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Abstract

Milk contains elements of numerous proteolytic systems (zymogens, active proteases, protease
inhibitors and protease activators) produced in part from blood, in part by mammary epithelial
cells and in part by immune cell secretion. Researchers have examined milk proteases for decades,
as they can cause major defects in milk quality and cheese production. Most previous research has
examined these proteases with the aim to eliminate or control their actions. However, our recent
peptidomics research demonstrates that these milk proteases produce specific peptides in healthy
milk and continue to function within the infant’s gastrointestinal tract. These findings suggest that
milk proteases have an evolutionary function in aiding the infant’s digestion or releasing
functional peptides. In other words, the mother provides the infant with not only dietary proteins
but also the means to digest them. However, proteolysis in the milk is controlled by a balance of
protease inhibitors and protease activators so that only a small portion of milk proteins are
digested within the mammary gland. This regulation presents a question: If proteolysis is
beneficial to the infant, what benefits are gained by preventing complete proteolysis through the
presence of protease inhibitors? In addition to summarizing what is known about milk proteolytic
systems, we explore possible evolutionary explanations for this proteolytic balance.
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Introduction

Milk is a product of more than 200 million years of evolution that is hypothesized to have
originated as a simple watery secretion to keep pre-mammalian’s papery eggs moist (1, 2).
Milk has remained under strong evolutionary pressures: every milk component costs energy
for the mother and, therefore, must have positive effects on the neonate. The primary
functional role of milk is feeding the neonate with high nutritional value proteins and
adequate lipids and carbohydrates, as well as a minerals, vitamins and water. Milk also has
important biological functions. Milk contains hundreds of intact proteins, many of them
known to have biological actions, from antibacterial to immunomodulatory. But milk also
contains a complex mixture of proteases, zymogens, protease activators and protease
inhibitors. This array of proteolytic systems allows a small degree of proteolytic activity
within the mammary gland. These components derive from mammary epithelial cell (MEC)
expression, active or passive transport from blood or secretion by host immune cells, as will
be discussed in a later section.

Proteolytic enzymes in bovine milk have received considerable research attention because
these proteases strongly affect dairy product quality (3, 4): overly high protease activity in
milk causes casein degradation, which leads to lower cheese yields (5) and proteolysis in
sterilized milk is involved in age gelation of milk proteins (6). Milk proteases also impact
flavor development during cheese ripening (7). Driven by dairy industry concerns, many
studies have characterized the protease systems in bovine milk, examined the proteolytic
activities under different conditions and determined their interaction with other milk
components. With the express purpose of examining milk proteases as a means of
controlling their activity to improve consumer products, identifying the evolutionary
advantage of these complex proteolytic systems has been neglected. Milk is, of course, more
than just a food product: it is a unique evolutionary biological product optimized for
mammals to survive and thrive. The balanced, simultaneous secretion of milk proteases,
zymogens, inhibitors and activators hints at the biological significance of the milk protease
system.

We showed recently that many human milk proteases act not only within the mammary
gland, but also within the infant’s stomach (8, 9). These findings provoked our hypothesis
that milk enzymes are more than a defect: rather, that they are an evolutionarily driven,
beneficial component. We hypothesized that the activity of these proteases within the infant
is an important component of the infant’s digestive capacity. Infants have a lower digestive
capacity than adults (10), therefore, human milk enzymes may serve as a compensatory
factor for this digestive insufficiency. However, proteases are only moderately active in the
mammary gland. These proteases are not all activated, and milk contains not just proteases
and protease activators, but protease inhibitors. This finding suggests there is a benefit to
balancing between too little and too much proteolytic activity. The central question of this
review is: what evolutionary purpose can these proteolytic systems and their careful balance
serve? We propose several hypotheses, evidence to support them and guidelines to test them.
This review examines the origins, presence, activity, interactions, micro-locations and
changes across lactation, gestational maturation and health status of these proteolytic system
components.
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Proteolytic Systems in Milk

Milk contains numerous complex and interconnected proteolytic systems, including
zymogens, active proteases, protease inhibitors and protease activators (Fig. 1). The balance
of these system components controls the overall proteolytic activity of milk. Research
demonstrates that human milk contains plasmin (11), anionic trypsin (now known as
trypsin-2) (12), anionic elastase (now known as neutrophil elastase, ELANE) (12), cathepsin
D (11, 14), thrombin and kallikrein (11) and carboxy- and aminopeptidases (14). Human
milk may also contain cathepsin B, as demonstrated by transcriptomic analysis of milk (15).
Bovine milk contains many of the same proteases, including plasmin (16), elastase (3),
cathepsin D (17), cathepsin B (18, 19), kallikrein (20) and several carboxy- and
aminopeptidases (18). These proteases are typically secreted in their inactive form (as
zymogens) and must be cleaved at a specific peptidic bond by a protease activator to become
the active enzyme. Milk also provides many protease activators; for example human and
bovine milk contain two plasmin activators: tissue-type plasminogen activator (t-PA) and
urokinase-type activator (u-PA) (18, 22-24). However, the presence of milk protease
activators does not mean that all milk proteases are active. Milk counterbalances the effect
of the protease activators by providing a variety of antiproteases (25-27) (e.g. a;-
antitrypsin).

We demonstrated recently via mass spectrometry-based peptidomic sequencing that milk
proteases release hundreds of peptides from proteins within the human and bovine
mammary gland (27-30). The sequences of these peptides in term and preterm milk were
analyzed with bioinformatic approaches. These searches suggested that plasmin, cathepsin
D, elastase, cytosol aminopeptidase and carboxypeptidase B2 are active in human milk
throughout lactation (27, 31, 32). This combination of peptidomics and bioinformatic
analysis shows with sequence-specific detail that even milk from healthy mammals milk
begins to digest itself within the mammary gland (9, 32). However, in both human and
bovine milk, the digested peptides represent only a minority of the total protein component,
and only specific proteins are digested (27, 33). Certain proteins and fractions of proteins
remain intact (e.g. lactoferrin, immunoglobulins, B-lactoglobulin (for bovine milk)), while
others are partially digested (e.g. caseins, osteopontin, polymeric immunoglobulin receptor).
This finding raises the question: what purpose might this minimal, controlled degradation
serve? The following summarizes what is known about the major proteolytic systems in
milk.

