the present milk metagenome was less diverse than the fecal
metagenomes as over 99% of the contigs were from just two phyla, Proteobacteria
and Firmicutes (Figure 4.4). FF-infants’ feces and mothers’ feces were similar in that

they both contained contigs aligning to the phylum Bacteroidetes (17.6% and 20.6%,
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respectively), whereas Bacteroidetes was a very minor component of BF-infants’ feces
and human milk (0.3% and 0.02%, respectively, Figure 4.4). Also, the similar
proportion of Firmicutes in human milk compared to mothers’ feces (34.6% and
59.6%), respectively, Figure 4.4) correlates with the hypothesis that mothers’ milk may
be inoculated by immune cells carrying bacteria from the GI tract of the mother to her
breast (148-150). This may be a mechanism by which the human milk microbiome is

shaped by the general health of the mother, including her weight (48).

Functionality of the human milk metagenome

Using Illumina sequencing of all DNA within milk samples permits the prediction of
ORFs within assembled contigs and allows for determination of the functional
capability of the milk metagenome. A total of 41,352 ORFs were predicted, including
those for basic cell function, as well as those that may enable the bacteria to remain in
human milk, such as ORFs for carbohydrate metabolism (5.7% of ORFs, Figure 4.3).
The predominant carbohydrate in human milk, lactose, is a potential carbon source
for human milk bacteria, and therefore the presence of ORFs associated with its
metabolism (6.7% of carbohydrate-associated metabolism, Figure 4.3) is expected.
Another carbon source for bacteria in human milk is HMOs, which cannot be digested
by the infant (151). These oligosaccharides, which are heavily fucosylated and readily
digested by Bifidobacteria, are thought to be responsible for the colonization of BF-
infants with high levels of Bifidobacteria (152). Due to a lack of contigs aligning to
Bifidobacteria (Figure 4.2), no ORFs encoding genes for HMOs were observed (Figure

4.3). Recently, HMOs have also been correlated with increased abundance of
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Staphylococcus within human milk, regardless of their inability to utilize the HMOs as
a carbon source (153). The predominance of Staphylococcus-aligning contigs in these
milk samples supports these findings (Figure 4.2). Furthermore, there was a
significantly higher number of ORFs related to nitrogen metabolism within the human
milk metagenome in comparison to BF- and FF-infants’ feces (Figure 4.5, P < 0.05).
Because human milk contains 1.48-2.47 g of nitrogen per 100 g of milk, the bacteria
within human milk may use it as a nutrient source in addition to lactose and HMOs
(154).

Human milk contains an abundance of immune cells, antibodies and
antimicrobial proteins (such as lactoferrin, CD14, a-lactalbumin, and lysozyme), and
therefore the bacteria residing within human milk must harbor mechanisms to
combat the milk-endogenous immune system (36, 40, 155). For example, the
metagenome of human milk includes ORFs for stress response and defense (4.0% and
4.5% of all ORFs, respectively) including those for oxidative stress (40.3% of stress-
related ORFs) and toxic compound resistance (60.2% of defense ORFs, Figure 4.3).
The human milk metagenome also contains ORFs for both heat and cold shock (12%
and 4% of stress-related ORFs, Figure 4.3), which may enable the bacteria to persist in
milk post-breast pumping, refrigeration and reheating. This may be of particular
importance as human milk banks gain more popularity over time. For example, as
described in a recent review by Urbaniak et al., some milk banks deem pasteurization
of breast milk unnecessary, while others have an upper limit of 10> organisms per mL
(156). In unpasteurized banked milk and in-home stored milk, if some organisms are

able to survive the storage and re-heating process better than others, the bacterial
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profile of human milk may change to favor better surviving (and not necessarily more
beneficial) bacteria. Furthermore, ORFs encoding genes related to virulence and
disease (4.5% of all ORFs, Figure 4.3), are also observed in the human milk
metagenome. These ORFs could allow some of the human milk microbes, such as
Staphylococcus aureus, to cause mastitis in humans when the balance of human milk-
antimicrobials to microbes is tilted towards microbial growth (157). For example,
some bacteria within human milk harbor antibiotic resistance genes (60.2% of
virulence associated ORFs) allowing them to proliferate regardless of the mother's
potential antibiotic use, and some bacteria are able to produce bacteriocins (2.7% of
virulence associated ORFs, Figure 4.3), which could impact the growth of other, less

virulent, microbes within the community.

