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Caseins as Regulators of
Hematopoiesis
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Abstract

The main physiological role of casein, the main protein component in the milk,
is to be a source of amino acids that are required for the growth of the neonate;
therefore, casein is considered a highly nutritious protein. Over time, it has been
revealed that casein is a protein whose physiological importance reaches levels far
superior to the food field, having a wide array of biological activities including
antimicrobial activities, facilitating absorption of nutrients, as well as acting as a
growth factor and an immune stimulant. Here we analyze how caseins can exert
numerous hematopoietic and immunomodulatory actions, their role in granulopoi-
esis, monocytopoiesis, and lymphopoiesis from the early stages of postnatal devel-
opment seemingly throughout life, and we wonder if casein could be useful to fight
pathogens resistant to antibiotics, inducing a strong immune response in immuno-
suppressed patients, or even be a prophylactic strategy to prevent infections.

Keywords: granulopoiesis, monocytopoiesis, lymphopoiesis, milk proteins,
sodium caseinate

1. Introduction

Hematopoiesis is a process that includes the formation, maturation, and dif-
ferentiation of blood cells. These cells have a relatively short life in circulation, so
blood is a tissue with a high rate of renewal. The production of hematopoietic cells
depends on a highly specialized bone marrow microenvironment, which regulates
the quiescence, differentiation, and self-renewal of a rare population of multipotent
cells known as hematopoietic stem cells (HSCs) and hematopoietic progenitor cells
(HPCs), which give rise to all hematopoietic cell lineages [1].

The hematopoietic system plays numerous essential roles in human health and
disease. Failure to maintain homeostasis in the blood system results in a range
of human diseases, including anemia, hemophilia, immunodeficiency, allergies,
leukemia, and lymphoma [2].

Studies in the past have consistently demonstrated that diet and nutritional
status can significantly alter organismal physiology [3]. Thus, Kornberg et al.
demonstrated over 60 years ago that amino acids were required for granulocyte and
erythrocyte production; now, it is evident that disruption of dietary and metabolic
factors [4], such as inadequate or imbalanced intake of macronutrients (carbohy-
drates, proteins, and fats) and micronutrients (vitamins and minerals), also known
as “malnutrition,” alters hematopoiesis and is generally associated with health risk
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markers [3]. In this sense, the organismal diet has emerged as an important regula-
tor of adult HSC function [5].

Of the different types of malnutrition, protein restriction results from insuf-
ficient protein ingestion that can modify physiological responses and induce cellular
disturbances, especially in tissues with a high rate of cellular renewal and prolifera-
tion, such as hematopoietic tissue; such process requires a large supply of nutrients
as well as an organized structure for proliferation [6]. Protein malnutrition causes
modifications to the blood tissue, hampering the development and maturation of
hematopoietic cells, and these changes could be the cause of anemia, leukopenia,
and bone marrow hypoplasia [1].

Protein malnutrition can disrupt numerous processes in hematopoiesis, causing
damage to the hematopoietic niche, stromal cells, and the extracellular matrix, and
they can result in cell death in bone marrow [1]. However, these issues are not only
a consequence of inadequate nutrient supply. Here, we analyze how protein intake,
in particular, caseins, the main proteinaceous component of milk, can exert numer-
ous hematopoietic and immunomodulatory actions in addition to performing their
nutritional properties [7] from the early stages of postnatal development seemingly
throughout life.

2. Casein

Milk proteins can be broadly classified into three categories: caseins, whey
proteins, and mucins [8], as proteins present in the milk fat globule membrane.

In milk, caseins interact with calcium phosphate, forming large stable colloidal
particles termed micelles. The micelles consist of casein molecules, calcium, inor-
ganic phosphate, and citrate ions [9]. These micelles make it possible to maintain a
supersaturated calcium phosphate concentration in milk, providing the newborn
with sufficient calcium phosphate for the mineralization of calcified tissues [10].

Casein (from the Latin word caseus for cheese) comprises the major protein
component of milk of most mammals [11], but relative proportions of caseins differ
widely between species. In this sense, caseins comprise approximately 80% of the
total protein in ruminant milk [12], but only about 55% of the total protein in horse
milk [13].

Casein, which is a phosphoprotein, contains 0.7-0.9% phosphorus that is cova-
lently bound to the protein by serine ester linkages [9], composed of many hundreds
of individual amino acids, each of which may have a positive or a negative charge
depending on the pH of the milk system. All amino acids that are essential to humans
are present in casein in high proportions, with the possible exception of cysteine [9].
It is widely accepted that the main physiological role of casein in the milk system is to
be a source of amino acids that are required for the growth of the neonate; therefore,
casein is considered a highly nutritious protein. However, the dominant physiologi-
cal role of the casein micelle system is to prevent pathological calcification of the
mammary gland [14]. Over time, it has been revealed that casein is a protein whose
physiological importance reaches levels far superior to the food field, having a wide
array of biological activities including antimicrobial activities, facilitating absorp-
tion of nutrients, as well as acting as a growth factor and an immune stimulant [15].