Plasmin system

Plasmin, which cleaves on the C-terminal side of lysine or arginine residues (34), is active in
human and bovine milk (16, 35). In fact, plasmin is likely the most active protease in human
and bovine milk (16, 23, 35, 36). Plasmin in bovine milk is known to degrade -, ag;- and
agp-caseins to peptides (37).

The complete plasmin system is present in both human and bovine milk, including the
zymogen (plasminogen), the active enzyme (plasmin), activators and inhibitors. In order to
create active plasmin, its inactive form plasminogen must be cleaved at a specific peptide
bond by plasmin activators (38). Two serine proteases in both bovine and human milk
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perform this task: urokinase-type plasminogen activator and tissue-type plasminogen
activator (16, 20, 22, 23).

Both human and bovine milk contains inhibitors that block the activators’ conversion of
plasminogen to active plasmin, including type-1 plasminogen activator inhibitor (PAI-1)
(20, 23, 39) and aq-antitrypsin (also known as aj-antiproteinase, SERPINA1) (18, 40, 41).
Proteomics revealed that bovine milk (18), but not human milk (41), contains plasma serine
protease inhibitor (SERPINAS), which inhibits both tissue-type and urinary-type
plasminogen activators (42). Bovine milk contains additional protease inhibitors that inhibit
the activated plasmin by directly binding, including ap-macroglobulin (43), ay-antiplasmin
(SERPINF2) (39, 43), inter-a-trypsin inhibitor (cleaved from protein AMBP) (18, 44) and
aq-antitrypsin (18, 40). Human milk contains AMBP (41) and as-antitrypsin (41) which
directly inhibit plasmin.

This mixture of proteolytic system components in milk causes a mixture of active and
inactive plasmin to exist in milk. At 6—7 days postpartum, bovine milk contains 4.8 (+4.2)
Units/mL of plasmin activity and 12.4 (£9.9) Units/mL of plasminogen-derived activity
(16). Plasmin activity appears to increase across lactation in bovine milk (45). Conversely,
plasmin activity appears to decrease across lactation in human milk (31). a1-Antitrypsin
concentrations decrease across human lactation (24). Both plasmin and plasminogen
activator activity increase during bovine mammary gland involution (46). Presumably, this
increase in protease activity during involution is important in breaking down the mammary
gland tissues.

Plasminogen in milk exists both free and in association with casein micelles (20, 23).
Tissue-type plasminogen activators, which converts plasminogen into the active plasmin,
also binds to casein micelles and is present at much higher concentrations in the casein
fraction than in whey (42 times higher in casein than whey in human milk) (23). The
majority of milk’s active plasmin is casein micelle-bound (47), most likely because of the
physical proximity of the plasminogen and plasminogen activator. In vitro experiments
show that plasmin activity for a mixture of plasminogen and plasminogen activator is
effectively increased by the addition of casein micelles (23, 48, 49). Both human and bovine
caseins accelerate the rate of plasminogen activation by tissue-type plasminogen activator
(49), likely due to the proximity between the plasminogen and the plasmin activator (23).
Interestingly, some of the plasminogen activator inhibitors, which inhibit the activator’s
conversion of plasminogen to plasmin, are bound to tissue-type plasminogen activators in
casein micelles (20). Ostensibly, the presence of the plasminogen activator inhibitors on the
micelle prevents more extensive casein micelle degradation in the mammary gland. The
other main type of plasminogen activator in milk, urokinase-type plasminogen activator is
associated only with the human milk somatic cell fraction (50), specifically the neutrophils
(51, 52).

The presence of f-casein-derived peptides as the major degradation products in human and
bovine milk (27, 30, 33), despite not being the most abundant protein, suggests that the
active casein-bound plasmin degrades proteins that associate with the micelle structure. We
hypothesize further that a major reason whey proteins such as a-lactalbumin, secretory
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immunoglobulin A and lactoferrin do not yield digested peptides in milk (27) is because
they do not associate with the micelles that contain the majority of active plasmin. Whey
proteins’ globular structure and disulfide bonds also likely increase the resistance of these
proteins to proteolysis in comparison with the looser structures of caseins.

Cathepsin systems

A number of cathepsins are present in milk, including cathepsins B (18, 19), D (18) and Z
(18) in bovine milk and cathepsins D (13), B (15), H (41) and S (41) in human milk. Other
cathepsins, including cathepsin L and cathepsin G may be present in bovine milk, but their
presence has not been confirmed (3). This family is wide-ranging in functionality.
Cathepsins, as a family, typically act within the lysosome at acid pH (53). A defining feature
of cathepsins is that they can be inactivated by oxidation and reactivated by reducing agents
(e.g. glutathionine) (53). The dozen members of the cathepsin family have different
structures and catalytic mechanisms (some are aspartic proteases, some are serine proteases
and some are cysteine proteases).

Unlike other cathepsins, cathepsin D seems to be active at neutral pH (54). Cathepsin D, a
soluble lysosomal aspartic endopeptidase—first synthesized as the zymogen procathepsin D
in the rough endoplasmic reticulum (55)—cleaves predominantly between two hydrophobic
amino acids, particularly when following Leu (34). Although the active form of cathepsin D
is found in the soluble component of bovine (56) and human milk (11, 13), the major form
of this enzyme in milk is the inactive zymogen procathepsin D (13, 57). Incubation of
procathepsin D purified from bovine milk at pH 3.5 and 5.0 caused auto-activation to
moderately active pseudocathepsin D, but apparently not into mature cathepsin D (58).
Activation of procathepsin D to cathepsin D requires cysteine proteases, but the specific
activators are unknown (59). Specific inhibitors of cathepsin D or activation of procathepsin
D have not been found in milk. In addition to in vitro enzymatic assays which demonstrate
that cathepsin D is active in bovine milk (60), our sequence-based bioinformatic study
predicted that cathepsin D was active in bovine and human milk (32, 33). Whether
procathepsin D and cathepsin D in milk originate from secretion by MEC or milk immune
cells remains unknown. Both MEC (61) and activated lymphocytes (62) can secrete
procathepsin D. Cathepsin D activity in bovine milk is positively correlated with somatic
cell count (60), but whether this reflects an increased amount of cathepsin D and/or
procathepsin D and/or increased activation of the indigenous procathepsin D pool remains to
be determined (63).