Immune-modulatory landscape of the human milk metagenome

Because human milk contains a broad spectrum of microbes at the genus level (Figure
4.2), it likely contributes significantly towards effective colonization of the infant GI
tract. In the case of banked human milk, which is Holder pasteurized (65°C for 5-30
min), most bacteria are destroyed, but their proteins and DNA remain (158). The
presence of non-viable bacteria and bacterial DNA in human milk, which are
indistinguishable from live bacteria using the current approach of DNA isolation and
sequencing, may be a way to prime the infant immune system and lead to tolerance of
the trillions of bacteria that will inhabit the gut following birth. For example, the
immune suppressive motifs, TTAGGG and TCAAGCTTGA (125), are present in 3.0%

and 0.02% of the 56,950 human milk-contigs, respectively (1,684 sites, and 11 sites,
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Table 4. 2). The occurrence of the immune suppressive motifs is similar to that in the
metagenomes of BF- and FF- infants’ feces, as well as mothers’ feces. This suggests
that having a diverse community of microbes may lead to a similar abundance of
immune suppressive motifs, regardless of the genera present in the sample.
Interestingly, the immune suppressive motif TTAGGG was found in higher abundance
in the human genome than in bacterial contigs (one per 2,670 bp in the human
genome compared to one per 5,600 bp in the bacterial contigs, Table 4.2). Colostrum
and mature human milk contain between 5 x 108 to 4 x 10° leukocytes/L and between
1 x 108to 4 x 107 leukocytes/L, respectively, which are mostly macrophages (55%-
60%) and neutrophils (30%-40%), with natural killer cells representing up to 12% of
the population (44, 159). This suggests that ingestion of the mothers’ DNA, through
ingestion of her immune cells and any free circulating DNA may also lead to proper
immune development through a balance of concomitant exposure to immune
stimulatory bacterial CpGs and immune suppressive DNA in the mothers’ genome and

bacterial genomes.

Conclusions

Current microbiome studies characterizing the microbial communities of various
anatomical niches have revealed vast differences between healthy individuals (140).
These differences can often be attributed to the host’s environment and diet. As
demonstrated previously by preliminary 16S rRNA sequencing, the human milk
microbiome is similar to other areas of the body in that its composition is unique to

each individual (47). Milk has evolved as the first nutrient source for mammals ex
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utero, with a high level of inter-mother diversity as to the proportions of bacterial
genera, immune proteins and nutrients within it (56). Perhaps, it is the diversity
and/or sequences of DNA within the milk metagenome that is beneficial for infants, as
opposed to any one specific bacterial genus or species. Recent reviews on human milk
outline the phylotypes of bacteria within human milk, but only speculate on the
function of the human milk microbiome due to a lack of data on the functional
capacity of the microbes within human milk (156, 160). Because of this, a better
understanding of the human milk metagenome on a functional level rather than a
solely phylogenetic level was sought. The discovery of the abundance of immune
suppressive DNA motifs observed within bacterial and human DNA from human milk,
as well as ORFs within the human milk metagenome that allow bacteria to persist in
the biological fluid provides a first glance into the functionality of the milk
metagenome. Further studies should include those determining the efficacy of milk
DNA to modulate the immune system in the GI tract, and a more exhaustive look at the

metagenome of human milk and how it relates to infant health outcomes.
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Chapter 5

General Discussion
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5.1 sCD14 in human milk