Caseins are consist of at least three and normally four gene products and further
divided into aS1-casein, aS2-casein, -casein, and k-casein in farm animals [11, 16]
and human, and each has slightly different properties that are caused by small varia-
tions in their amino acid content. The four different types are known to occur in at
least 10 genetic variants (A1-A3 and B-H) from which the A2, A1, and B forms are the
most prevalent [9].
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Casein is the major component of bovine milk, whereas whey is predominant in
human milk. The human milk whey/casein ratio changes over the course of lacta-
tion, declining from 90/10 in colostrum (days [d] 0-5) to 65/35 in transitional milk
(d6-15), then 60/40 beginning at 1 month postpartum, and continuing throughout
the first year of lactation [8].

Caseins are synthesized in the mammary gland and are under multihormonal
control, and in the bovine genome, they are linked within a 200-kb region on
chromosome 6, in the order aS1-, -, aS2- and k-casein [17].

Bovine milk caseins are composed mainly of equal amounts of p-casein and aS1-
casein [11] also contains k-caseins [18], whereas human milk contains - and k-casein
and a low concentration of a-casein. The whey/casein ratio in the formula is similar to
that of mature human milk (60/40), but the formula contains all bovine milk caseins.
The concentrations of total caseins and p- and k-casein increase slightly between
early and transitional milk before declining and remaining relatively stable in mature
milk. In contrast, the concentration of a-casein is constant throughout lactation [19].

«S2-casein is the most calcium-sensitive member of the casein family; the
sensitivity is potentially due to its high ester phosphate content, which ranges from
10 to 13 phosphate groups per peptide chain [20]. ®S2-casein comprises up to 10% of
the casein fraction in bovine milk; it consists of two major and several minor com-
ponents that exhibit varying levels of posttranslational phosphorylation [21] as well
as minor degrees of intermolecular disulfide bonding [22]. aS1-casein is only found
in trace amounts in human milk (between 3 and 540 pg/mL postpartum) [23] and is
thus unlikely to function as a significant amino acid source for breastfed infants [24].

p-Casein has 209 amino acids. The presence of proline or histidine at the 67th
position of B-casein allows the distinction between two types of milk, Al and A2;
otherwise, there are no other differences between the two caseins. Al f-casein is a
major variant of p-casein in the milk of the common dairy cows of north European
origin: Friesian, Ayrshire, British Shorthorn, and Holstein. A2 f-casein is pre-
dominantly found in the milk of Channel Island cows, Guernsey and Jersey cows,
Southern French breeds, Charolais and Limousin cows [25], and Zebu original
cattle of Africa. The presence of proline or histidine at the 67th position of p-casein
is associated with a major effect in terms of bioactive peptide release by differ-
ent gastrointestinal enzymes [26]; thus, a bioactive seven-amino-acid peptide,
p-casomorphin-7 (BCM-7), can be more easily released in the small intestine by
digestion of A1 p-casein with pepsin, leucine aminopeptidase, and elastase, but the
alternative proline at position 67 prevents a cleavage at this site [27].

k-Casein contains only one cysteine residue [28, 29], which implies that it is
unable to form homomultimers, but it is capable of making one intermolecular
disulfide bond [10]. In bovine milk, k-casein exists as homomultimers cross-linked
by random disulfide bonds [22], and it plays a key role in maintaining the stability
and solubility of the micelle. Thus, the other caseins do not seem to have a role that
requires well-defined structures, and k-casein may well be more structured to fulfill
its function as the interface between the calcium-sensitive caseins and milk serum
[30]. In that role, k-casein naturally resides at the surface of the casein micelle [31].

3. Casein and hematopoietic tissue

Low protein intake can affect all systems and organs, but it primarily affects
tissues with a high rate of cell turnover, such as hematopoietic tissue [6]. Recently,
Hastreiter et al. [32] compared a low-protein diet based on 20 g/kg casein with a
control diet based on 120 g/kg casein, and they showed that male C57BL/6 mice
after the period of malnutrition presented with peripheral leukopenia and a
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reduction in lymphocytes and monocytes, especially in granulocytic cells associ-
ated with bone marrow hypoplasia. Therefore, hematopoietic stem cell (Lin-Sca-
1+c-Kit+-LSK) and progenitor cell (CD45+CD34+) populations were decreased in
malnourished animals [33], but also low protein intake induced a specific reduction
in granulocyte-monocyte progenitors (Lin-IL7r-c-Kit+Sca-1-CD16/32"¢"), which
explains, in part, why there was a reduction in mature granulocytes [32].