Cathepsin B, a cysteine protease, is also found in bovine milk (19) and may be present in
human milk (15). In vitro, cathepsin B actively cleaves B-casein and agj-casein, with a
preference for cleavage sites with Leu, Val, GIn, Pro and Ser (64). Cathepsin B is most
active at pH 6.0 and is inactivated at > pH 7.0 (65). Whether cathepsin B is active in milk
and whether the cathepsin B in milk is derived from MEC or milk immune cells remains
unknown. Likewise, we are not aware of any inhibitors or activators of cathepsin B present
in milk.

The degree to which cathepsins, their inhibitors and activators change in abundance across
lactation in human and bovine milk remains unknown and deserves further research.
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Elastase system

Elastase was found in human milk (12) but was not active within milk based on a succinyl-
trialanine-p-nitroanilide substrate hydrolysis (12). However, elastase was active in human
milk based on hydrolysis of the substrate N-carbobenzoxy-alanine-napthylester (24). The
elastase zymogen proelastase has not been identified in milk. Elastase has not been
identified in bovine milk, however it was present in polymorphonuclear neutrophils in
bovine milk in experimentally-induced mastitis (66). Elastase is a serine protease (67) that
digests a wide variety of protein substrates (67), with a preferred specificity for bonds
involving uncharged, non-aromatic amino acids (e.g., Ala, Val, Leu, lle, Gly, Ser) (68). Our
peptidomics-based bioinformatic analysis predicted that elastase actively digests human
milk proteins within the mammary gland (32). To our knowledge, no elastase activators
have been found in milk. However, several elastase inhibitors are found in milk.
Antielastase was found in human milk from birth to 4 months postpartum (25), and plasma
elastase inhibitor was found in bovine milk (43). Inter-a-trypsin inhibitor, which is present
in bovine milk (18, 43) but has not yet been detected in human milk, is also known to inhibit
polymorphonuclear lysosomal granulocytic elastase (69). aq-Antitrypsin (SERPINA1L),
found in bovine (18) and human (26) milk, also strongly inhibits elastase (40). Some debate
exists as to origins of elastase in milk: some suggest it originates from MECs (12), while
others refer to it as a lysosomal protease (i.e. derived from milk immune cells) (3) as milk
polymorphonuclear neutrophils produce elastase (70, 71). Again, the answer to this question
could be found in carefully designed transcriptomic analysis. How elastase, elastase
inhibitors and elastase activators change across lactation remains unknown.

Trypsin system

Trypsin, which cleaves on the C-terminal side of lysine or arginine residues, is present in
human milk (12, 18), but has not been identified in bovine milk. This milk trypsin,
sometimes referred to as anionic trypsin, was detected in human milk by immunodiffusion
and immunoelectrophoresis (72). When comparing the amino acid sequences of anionic
trypsin with that of trypsin 1 and 2 (using BLAST in Uniprot), we found that anionic trypsin
has the same sequence as trypsin 2 (anionic trypsin is likely an older name).
Radioimmunoassay showed that the concentration of trypsin in human milk is 2.9-5.6 pg/L.

Trypsinogen, the zymogen of trypsin, has not been identified in human milk. If present, this
zymogen could be activated by thrombin (73) or enterokinase (74). Thrombin has only been
found as the zymogen form in human milk (14), and enterokinase has not been found in
either bovine or human milk. However, enterokinase is secreted in the duodenum (75), so
the milk trypsin could be activated once it reaches the small intestine. This hypothesis is
discussed further in the “Role in Protein Digestion within the Infant” section.

Bovine milk contains inter-a-trypsin inhibitor (demonstrated by western blot and ELISA),
which inhibits trypsin directly through binding (43). Bovine milk also contains an
unidentified bovine plasma trypsin inhibitor (43). Based on a BLAST search against the
sequence (76) in Uniprot, this protein appears to be SERPINA3-1, a known potent serine
protease inhibitor with action against trypsin as well as elastase (44). Proteomic studies
show that bovine and human milk contains multiple inter-a-trypsin inhibitors, which are
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cleaved from a protein called AMBP (18, 41, 44). Milk from women delivering at term and
preterm contains the antiprotease aq-antitrypsin (SERPINAL) from the first day of lactation
(24-26). As previously mentioned, bovine milk also contains aq-antitrypsin (18). as-
Antitrypsin is a serpin—a serine protease inhibitor—that inhibits a wide variety of proteases
including trypsin (77). a;-Antitrypsin inhibits trypsin through direct binding (78). Trypsin
inhibitory activity in human and bovine milk are similar (79).

When anionic trypsin (trypsin-2) is isolated from human milk, it is active (demonstrated by
splitting the chromogenic substrate benzoyl-DL-arginine-p-nitroanilide) (72). However, in
the context of milk, trypsin seems to have no activity (72). This lack of activity is likely due
to effective blocking by the trypsin inhibitors present in milk. Though trypsin is inactive
within human milk, it may be activated within the infant’s intestine after dissociation from
the inhibitors.

As mentioned previously, aj-antitrypsin decreases across lactation (24). The degree to
which trypsin, trypsinogen, trypsin activators and other trypsin inhibitors change in
abundance across lactation remains unknown.