The research findings presented in the above thesis demonstrate the complex nature
of human milk and specifically attempts to clarify the digestive fate and function of
one bioactive human milk protein, sCD14. The bacterial sensor, sCD14, was able to
partially evade digestion in the GI tract of rat pups (Figures 2.1 and 2.2), and enter
intact into the blood stream of those animals studied (Figures 2.3 and 2.4; 90).
Additional and complementary studies in mice showed ingested sCD14 to contribute
almost one third (26.7%) of all circulating sCD14 in the bloodstream of pups (51.6%,
Figure 3.1). The uptake of ingested sCD14 along the digestive tract of rodents was also
demonstrated in human cells in vitro (Figure 3.4; 161). When Caco-2 monolayers
were grown in Transwell plates they were observed to transfer hrCD14 from the
apical wells to basal wells (Figure 3.4), and this transfer appeared to be dependent on
the membrane-bound receptor, TLR4 (Figure 3.7; 161). The transfer of ingested
sCD14 to the circulatory system in human infants, however, has yet to be studied. In
mice, sCD14 post-ingestion and post-transfer into the blood remained functional, as
measured by sCD14’s ability to detect injected LPS and elicit an immune response (IL-
6 and TNF-a production, Figure 3.3; 161). Additionally, WT mouse pups not receiving
enteral sCD14 because they were nursed by CD14-/- mothers, were shown to have a
significantly higher IL-6 response in comparison to those ingesting sCD14 (Figure 3.3;
161). Therefore, if ingested sCD14 behaves similarly in human infants as it does in the
rodent models and in vitro work presented here, human milk derived sCD14 likely

impacts the innate immune response of breastfeeding infants.
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Given CD14’s recent implication in inflammatory diseases such as obesity and
insulin resistance, as well as NEC, the lack of sCD14 in infant formulas may be a
contributing factor in the negative health outcomes that are associated with infant
formula feeding (57, 58, 112). Future experiments could include the supplementation
of infant formulas with a physiologically similar level of human sCD14 to determine if
infant health is altered following ingestion. Infants normally receiving formula would
either ingest sCD14-supplemented or non-supplemented formula and health
outcomes such as NEC development, insulin resistance and obesity would be tracked
until later in life. Such a study would require a source of hrCD14, which is costly to
produce by today’s standard protein production methods (Chinese Hamster Ovary
cells, $319 for 50 pug, R&D Systems). In the past, tobacco has been genetically modified
to produce human sCD14 that is bioactive (162). Tobacco, however, is not an ideal
plant for protein production due downstream purification costs to obtain a protein of
ingestible or injectable grade (163, 164). Future experiments could include the
production of hrCD14 in a readily edible host, such as within the hypoallergenic seeds
of the rice plant (165). Seeds harbouring hrCD14 could easily be milled into rice flour,
and added directly to commercially available infant formulas (166). If proven a
successful avenue for production of edible sCD14, the production of other human milk
proteins in rice (167), such as milk lactoferrin, could also be achieved thus presenting

a way to further affordably humanize current infant formulas.
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5.2 Bacteria and DNA in human milk

In addition to exploring the digestive fate and function of sCD14, this thesis also asked
the ‘systems biology’ questions of who is there and what might they be doing?
Therefore, the data presented in this thesis also elucidates the metagenome of human
milk and is the first to this author’s knowledge to describe the immune modulatory
potential of human milk DNA. DNA isolated and sequenced from human milk aligned
predominantly to the genomes of Pseudomonas (61.1%), Staphylococcus (33.4%) and
Streptococcus (0.5%), which correlates with previous studies that analyzed the
bacteria in human milk by 16S rRNA sequencing (Figure 4.2; 47, 48, 96, 129). The
metagenome of human milk was found to differ from that of infants’ and mothers’
fecal profiles in many ways, including a low level of diversity in the human milk
metagenome (over 99% of the contigs were from just two phyla, Proteobacteria and
Firmicutes) compared to that of infants’ and mothers’ feces (Figure 4.4; 96). A total of
41,352 ORFs were predicted within the human milk metagenome, including those for
protein metabolism (8.2% of all ORFs), defense (4.5% of all ORFs), and stress
response (4.0% of all ORFs, Figure 4.3; 96). The human milk metagenome was also
shown to harbour the immune suppressive motifs, TTAGGG and TCAAGCTTGA (125),
present in 3.0% and 0.02% of the 56,950 human milk-contigs, respectively (Table 4.2;
96). The same two immune suppressive motifs were detected in the fecal
metagenomes of both infants and mothers, suggesting that having a diverse
community of microbes may lead to similar abundance of immune suppressive motifs.
It is likely that infant formulas do not harbour any immune-modulatory DNA motifs,

except for formulas specifically supplemented with bacteria (for example, Nestlé Good
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Start Probiotic with Bifidobacterium lactis) (http://www.nestle-baby.ca/en/products/
formula/starter/goodstart_probiotic.htm, website accessed January 9. 2014)