It is well known that in protein malnutrition states, the number of granulocytic
cells, especially neutrophils, is reduced, which predisposes patients to higher sus-
ceptibility to infection [34, 35]. However, this involvement in hematopoiesis cannot
be explained only because there are not enough amino acids to support the require-
ments of an expanding tissue; other cellular mechanisms are involved. In this
sense, Hastreiter et al. showed that there is an impaired ability of c-Kit+ cells from
the bone marrow of malnourished animals to produce CFU-GEMM and CFU-GM
cells, which are myeloid progenitors and, consequently, are the cells responsible
for granulopoiesis [36]; this malfunction is related to Kit+ cells exhibiting reduced
expression of the receptor of granulocyte colony-stimulating factor (G-CSFr),
which is a granulopoietic cytokine [32].

Interestingly, Dominguez-Melendez et al. showed that administration of casein
as sodium caseinate in BALB/c mice increased the percentage of myeloid precursors
from bone marrow and increased the total number of bone marrow leukocytes
resulting from cell proliferation. They also found that casein induced prolifera-
tion and activation of granulocytes, and it increased the serum concentration of
cytokines such as G-CSF, M-CSF, and GM-CSF [37]. These cytokines are key to the
proliferation, differentiation, and activation of granulomonocytic cells, which in
turn induce multiple functions within the immune response; since these cytokines
regulate inflammation, as is the case for monocyte-macrophages, they are respon-
sible for phagocytosis, which is a crucial event in fungal and bacterial infections;
once activated, macrophages are the bridge between activated CD4+ lymphocytes
and the adaptive immune response [38]. For the lymphoid lineage in vivo, sodium
caseinate also influences the induction of IL-7, a key cytokine involved in lympho-
poiesis of B cells, which are key cells for the adaptive immune response, since once
activated, they are responsible for producing antibodies that they will opsonize
foreign antigens to facilitate their elimination [39].

This suggests that casein may be linked to the development of the immune
system in the early stages of life, and it may be relevant throughout life as a way of
activating the immune system; this notion has been demonstrated experimentally
by mice that, when injected with lethal doses of bacteria, can survive only after
inducing protection by granulocytes with administration of casein [40].

Studies of the effect of casein or sodium caseinate on hematopoietic tissue
in vivo and in vitro are limited, and most of them do not include non-casein protein
experimental controls. In some cases, there could be controversy in its effects
observed due to the presence of a general source of protein or if they were specific
to casein. In this sense, it would be more than advisable for future casein work to
consider the inclusion of non-casein protein controls.