Chymotrypsin system

To our knowledge, neither human nor bovine milk contain chymotrypsin or
chymotrypsinogen. We found no antibody-based or proteomic evidence for the presence of
this protein in either bovine or human milk. The main activator that converts inactive
chymotrypsinogen to chymotrypsin is trypsin (80), which is present in human milk although
apparently not active (72). From the first day of lactation (2426, 81) and at least up to 4
months postpartum (25), milk from women delivering at term and preterm contains the
serpin antiprotease aq-antichymotrypsin (SERPINA3), which inhibits chymotrypsin through
direct binding. Proteomics demonstrates that ca.q-antichymotrypsin is also present in bovine
milk (18). Bovine and human milk also contains aq-antitrypsin (SERPINA1) (18, 41, 82),
which can inhibit chymotrypsin and actually has a higher specificity for chymotrypsin than
az-antichymotrypsin (82). aj-Antichymotrypsin is not as versatile in its actions, as it does
not bind to trypsin (82). Bovine milk also contains plasma C1 protease inhibitor
(SERPINGL1) (18, 43), which inhibits chymotrypsin. Why milk contains chymotrypsin
inhibitors but not chymotrypsin remains unknown. These inhibitors may be present due to
their overlapping inhibitory function for other serine proteases. Two chymotrypsin
inhibitors, aq-antitrypsin and aq-antichymotrypsin decrease across lactation in human milk
(24).

Thrombin system

A proteomics study identified peptides from the overall sequence of prothrombin in human
colostrum (14), but these data cannot be applied to determine whether the fragments were
derived from prothrombin or the activated form, thrombin. Thrombin activity has not been
reported in human or bovine milk, and no thrombin activators (e.g. coagulation factor X)
have been identified in proteomic analyses of human or bovine milk. a;-Antitrypsin
(SERPINAL), which is present in bovine (18) and human (41) milk, inhibits thrombin
activity (40). Similar to aq-antitrypsin, inter-a-trypsin inhibitor found in bovine and human
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milk is likely to inhibit thrombin. Antithrombin 111, which also inhibits thrombin activity,
has been identified in bovine milk via western blot (43). Proteomics confirms that bovine
milk contains antithrombin 111 (SERPINC1) and also identifies thrombin inhibitor
(SERPIND?1) (18). Proteomics demonstrate that human milk contain SERPINC1 but not
SERPIND1 (41).

Kallikrein system

Plasma kallikrein (KLKBZ1) is an important blood serine protease (83) that has been found in
human milk (11) and bovine milk (20). Proteomics shows that human colostrum contains
kallikrein 11 (Q9UBX7) and kallikrein 6 (Q92876) (11); however, whether these proteases
are present in the zymogen or active protease form is unknown. Active kallikrein has not
been identified in human or bovine milk. In blood, kallikrein plays a key role in the contact
phase activation of blood coagulation, fibrinolysis and kinin formation (83). Proteomics
shows that bovine milk contains kallistatin (SERPINA4), plasma serine protease inhibitor
(SERPINADS) and plasma protease C1 inhibitor (SERPING1), which all inhibit kallikrein
(18). Plasma protease C1 inhibitor has also been found in bovine milk via western blot (43).
In blood, plasma protease C1 inhibitor is one of the major regulators of kallikrein and is
important in the regulation of blood clot formation (83).

Amino- and carboxypeptidase systems

A recent proteomics study identified cytosol aminopeptidase (LAP3) and carboxypeptidase
B2 (CPB2) in human milk (14). The proteomic data cannot determine whether or not these
enzymes were present as their active forms or as zymogens. Activation of carboxypeptidase
B2 is performed by thrombin (84), which has been shown to be present but not active in
human milk. Analysis of the cleavage sites of peptide sequences identified in human milk
suggests that both cytosol aminopeptidase and carboxypeptidase B2 are active within the
mammary gland (31). Proteomics shows that bovine milk contains aminopeptidase Q
(AQPEP), cytosol aminopeptidase (LAP3), carboxypeptidase B2 (CPB2) and glutamate
carboxypeptidase 2 (FOLH1) (18). Bovine milk also contains a lysosomal proteases called
tripeptidyl peptidase | (TPP1), which releases tripeptides from the protein N-terminus (18).

Matrix metalloproteinase system

Matrix metalloproteinases (also known as collagenases), which play a key role in
extracellular matrix degradation and tissue remodeling, have been identified in human milk.
Together, these proteases can degrade many kinds of extracellular matrix proteins. The
collagen and gelatin-degrading metalloproteinases MMP-2 and MMP-9, both in the group
called “gelatinases,” were detected in both term and preterm human milk (85, 86). These
two enzymes have a gelatinase-binding region not found in other MMPs, which allows them
to degrade gelatin. The inhibitor of this enzyme, tissue inhibitor of MMP 4 (TIMP-4), was
also detected in human milk. TIMP-1 has been identified in proteomic analysis of human
milk (87) and was significantly more abundant in preterm milk compared to term milk (86).
Our literature search revealed no evidence for active MMPs in human milk.
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Milk proteins generally are considered to be either expressed by MEC or derived from blood
(88-90). The majority of milk proteins (e.g. caseins) are synthesized in MEC and then
secreted across the apical surface into the alveolar lumen, whereas some proteins including
immunoglobulins and transferrin are derived from blood and transported into milk (89, 90).
For example, milk caseins are known to be synthesized in the MEC because the
agglomeration into sub-micelles in the Golgi complex can be observed by microscopy and
micelle formation can be observed in secretory vesicles (89). Immunoglobulins secreted by
plasma cells binds to receptors on the basolateral side of MEC, and the entire receptor-
ligand complex is endocytosed and transferred across the cell (91). Once it reaches the
apical membrane, the complex is cleaved so that the IgA is secreted into the milk attached to
a portion of the receptor called the secretory component (91). Transferrin can be secreted
into milk via MEC synthesis in some species, and also can be transferred from blood to the
milk via transcytosis (92). The transmission of transferrin from blood to milk was shown by
measuring the transport of biotin and gold-labeled transferrin across rabbit MEC (92). Milk
proteases and inhibitors could be secreted via blood or MEC as well as by immune cells in
the mammary gland (Fig. 2). Although researchers often postulate on the sources of milk
proteolytic system components, their origins remain mostly unconfirmed. Determining the
origins of different proteolytic system components could provide hints as to their biological
functions and evolutionary role.