Due to the immune modulatory potential of DNA sequences elsewhere in the
body (51, 52), it would be of interest to determine if the DNA found in human milk is
able to alter the immune response of cells along the GI tract, including those of the
mucosal immune system. For example, future studies should first determine the
quantity of cell free DNA within human milk, which was indistinguishable from
within-cell DNA using the methods of this thesis. DNA from human milk can then be
used to treat cells in vitro to determine if the DNA elicits an immune response, or
perhaps suppresses an immune response to pathogenic bacteria if used as a pre-
treatment. Further studies could be completed in rodent or porcine models to
determine the in vivo effects of human milk DNA on the immune system. Such a study
would be of value, given that infant formulas have recently been fortified with
probiotics but the safety and efficacy of these products has yet to be established (168).
Also, although infant formulas contain nucleic acids, no commercially available infant
formula currently contains oligonucleotides (e.g. Nestlé, Enfamil and Similac, amongst
others). Therefore, determining which bacteria and DNA motifs an infant is exposed to
and the effects of those motifs on the GI tract and immune system would provide
guidance to commercial infant formula manufacturers on how best to further

humanize the bovine milk and plant based powders.
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5.3 Conclusions

The complex and dynamic composition of human milk in comparison to infant
formula warrants the humanization of infant formulas to better suit the
immunological needs of the developing infant. The data presented here show that
bioactives in human milk, such as sCD14, can survive GI transit, are transferred intact
across the Gl tract, and contribute to the functional pool of circulating blood proteins
(90, 161). Furthermore, given the breadth of microbial diversity within human milk
and the immune modulatory DNA that the microbes harbour (96), the
supplementation of infant formulas should not be limited to human proteins. The
current understanding of the gross composition of human milk (Figure 5.1) should be
altered to include other milk components now better understood, such as cells of
somatic and non-somatic origin as well as nucleic acids (Figure 5.1). Based on this
new human milk model, the humanization of infant formulas to better emulate the
composition of human milk should include the addition of human proteins, DNA and

bacteria.
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Figure 5.1. The gross composition of human milk, modified to include cells of
somatic and non-somatic origin as well as nucleic acids. (Modified from 11, 12)
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0.3 hr

4 hr

8 hr

[125]CD14

Supplemental Figure S2.1. Increased contrast of [125]]CD14 phosphor-images
used in Figure 2.2A. Red arrows point to intact [125[]CD14 within the jejunum and its
contents (Je. Con).
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Supplemental Figure S2.2. Proteins isolated from the gastrointestinal tract and
organs of rat pups fed [1251]CD14 or [125]]BSA. The same gels were used to produce
the phosphor-images in Figure 2.2. Rat pups were gavage fed 25 pg of [125[]sCD14
(12.16 x10¢ dpm/pg) or [1251]BSA (13.7 x106 dpm/pg). Post-euthanasia (0.3, 4 or 8 h),
proteins were extracted from harvested organs, size separated by SDS-PAGE and
silver stained.
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Supplemental Figure S3.1. Timeline of pup fostering. Pups of WT or CD14-/
genotype were born and subsequently fostered to different mothers of either wild
type or CD14-/- genotype on day 6 PP (red dotted line).
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Supplemental Figure S3.2. Passive transport of Lucifer Yellow across Caco-2 cell
monolayers. Lucifer Yellow was added to the apical media and incubated 2 hours at
37°C.
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Supplemental Figure S4.1. Pair-wise comparison of phyla abundance in human
milk versus infants’ and mothers’ fecal metagenomes. Pair-wise comparisons for
the human milk metagenome versus (A) breast-fed infants’ feces, (B) formula-fed
infants’ feces and (C) mothers’ feces are shown. Each point represents a different
phylum and its relative abundance within the human milk metagenome compared to
the fecal metagenomes. Points lying on or near the dotted line have equal or similar
abundance in both metagenomes. Red dots signify those with significantly different
proportions between the two metagenomes (Student’s t-test, P<0.05). Breast-fed and
formula-fed infant feces values are an average of five individuals, and mothers’ feces
values are an average of three individuals. All subjects are unrelated.
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Supplemental Figure S4.2. Lowest common ancestor comparison of bacterial
phyla in human milk, infants’ and mothers’ feces. Contigs within each metagenome
were assigned to a phylum within MG-RAST (maximum e-value of 1x10-5, minimum
identity of 60%, and minimum alignment length of 45 bp). Breast fed and formula-fed
infant feces values are an average of five samples, and mothers’ feces values are an
average of three samples. All subjects are unrelated. Other contains phyla each
representing <1% of the contigs.
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Supplemental Table S4.1. Abundance of DNA fragments in pooled human milk,
sequenced seven times. Sequences of 51 bp were analyzed by [llumina sequencing
and matched to human or prokaryotic genomes (<2 bp mismatch) by BLAT.