4. The role of caseins in granulopoiesis and monocytopoiesis

Caseins and sodium caseinate have been studied for almost four decades,
where, from the beginning, it was clear that there was a proinflammatory effect of
casein on myeloid lineage cells; this activity was demonstrated by Lotem and Sachs
working group, which showed that sodium caseinate had the ability to differenti-
ate a leukemic cell line of myeloid origin toward granulocytes and macrophages
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in mice via inflammation and via the activity of T lymphocytes in the peritoneal
cavity [41]. Later, this same group showed that the inflammation caused by sodium
caseinate had the ability to induce the production of G-CSF and GM-CSF in vitro
and in vivo [42]. Another study showed that protein deprivation, such as dietary
casein restriction, in rats directly resulted in a decrease in erythropoietin, which is a
hormone that is directly related to the proliferation of the erythroid lineage [43]. In
a similar study, the role of casein on this lineage was reconfirmed, since the restric-
tion of protein in standard diets in mice once again demonstrated the involvement
of proteins in the proliferation of erythroid progenitors in mice [44]. Subsequently,
it was shown that after intraperitoneal inoculation of casein, both the production
of G-CSF and GM-CSF were rapidly induced, and the high concentration of both
cytokines caused a high migration of neutrophils only at the site of inoculation, but
they revealed no increase in their percentage in the bone marrow [45]. Interestingly,
in a study carried out by the Noursadeghi group, it was shown that after previous
inoculation of casein, protection could be given to mice treated with lethal doses of
bacteria, and this was due to defensive ability of activated neutrophils recruited by
G-CSF induced by that intraperitoneal (IP) injection of casein [40]. Regarding the
casein and sodium caseinate fractions on myeloid cell lines, one study showed that
in vitro sodium caseinate had the ability to inhibit the proliferation of a myeloid
cell line 32D without inhibiting its viability. On the other hand, a-casein exhibited
the ability to inhibit the proliferation of a myeloid tumor line, which is the case for
WEHI-3 and sodium caseinate of tumor lines J-774 and P388 at different concen-
trations. In this same study, it was shown that casein fractions a-, f- and k-casein
could induce differentiation of the 32D cell line but not the WEHI-3 tumor cell line,
but the study interestingly demonstrated that sodium caseinate and a-casein have
the ability to induce M-CSF secretion in the 32D cell line [46]. The same group of
researchers subsequently demonstrated that sodium caseinate has the ability to
induce the differentiation of the granulocytic lineage in vitro in the same way that
G-CSF does, and G-CSF is the specific cytokine required for the differentiation of
this lineage; these results demonstrated that these cells have the ability to induce the
production of functional M-CSF, a key cytokine in the activation and differentia-
tion of the monocytic lineage [47]. The Vordenbaumen group demonstrated that
macrophages of human origin could be stimulated by human aS1-casein to produce
GM-CSF and that aS1-casein activated the p38 MAPK pathway, which is an impor-
tant signal in cells of hematopoietic origin. Interestingly, this group found that
aS1-casein was linked to specific receptors for the protein in most of the macro-
phages analyzed and not only that but also that it could induce the production of
IL-1 and IL-6, which positions it as an excellent immunomodulatory protein [48].
This same group subsequently demonstrated that aS1-casein in human milk has the
ability to differentiate human monocytes from macrophages, and they also increase
the phagocytic capacity of the monocytes in vitro once stimulated with the protein
[49]. On the other hand, the Santiago-Osorio group showed that the IP inoculation
of BALB/c mice with sodium caseinate induces in vivo proliferation of the myeloid
lineage in the bone marrow. Interestingly, it was observed that the granulocytes
had the ability to incorporate BrdU, a thymidine analyte that is incorporated into
proliferating cells; further, the cells exhibited a greater ability to phagocytose when
compared to cells from mice that had not received treatment [37].

5. The role of caseins in lymphopoiesis

Regarding the influence of caseins or sodium caseinate on the lymphoid lineage,
the role of these proteins is not prominent, but they have interesting functions
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in vivo and in vitro; for instance, the proteolytic activity of leukocytes can be
induced by p-casein in vitro [50]. In another work, it was demonstrated that
peptides derived from aS1-casein increased the concentration of IFN-y by stimulat-
ing CD8+ T cells, and IFN-y is a potent inhibitor of Th2 lymphocyte-dependent
events as well as an inhibitor of the production of IgE [51]. Another working group
demonstrated that p-casein rather than k-casein is mainly responsible for inhibiting
spleen CD3+ T lymphocytes [52]. In a more detailed work, the group of Santiago
Osorio demonstrated that the IP inoculation of BALB/c mice with sodium casein-
ate decreases the proliferation of B/B220+ lymphocytes in bone marrow, but this
lineage increases proliferation in the spleen; this observation suggests that the IP
injection induces extramedullary lymphopoiesis, while the treatment does not
increase the proliferation of lineage lymphocytes specifically in the thymus and

has only very subtle effects in the spleen without affecting the viability of both
lineages. It should be noted that the production of IL-2, IL-7, and IL-15 is increased,
and they are key interleukins involved in lymphopoiesis of both T cells and B cells
in mice [53]. Although there is currently clear evidence for the role of caseins or
sodium caseinate on the lymphoid lineage, there is more evidence of their effect on
the myeloid lineage, which may be due to the characteristics of the protein and its
particular influence on these cells. However, the field is still open to further explo-
ration of the role of sodium caseinate or caseins on the lymphoid lineage, since its
role is not yet clear.

6. Inflammation and immune system enhancement by caseins

Milk is a complex physiological liquid that simultaneously provides nutrients
and bioactive components, including prebiotics, immune proteins, and the micro-
biome of human milk itself; the establishment of symbiotic microflora and the
development of gut-associated lymphoid tissues facilitate the successful postnatal
adaptation of the newborn infant by stimulating cellular growth and digestive
maturation [9]. Breastfeeding is associated with a decreased incidence of gastroin-
testinal (GI) tract infections [54, 55], which is corroborated by several studies that
have correlated breastfeeding with a lower incidence of necrotizing enterocolitis in
humans and animal models [56, 57].

The antimicrobial activity in milk is greater than the sum individual immuno-
globulin and of whey proteins such as lactoferrin, lactoferricins, lactoperoxidase,
lysozyme, lactenin, casecudubs, etc. [58]; this activity could be also associated
with gut-colonizing bacteria that prevent adhesion and colonization of pathogenic
bacteria while stimulating mucosal cell proliferation and enhancing immune devel-
opment [59]; a portion of these antimicrobial activities are performed by caseins,
most likely k-casein fucose carbohydrate residues.