Using RNA sequencing technology to examine the genes expressed in target cells is a
method to determine the sources of the proteins. Separating the target fraction from milk and
then extracting the mRNA is the most common way to characterize the milk transcriptome,
as collecting milk samples is non-invasive compared with collecting mammary tissue
samples. The transcriptional profiling of milk can provide useful information. For example,
Wickramasinghe et al. (22) demonstrated that the bovine somatic cells contained mRNA for
most of the milk cathepsins and certain proteins in the plasmin system, which indicates that
at least a portion of these proteins in milk originate from the somatic cells rather than from
blood absorption. However, milk somatic cells represent a heterogeneous mixture, including
immune cells, epithelial cells and stem cells (2, 93). The transcripts thus represent the
combination of cellular activity from these many cell types, and distinguishing which type
of cell each transcript derived from is not possible. To our knowledge, no research has yet
separated the different classes of cells in milk prior to transcriptional profiling, so we cannot
determine which proteolytic system components are released from immune cells and which
are from MEC. Further complicating this analysis, the mere presence of proteolytic system
components in the mRNA extracted from a cell does not equate to knowledge that the
component is secreted into the milk pool. Rather, many of the mRNA signals are for
proteins that will remain within the cell. The application of milk somatic cell isolation
followed by preparative-scale cell sorting technology could enable transcriptomic analyses
that more clearly delineate which enzymes, zymogens, inhibitors and activators are
produced in each cell type. However, even if these MEC are fully isolated, they still
represent sloughed MEC, which are typically dying cells, therefore, the transcripts extracted
may not represent that of a healthy MEC.
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Lemay et al. (15) used an exciting new non-invasive technique to examine MEC
transcriptomics in cytoplasmic crescents from milk fat globules. When milk fat globules are
secreted, often a small crescent of MEC cytoplasm is caught within the globule. This source
of transcripts represents the mMRNA present in active MEC rather than sloughed, dying cells.
This approach could provide a solution to understanding which proteases are produced by
the MEC. The paper demonstrates that transcripts for both cathepsin D and B are present in
the isolated fat fraction from human milk. Unfortunately, the time-point when these
transcripts were seen in high abundance (colostrum samples) coincided with when the milk
fat globules were most highly contaminated with milk immune cells. Therefore, we still
cannot know whether these cathepsins originated in MEC or immune cells. That said, this
approach is highly promising, and investigation of methods to more cleanly extract milk fat
globules without cell contamination are highly warranted. To better sample healthy MEC
transcriptomics, either a tissue collection and cell extraction or a cleaner cytoplasmic
crescent extraction technique is necessary.

Expression by mammary epithelial cells

Free amino acids in blood enter into mammary cells by amino acid transport systems with
respective transporters for different groups of amino acids (90, 94). After the uptake of
amino acids from blood, the basic process for protein synthesis in the mammary gland is
similar to that in other tissues. Initiated by factors that induce gene expression, proteins are
synthesized in the rough endoplasmic reticulum and undergo post-translational
modifications before exocytosis across the apical membrane into the lumen with other milk
components (90, 95). Therefore, the mRNA of specific proteases or inhibitors can indicate
whether the proteases and inhibitors are synthesized in mammary cells.

Lemay et al. (96) used RNA sequencing to study the total RNA in mammary biopsies of
lactating rhesus macaques. This technique can reveal the biosynthesis process that happens
in the mammary gland. In addition to determining gene expression, detecting proteins from
cell culture or tissue culture can show whether proteases would be synthesized in these cells.
Lkhider et al. (54) conducted a study on lactating rat mammary gland fragments and acini.
With immunoblotting and immunofluorescence, they showed that the active enzyme form of
cathepsin D is released from endosomes or lysosomes of MEC.

Transport from blood

As reviewed by Ollivier-Bousquet (97), during lactation, a healthy mammary gland can
carry proteins originating from blood into milk by transcytosis (i.e. transport of
macromolecules from one side of the epithelium to the other). The transcytosis process
enables proteins such as transferrin and prolactin to be released into milk in intact and active
forms (97). Some proteolytic system components in milk may be transported from blood in
this way. Absorbing proteins from blood rather than synthesizing them from amino acids
within the MEC may be a strategy for conserving maternal energy.

According to Kelly et al. (3), the major bovine milk proteases originate from blood. Plasmin
enters milk in soluble form and lysosomal proteases, including cathepsins and elastase, enter
in lysosomes of somatic cells. Here, we consider only protein components circulating freely
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in blood that enter into milk as being blood-derived. Proteins within somatic cells that
migrate from the blood to the mammary gland are not considered as blood-derived. Kelly et
al. (3) support this theory by stating that the amino acid sequence between proteases in milk
and those in blood are identical. However, since genes coding the specific enzyme are the
same within the individual genome, having an identical amino acid sequence is expected and
does not prove that proteases in milk are derived from blood.

The absence of gene expression in mammary gland and milk somatic cells (e.g. sloughed
MEC, immune cells, stem cells) provides a better support for the migration theory. The lack
of mRNA in target cells indicates that protein is not synthesized in those cells.
Wickramasinghe et al. (22) studied the mRNA expression profiles in bovine milk somatic
cells. They showed that the plasminogen gene was not expressed in any of the milk somatic
cell samples, which supports the theory that plasmin and plasminogen migrate from blood to
milk. Although the absence of gene expression in milk somatic cells provides support that
milk proteases are derived from blood, direct evidence, such as defining the transport
pathways of specific proteases across the epithelium, is needed to confirm the blood origin
theory.

How the proteases are transported from blood to milk remains unclear at the molecular level.
Many interesting questions need to be answered, such as do the proteases pass the mammary
epithelium by transcellular pathway or paracellular pathway, do respective receptors or
transporters for specific proteases exist, and are the proteases modified during
transportation? If receptor-mediated transport could be demonstrated, this finding would
provide evidence for the evolutionary importance of these proteases in the milk.