Sequences per run

Fraction of total = SE

(72.01£3.06%) (0.53 £0.16%)

Total Human Prokaryotic Other
18,193,400 14,026,621 117,211 4,049,568
35,809,228 26,466,812 211,199 9,131,217
50,313,515 34,690,538 283,882 15,339,095
39,021,577 27,432,706 123,626 11,465,245
47,856,320 32,191,169 142,279 15,522,872
27,612,520 20,864,809 188,516 6,559,195
42,725,644 30,338,333 265,283 12,122,028

261,532,204 186,010,988 1,331,996 74,189,220

(27.46 + 3.72%)
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Supplemental Table S4.2. Classification of 51
bp DNA sequences derived from human milk by
best hit analysis. Each match was characterized
with a 95% sequence alignment with the known
prokaryotic genome.

Genus Percent of Sequences
Staphylococcus 74.96
Pseudomonas 14.74
Edwardsiella 2.34
Pantoea 1.43
Treponema 1.22
Streptococcus 1.07
Campylobacter 0.90
Corynebacterium 0.25
Thermoanaerobacter 0.23
Mycoplasma 0.22
Lactobacillus 0.20
Propionibacterium 0.19
Escherichia 0.11
Candidatus 0.11
Finegoldia 0.10
Riemerella 0.09
Bacillus 0.08
Stenotrophomonas 0.08
Erwinia 0.08
Sphingopyxis 0.08
Caldicellulosiruptor 0.07
Yersinia 0.06
Burkholderia 0.06
Acinetobacter 0.05
Listeria 0.04
Mycobacterium 0.04
Shewanella 0.04
Klebsiella 0.04
Brachyspira 0.04
Azotobacter 0.04
Agrobacterium 0.04
Salmonella 0.04
Enterococcus 0.04
Enterobacter 0.03
Verminephrobacter 0.03
Lactococcus 0.03
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Clostridium
Thermoanaerobacterium
Pediococcus
Buchnera
Macrococcus
Methanococcus
Aeromonas
Shigella
Bacteroides
Cronobacter
Ralstonia
Borrelia
Desulfotomaculum
Helicobacter
Rothia
Xanthomonas
Serratia
Acidovorax
Haemophilus
Methanosarcina
Neisseria
Citrobacter
Anaerococcus
Legionella
Methylobacterium
Dickeya
Nitrosomonas
Geobacillus
Veillonella
Methanobrevibacter
Pectobacterium
Rhodothermus
Marinobacter
Rubrobacter
Syntrophomonas
Delftia
Leptospira
Chitinophaga
Synechococcus
Natrialba
Sphingobium
Trichodesmium
Rhodococcus

0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
4.73E-03
4.65E-03
4.50E-03
4.35E-03
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Micrococcus
Spirochaeta
Herbaspirillum
Lawsonia
Chlorobium
Bradyrhizobium
Methanosalsum
Lysinibacillus
Flavobacterium
Leuconostoc
Flavobacteriaceae
Cupriavidus
Myxococcus
Xenorhabdus
Pedobacter
Oenococcus
Alcanivorax
Bordetella
Azoarcus
Rhizobium
Halogeometricum
Rahnella
Polaromonas
Ochrobactrum
Geobacter
Rickettsia
Haliangium
Brachybacterium
Rhodopseudomonas
Vibrio
Thermodesulfobacterium
Leptothrix
Sphingomonas
Dyadobacter
Caulobacter
Sinorhizobium
Cytophaga
Alkalilimnicola
Gramella
Brevundimonas
Granulibacter
Prevotella
Gardnerella

4.28E-03
4.20E-03
4.20E-03
4.13E-03
4.05E-03
3.98E-03
3.90E-03
3.83E-03
3.83E-03
3.75E-03
3.75E-03
3.75E-03
3.60E-03
3.53E-03
3.53E-03
3.53E-03
3.53E-03
3.45E-03
3.45E-03
3.38E-03
3.38E-03
3.30E-03
3.30E-03
3.23E-03
3.15E-03
3.08E-03
3.08E-03
2.78E-03
2.70E-03
2.55E-03
2.55E-03
2.55E-03
2.48E-03
2.48E-03
2.48E-03
2.40E-03
2.40E-03
2.33E-03
2.25E-03
2.25E-03
2.18E-03
2.10E-03
2.10E-03

152



Acidiphilium
Arthrobacter
Actinobacillus
Streptomyces
Microbacterium
Janthinobacterium
Variovorax
Pseudoalteromonas
Alicycliphilus
Pyrolobus

Proteus
Ramlibacter
Cellvibrio

Xylella

Pseudoxanthomonas

Chromobacterium
Paracoccus
Mobiluncus
Marinomonas
Laribacter
Francisella
Maricaulis
Herminiimonas
Butyrivibrio
Xanthobacter
Thioalkalivibrio
Rhodobacter
Frankia
Alkaliphilus
Halomonas
Aggregatibacter
Achromobacter
Methylomicrobium
Dinoroseobacter
Bifidobacterium
Tolumonas
Thauera
Psychrobacter
Leptotrichia
Leadbetterella
Pseudogulbenkiania
Phenylobacterium
Pelobacter

2.10E-03
2.03E-03
2.03E-03
1.95E-03
1.95E-03
1.95E-03
1.80E-03
1.80E-03
1.80E-03
1.73E-03
1.73E-03
1.65E-03
1.65E-03
1.58E-03
1.58E-03
1.58E-03
1.50E-03
1.50E-03
1.43E-03
1.43E-03
1.43E-03
1.28E-03
1.28E-03
1.28E-03
1.20E-03
1.20E-03
1.20E-03
1.20E-03
1.20E-03
1.13E-03
1.13E-03
1.13E-03
1.05E-03
1.05E-03
1.05E-03
9.76E-04
9.76E-04
9.76E-04
9.76E-04
9.76E-04
9.01E-04
9.01E-04
9.01E-04




Microcystis
Kocuria
Desulfovibrio
Chelativorans
Photorhabdus
Ferrimonas
Exiguobacterium
Azospirillum
Tetragenococcus
Haloterrigena
Halorhodospira
Aerococcus
Pelotomaculum
Oceanobacillus
Novosphingobium
Fusobacterium
Deinococcus
Thiomonas
Prosthecochloris
Methanobacterium
Saccharopolyspora
Porphyromonas
Paenibacillus
Methanothermobacter
Mesorhizobium
Hyphomonas
Desulfarculus
Comamonas
Collimonas
Clostridiales
Beijerinckia
Arcanobacterium
Sulfolobus
Streptobacillus
Prochlorococcus
Pirellula
Pelagibacterium
Moraxella
Methylibium
Methanothermococcus
Kytococcus
Haloquadratum
Gordonia

9.01E-04
9.01E-04
9.01E-04
9.01E-04
8.26E-04
8.26E-04
8.26E-04
8.26E-04
7.51E-04
7.51E-04
7.51E-04
7.51E-04
6.76E-04
6.76E-04
6.76E-04
6.76E-04
6.76E-04
6.01E-04
6.01E-04
6.01E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
5.26E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04
4.50E-04

154



Dechloromonas
Clavibacter
Ureaplasma
Staphylothermus
Sorangium
Sodalis
Roseobacter
Rhodospirillum
Methylobacillus
Hahella
Eubacterium
Erythrobacter
Ehrlichia
Chromohalobacter
Chloroflexus
Capnocytophaga
Bartonella
Azorhizobium
Actinosynnema
Thiomicrospira
Salinispora
Pasteurella
Parvibaculum
Nocardioides
Methylococcus
Methanosphaera
Methanopyrus
Magnetococcus
Jonesia
Gallibacterium
Catenulispora
Brevibacillus
Arcobacter
Anoxybacillus
Anabaena
Alteromonas
Zobellia
Uncultured
Thermus
Thermofilum
Streptosporangium
Starkeya
Roseburia