Release from immune cells

Milk contains a heterogeneous population of somatic cells, which includes live immune cells
(93, 98). Immune cells such as macrophages, neutrophils and lymphocytes are present in
human milk, and they actively express bioactive products (93, 98). Lysosomal proteases
(e.g. cathepsin D) can be expressed by immune cells. The major role of these lysosomal
proteases within the immune cells is intracellular degradation of proteins (3, 63, 99). Unless
secreted, lysosomal proteases mostly do not interact with milk proteins. However, somatic
cell count correlates with the activity of these proteases and total proteolysis in milk (100).
For example, cathepsin D can be secreted by macrophages into the extracellular space
during inflammation (101). Thus, these lysosomal proteases present in milk are likely
released from immune cells by secretion or released with immune cell death and
degradation, and then interact with milk proteins.

Specificity of Degradation

Digestion within milk seems targeted at specific proteins (e.g. the caseins, polymeric
immunoglobulin receptor, osteopontin), whereas many abundant proteins are left intact (e.g.
lactoferrin, immunoglobulins) (27, 30). Likewise, in bovine milk, casein proteins release
peptides within the mammary gland, whereas p-lactoglobulin, lactoferrin and
immunoglobulins do not (33). This specificity could provide a hint as to milk proteolytic
systems evolutionary function. The lack of digestion of lactoferrin and immunoglobulin
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could be functional: by allowing these proteins to stay intact, they can continue to exert their
well-known biological actions within the infant. In both humans and cows, the peptides
released are highly similar across animals within the species and across lactation (27, 33).

Role within the Mammary Gland

Proteases are active within the mammary gland even in healthy mothers. This begs the
question: what roles do these proteolytic systems play? One possibility is that milk proteases
help to regulate casein micelle size. Alternatively, these proteases could be important for
releasing functional peptides that are important for mammary gland health. For example,
antimicrobial peptides released endogenously within the mammary gland by milk proteases
are antimicrobial (27). These antimicrobial endogenous peptides may have a role in the
prevention of mastitis or recovery from the disease. Milk proteases may also be present to
help with involution. Many milk enzymes increase during involution (21, 102), and these
enzymes may be important in the cellular remodeling that occurs afterwards.

The protease inhibitors in milk could prevent proteolysis from destroying mammary gland
tissue prior to involution. Overactive proteolysis by milk enzymes like matrix
metalloproteinases could lead to major mammary tissue degradation. Likewise, inhibitors in
milk could prevent overactive proteolysis within the mammary gland on milk proteins. As
mentioned above, many bioactive milk proteins (e.g. lactoferrin, immunoglobulin) need to
remain intact to function, and they appear to be protected within the mammary gland.

Role in Protein Digestion within the Infant

We showed via peptidomic and bioinformatic analysis that milk proteases actively break
down protein within the human infant’s gastrointestinal tract (8, 9). The question then
becomes, why might the activity of milk proteases within the infant’s gut be evolutionarily
advantageous? Our hypothesis is that these proteases are secreted by milk somatic cells or
are transported into milk from the bloodstream to aid in protein digestion in the infant. This
hypothesis makes sense in the context of the infant’s low digestive capacity. Infants produce
low amounts of gastric acid in comparison with adults, and the buffering capacity of milk
makes the postprandial pH more neutral than in adults (103). The more neutral pH values in
the infant’s stomach inhibits the acid protein denaturation that occurs in adults (10). Because
pepsin, the main gastric enzyme, performs optimally at low pH, this enzyme is likely less
active in the stomach of infants than in the stomach of adults (10). Intestinal digestive
function is also lower in infants than adults. Enterokinase, which is secreted by duodenal
epithelial cells in response to food stimulation (104), is essential for proteolysis in the small
intestine as it is responsible for the activation of trypsinogen to trypsin (105), which
activates chymotrypsinogen to chymotrypsin, proelastase to elastase and
procarboxypeptidase to carboxypeptidase (106). Enterokinase is present at birth and is active
in infants, but the activity is less than 20% of that in older children (107). For the first month
postpartum, the concentration of trypsin in the duodenum is also lower than in adults (108).
Chymotrypsin concentration in the pancreas is 10-60% of that in adults (108).
Carboxypeptidase B concentration and activities were 10-25% of those in 2-year-olds (108).
This lower digestive function in infants may be partially compensated for by milk enzymes.
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Interestingly, some milk proteases increase in activity once they reach the stomach (e.g.
cathepsin D) (8). The question then becomes, what increases their activation? This increased
activity could be due to the lowered pH (cathepsin D is activated at low pH (53)), removal
of inhibitors or additional protease activators enabling the cleavage of zymogen to active
protease. Likewise, trypsinogen has no identified activators in human milk. This enzyme
could be activated by enterokinase once it enters the infant’s intestine.

The presence of antiproteases in milk could also partially limit protein degradation in the
infant. The extent to which milk antiproteases inhibit proteolytic digestion within the
infant’s stomach remains unknown. These antiproteases may help prevent degradation of
bioactive proteins (e.g. lactoferrin, immunoglobulins) within the infant’s gastrointestinal
system (109). The balance of what is digested and what is protected from digestion in breast
milk-fed infants merits further exploration.

If the purpose of proteases in human milk is to aid the infant’s digestion of proteins, it
would, ostensibly, be counterproductive to synthesize protease inhibitors. The presence of
inhibitors suggests that infants thrive best with a balance of proteolytic action because
infants need some intact proteins. Gastric emptying can influence pancreatic secretion (110).
Hydrolyzed peptides and amino acids may pass through the stomach at a higher rate and
thereby trigger less secretion of pancreatic enzymes to digest them. Kinouchi et al. (111)
showed that rats fed protein hydrolysates had lower pancreas weight and lower pancreatic
enzyme expression and secretion ability compared with those fed intact proteins. A lack of
exposure to intact proteins can set infants up for lowered digestive function throughout life.
This finding may present a problem for the strategy of feeding hydrolyzed formulas to
infants with milk protein intolerance. To the best of our knowledge, no studies have
investigated the long-term effects of hydrolyzed proteins on digestive function of the infant
through to adulthood. Milk protease activity decreases across lactation, as the infant’s own
protease production increases. This lowered proteolytic activity with continued lactation
may be advantageous to the infant, as the higher amount of intact proteins may prepare the
infant’s digestive system for the digestion of solid foods during the weaning process.
Overactive milk proteases in the mammary gland and the infant’s gut can lead to the
premature degradation of bioactive proteins (e.g. lactoferrin, immunoglobulins) and
bioactive peptides (e.g. antimicrobials, opioids).

Low activity or absence of proteases in breast milk could lead to incomplete digestion of
proteins in the infant’s small intestine. Ideally, dietary proteins are digested completely by
host endogenous proteases and absorbed as amino acids or small peptides in the small
intestine. Limited protein digestion in the small intestine can limit amino acid absorption of
the infant. The large intestine has little to no ability to absorb amino acids (112). Lower
amino acid absorption means that the infant’s overall protein requirements increase.

When proteins or protein fragments reach the colon, they can serve as a food source for
protein-fermenting (putrefactive) bacteria. This food source allows these bacterial species to
grow in population size while leading to reduced counts of beneficial preferentially
carbohydrate-consuming bacteria, such as bifidobacteria (113). Bacteria whose growth is
enhanced by excess protein in the colon include the potentially pathogenic Clostridium
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perfringens (113) and various Bacteroides species, especially B. fragilis (114). Several
colonic bacterial groups, including peptococci, acidaminococci, veillonella and some
fusobacteria, eubacteria and clostridia, have only weak saccharolytic activity and preferably
ferment amino acids (115). These putrefactive bacteria produce metabolites such as
hydrogen sulfide, ammonia, amines and phenols, which have negative effects on gut health.
These microbial metabolites can increase epithelial permeability (116, 117), reduce colonic
mucus layer thickness (118), lead to inflammatory reactions (119, 120), provoke colonic
epithelial cell DNA damage (121) and reduce colonic epithelial cell viability (122). These
effects likely increase the infant’s risk of diarrhea and other inflammatory bowel conditions.

For mother-infant pairs that wean gradually (as opposed to an abrupt switch from milk to
weaning food), milk enzymes may have a role in breaking down weaning food proteins.
Again, by helping to break down these proteins, milk proteases may help prevent the
overgrowth of putrefactive bacteria in the colon. Aiding the digestion of proteins may help
avoid development of allergies by eliminating protein epitopes.

Changes across Lactation

Milk protease activity decreases across human lactation (24, 79). The mean total protease
activity in term mother’s milk decreases from 1.38 pmol tyrosine/1,000 mL/min in
colostrum to 0.76 pmol tyrosine/1,000 mL/min in 7-32 day postpartum milk. This change
over time might suggest that the need for milk proteases is reduced as the infant develops an
increasingly robust digestive system. However, at involution, milk protease activity
increases (shown for both plasmin and plasminogen activator activity in bovine milk (46)).
Presumably, this increase in protease activity during involution is important in breaking
down the mammary gland tissues. In the second phase of involution (non-reversible), the
superfluous lobuloalveolar cells, their supporting matrix and accumulated milk are cleared
by the combined action of lysosomal enzymes and matrix metalloproteinases, and the gland
resumes an almost pre-gestation status (123).

Inhibitor concentrations seem to change across lactation as well as protease activity. For
example, aq-antitrypsin and aq-antichymotrypsin concentrations decline across human
lactation from day one to 2 weeks postpartum in both term and preterm milk (24, 26), but
they remain detectable up to 160 days postpartum (24). Trypsin inhibitory capacity in
human milk decreases from 70 pg trypsin/mL milk in the first three days of lactation to 38
ug trypsin/mL milk 1 week to 4 months postpartum (25). This decrease in inhibitor
concentration could have a purpose: the high concentration of a;-antitrypsin and a;-
antichymotrypsin in colostrum may protect the immunological milk proteins from
degradation. These intact immunoglobulins can be absorbed from milk across the infant’s
gut (124). The higher concentration of inhibitors in colostrum may help to protect these
important immunoglobulins.

Difference between Term and Preterm Infants

Armaforte et al. (125) found via 2D-SDS-PAGE, in-gel trypsin digestion and mass
spectrometry that low-molecular weight casein fragments were over-expressed in preterm
human milk as compared with term milk, whereas intact ag;- and 3-casein were present at
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lower concentrations in preterm than term milk. These findings suggested that more
degradation of casein occurs in preterm human milk than term milk. Specifically, plasmin
activity in human preterm milk is higher than in term milk as shown by chromogenic
enzyme-substrate assays (0.147-0.397 7-amino-4-methylcoumarin/min preterm vs. 0.045—
0.104 7-amino-4-methylcoumarin/min term) (126) and peptidomics-based bioinformatic
analysis (31).

Tight junctions of the mammary gland are leaky during pregnancy and undergo closure
around parturition (127). A previous review suggested that the mammary glands of mothers
at <37 weeks of gestation have leaky tight junctions due to immaturity of the gland (128).
We hypothesize that incomplete closure of tight junctions in the immature mammary gland
of preterm mothers underlies increased leakage of proteases and protease activators into the
milk, explaining the observed higher amounts of peptides and the higher predicted plasmin
activity in preterm human milk compared with term milk (31). The increased proteolytic
activity in preterm milk could also be due to increased expression of activators or decreased
expression of inhibitors in the immature preterm mammary gland.

Compared with the term infant, the preterm infant is thought to be poorly equipped for the
task of protein digestion (10, 129). One study showed that gastrointestinal trypsin activity is
lower in preterm than in term infants in early life (129). Another study showed that gut
trypsin activity decreases with human milk feeding in premature infants (130). The high
protein degradation by milk proteases in preterm milk might attenuate this lowered overall
proteolysis. Before the advances in feeding strategies and modern medicine, premature
infants (<32 weeks) almost never survived (131, 132). It seems unlikely that the high
proteolytic activity in preterm milk evolved to benefit preterm infant health. However, some
studies showed that preterm human milk may in fact be better suited to the premature infant
(129). The increased milk protease activity in the preterm infant may compensate for the
lower digestive function in premature infants. This compensation could aid in complete
protein digestion within the small intestine, preventing milk proteins from arriving intact or
as peptides to the distal colon where they can act as a food source for potentially harmful
putrefactive bacteria (31). Alternatively, term milk could be the “gold standard” for all
infants, both term and preterm, and the increased proteolysis in preterm milk is simply the
consequence of inadequately regulation in the mammary gland of a preterm mother.