4.50E-04
4.50E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.75E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
3.00E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
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Pusillimonas
Parachlamydia
Orientia
Oligotropha
Odoribacter
Methylovorus
Methanothermus
Magnetospirillum
Kangiella
Jannaschia
Hydrogenobaculum
Gluconacetobacter
Geodermatophilus
Desulfobacterium
Cellulomonas
Carnobacterium
Carboxydothermus
Beutenbergia
Atopobium
Aromatoleum
Zymomonas
Verrucosispora
Thermococcus
Thermincola
Teredinibacter
Stackebrandtia
Saccharophagus
Ruegeria
Roseiflexus
Psychromonas
Polynucleobacter
Parabacteroides
Oscillibacter
Olsenella

Nostoc
Methylotenera
Methylocella
Methanospirillum
Megasphaera
Kribbella
Ketogulonicigenium
Isoptericola
Intrasporangium

2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
2.25E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
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Halothiobacillus
Coxiella
Blattabacterium
Asticcacaulis
Anaeromyxobacter
Allochromatium
Acidaminococcus
Zunongwangia
Xylanimonas
Weissella
Weeksella
Waddlia
Tsukamurella
Thermovibrio
Thermosipho
Thermobispora
Tepidanaerobacter
Syntrophobacter
Synechocystis
Sulfurospirillum
Sphingobacterium
Sideroxydans
Segniliparus
Sanguibacter
Salinibacter
Saccharomonospora
Robiginitalea
Rhodoferax
Renibacterium
Pyrococcus
Polymorphum
Parvularcula
Nocardiopsis
Nocardia
Nitrosospira
Nitrosococcus
Nitrobacter
Nitratifractor
Nakamurella
Microlunatus
Methylomonas
Methanosaeta
Methanocaldococcus

1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
1.50E-04
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
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Mesoplasma
Meiothermus
Mannheimia
Lacinutrix
Krokinobacter
Kosmotoga
Kitasatospora
Isosphaera
Ilyobacter
Idiomarina
Halomicrobium

Haliscomenobacter

Fluviicola
Ferroglobus
Erysipelothrix
Elusimicrobium
Eggerthella
Desulfurivibrio
Desulfobacca
Cyanothece
Croceibacter
Chlorobaculum
Chlamydophila
Brucella
Bdellovibrio
Archaeoglobus
Amycolatopsis
Alicyclobacillus
AKkKkermansia
Acidimicrobium
Acetobacter

7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
7.51E-05
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Supplemental Table S4.3. Predicted open reading
frames from human milk DNA sequences aligning
to rRNA genes from known organisms. Minimum
99.5% identity and ORF length of 54 was used.

Genus Open Reading Frames
Pseudomonas 73

Homo 40

Pantoea 30
Staphylococcus 21

Gorilla 16
Acholeplasma 8

Bacillus 8
Corynebacterium 8
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Supplemental Table S4.4. Inmune modulatory DNA motifs sought in DNA
sequences derived from human milk or feces. Sequences were searched for in both
51 bp [llumina sequences, as well as in assembled contigs. No motifs listed here were
observed in human milk contigs, whereas some were observed in contigs from breast-
fed infants’ feces (BF) formula-fed infants’ feces (FF) and mothers’ feces (MF).

Immune

Motif Observed Hits e Reference
Modification

TCCATGACGTTCCTGACGTT 0 Suppressive  Zhang X, et al.
TCCATGACGTTCCTGATGCT 0 Stimulatory  ZhangX, et al.
CTCCTATTGGGGGTTTCCTAT 0 Suppressive Peter M, et al.
TCCTGGAGGGGAAGT 0 Suppressive  Ashman RF, et al.
TCCTGACGTTGAAGT BF (4), MF (1) Stimulatory =~ Ashman RF, et al.
TCCTGGAGGGGAAGT 0 Supressive Ashman RF, et al.
TCCTGAAGGGGAAGT 0 Supressive Ashman RF, et al.
TCCTGGCGGGGAAGT MF (1) Supressive Ashman RF, et al.
TCCTGACGGGGAAGT FF(1) Supressive Stunz LL, et al.
TCGTCGTTACGTAACGTCGTCGTT 0 Stimulatory  Stunz LL, et al.
TCGTCGTTACGTAACGACGTCGTT 0 Stimulatory =~ Stunz LL, et al.
TCGTCGTTCCCCCCCCCCCC 0 Stimulatory ~ Hartmann G, et al.
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