Changes with Disease State

Proteolytic activity in the mammary gland can change with disease state, specifically
inflammation of the mammary gland. Mammary gland inflammation is called mastitis. By
definition, mastitis is associated with increasing somatic cell count. Both plasmin and
plasminogen increase with increasing somatic cell count in bovine milk (21). In mastitis, the
concentration of both urokinase-type plasminogen activator and tissue-type plasminogen
activator in bovine milk is higher and this causes higher plasmin activity in mastitis (21).
The total proteolytic activity in bovine milk also increases with increased somatic cell count
(29, 134). We showed, with a peptidomics approach, that the number of peptides released is
increased in mastitic quarters compared with healthy quarters of the same cow (29).
Bioinformatic analysis of enzyme cleavage revealed increases in activity of cathepsin D and
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elastase (p<0.05) with subclinical mastitis (29). Milk proteases including plasmin,
cathepsins B and D and elastase are up-regulated in bovine milk samples from mastitic
mammary glands (135, 136). Procathepsin D is 250-fold higher in mastitic bovine milk than
in milk with low somatic cell count (137). The increased proteolytic activity in mastitis has
been hypothesized to result from increased plasminogen transmission from blood to bovine
milk due to increased barrier permeability (138, 139) and increased protease secretion from
bovine milk immune cells (37). Neutrophils enter the mammary gland as part of the
inflammatory process to eliminate the bacterial infection (140). These neutrophils release
enzymes like elastase (3). Likewise, macrophages can secrete cathepsin D. Though
cathepsin D has no activity =pH 7, at sites of inflammation the pericellular pH may be low
enough to activate cathepsin D (101). Invading bacteria present in mastitis often release
exogenous enzymes into the bovine milk, including elastase (141). The increase in bacterial
proteases may also contribute to milk protein degradation. This increased proteolysis during
mastitis can damage the mammary tissue (142).

Problems with Current Detection Techniques

Some components of the proteolytic systems in milk may be unknown because of their low
concentration and the limit of detection techniques. Detection of these proteolytic systems is
limited by the sensitivity of detection techniques. Proteomics sensitivity clearly depends on
wide range of factors, especially sample pre-fractionation strategies (29). The lack of a
finding cannot be confused with the fact that a particular component is absent.
Transcriptomics techniques are more reliable than proteomics and less susceptible to
detection level limitations. However, the presence of the transcript cannot provide a
complete picture of the milk system, as some milk proteases (e.g. plasmin) may be
incorporated from blood rather than the MEC. Transcriptomics can only tell us how much
MRNA message is produced, which is poorly correlated with the level of protein in a system
(143) and cannot determine the percentage in the zymogen versus the active state. Moreover,
transcriptomics studies are problematic when trying to understand milk proteases because it
is difficult to isolate MEC-only mRNA. The cellular fraction of milk contains not only
sloughed MEC but lymphocytes, neutrophils and macrophages. Although studies examining
the transcriptome of milk overall (e.g. (22)) make sense using this procedure, they do not
allow us to parse whether proteases derive from MECs or other cells. An innovative
approach to isolating active MEC mRNA used just the cytoplasmic crescent from milk fat
globules (15). However, the fat globules were contaminated with other somatic cells in the
fat layer. A method with improved elimination of other somatic cells could allow this
method to work for protease investigations. Likewise, the microlocation of the protease can
be very important (i.e. the position of each proteolytic component within the milk: protein-
protein proximity, cellularly bound, etc.) to the activity—and transcriptomics cannot provide
this information. Therefore, more protein-protein interaction studies are needed.

Conclusion

Clearly, milk contains a wide variety of proteases, and their relevant inhibitors and
activators, allowing for a tightly controlled level of digestion within the mammary gland.
And, clearly, these enzymes continue to be active within the infant’s gastrointestinal tract.
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The balance of proteolytic action is likely important to allow some proteins to stay intact for
bioactive functions and to prime the infant’s own protease production. It is also necessary to
aid immature gut absorption of high levels of amino acids and prevent accumulation of
proteins in the distal colon that leads to growth of putrefactive bacteria.

More precise tools are required to fully understand the activities of these proteolytic enzyme
systems. Transcriptomics can show the complete expression profile of proteolytic system
components that are produced by MEC and milk somatic cells. Proteomics can allow
determination of all the proteolytic system components present in the milk, even those that
have not been expressed within the mammary gland itself, however this is limited by level
of detection issues. Peptidomics and bioinformatic prediction can provide insight into which
proteases are active (29). Chromogenic enzyme-substrate analysis can also help to determine
protease activity levels. Advanced studies of intra-mammary gland position of the
proteolytic components and protein-protein interactions are needed to better understand this
complex system.

Though a great deal of work has explored the proteases in milk, the majority of that work is
decades old and leaves many questions unanswered. The modern tools of biology can now
be brought to bear on these questions. A revitalization of this research with transcriptomics,
proteomics and protein-protein interaction studies will reveal new insights into the biology
and control of this system. With new information, we can begin to understand better the
biological role of these complex proteolytic systems in milk.
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Fig. 1.
An overview of the proteolytic system network in milk. Protease activator activity is

depicted in green. Inhibitory activity is highlighted in red. Protein names in italics represent
components of the proteolytic system not yet found in milk. u-PA: urokinase-type
plasminogen activator; t-PA: tissue-type plasminogen activator
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Fig. 2.

The origins of milk proteolytic system components. The milk proteases, protease inhibitors
and activators can have different origins: expressed by mammary epithelial cells, transported
from blood (via paracellular or transcellular pathways) or released from immune cells
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