Purified human k-casein inhibits specific adhesion of Helicobacter pylori to
mucous cells at the human gastric surface. The inhibitory activity is abolished by
the oxidation of metaperiodate and is considerably reduced by preincubation with
alpha-L-fucosidase but not with a-N-acetylneuraminidase or endo-f-galactosidase.
Thus, glycosylated k-casein is likely important for the inhibition of Helicobacter
pylori adhesion and, therefore, infection. This could explain why breastfeeding may
protect against Helicobacter pylori infection during early life and how the species-
specific glycosylation patterns in human bovine k-casein partly determine both
the narrow host spectrum of this human gastric pathogen and the capacity to resist
infection [60].

Unphosphorylated aS1-casein in breast milk may contribute to the development
of the immune system before major colonization of the gut by microbes occurs by
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triggering immune responses to potential pathogens, including pathogen-associated
molecules such as LPS. Moreover, aS1-casein by itself gives rise to sustained specific
IgG antibody production in individuals who nursed [61]. Early infantile autoanti-
body production in turn is speculated to confer protection from pathogens [62].
aS1-casein activates the secretion of the proinflammatory cytokines GM-CSF
(granulocyte-macrophage colony-stimulating factor), IL1-f (interleukin 1), IL-6
(interleukin 6), and chemokine IL-8 (interleukin 8) in human monocytes via the
mitogen-activated protein kinase p38 (MAPK-p38) signaling pathway [24, 49].

Human unphosphorylated aS1-casein induces Toll-like receptor 4 (TLRs)
mediated expression of the proinflammatory cytokines IL-1p, GM-CSF, and
IL-6 in monocytic cells [63] and induces the differentiation of monocytes toward
macrophages [49, 64], but this process is not dependent upon LPS. Interestingly,

a posttranslational modification in aS1-casein (a phosphorylation event) inhibits
binding to TLR4, which acts as an off switch for proinflammatory effects [48].
Ectopic expression (outside the mammary gland) of aS1-casein has been detected
in inflamed tissues such as synovial cells and cartilage of rheumatoid arthritis,
osteoarthritis, and multiple sclerosis patients [63, 65-67], prostate hyperplasia [68],
and lymph nodes of encephalomyelitic mice [67]. Hence, aS1-casein may consti-
tute an autogenous stimulus that upholds chronic autoimmune inflammation via
TLR4 [64].

On the other hand, it is known that casein and sodium caseinate are agents that
can induce inflammation when inoculated intraperitoneally, and it has been shown
that sodium caseinate and casein can stimulate neutrophils to produce proinflam-
matory cytokines, such as M-CSF, in vitro [47]. Not only that, but it is known that
they can induce in this same lineage signaling pathways involved in inflammation,
such as p38 MAPK, which in turn stimulates the production of key cytokines both
in inflammation and in hematopoietic cell differentiation processes [69]. However,
casein inoculation can induce a rapid accumulation of neutrophils within 3 h
due to selective release of mature cells from the bone marrow; then, a significant
increase in the concentrations of granulocyte-macrophage colony-stimulating
factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) occurs in the
peritoneal cavity [45], but the accumulation did not affect the serum values of TNF-
o, IL-1p, or IL-6. As demonstrated by Noursadeghi, inflammation induced by casein
was associated with higher serum G-CSF concentrations, and administration of an
Ab that neutralized this cytokine completely nullified protection against Escherichia
coli infection after casein pretreatment. Injection of recombinant murine G-CSF
between 3 and 24 h before infection conferred the same protection that was pro-
vided by casein injection [40].

7. Toll-like receptors (TLRs) and caseins

Caseins serve as a source of amino acids but also perform a range of functions,
including improving micronutrient bioavailability, stimulating intestinal growth
and maturation, supporting immunologic defense, shaping the microbiome,
and enhancing learning and memory [19]. Some bioactive peptides in milk act in
variable ways as antihypertensives, antithrombotic agents, opioids, antimicrobials,
cytomodulators, and immunomodulators [70]. How can this be possible, if proteins
are degraded in the gastrointestinal tract to yield the essential amino acids for the
development of the neonate?

Bioactive milk peptides were first described in 1950, when Mellander (1950)
reported that ingestion of casein-derived phosphorylated peptides led to enhanced
vitamin D-independent calcification in rachitic infants. While bioactive peptides
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can be generated from a variety of foods, milk proteins are generally regarded as a
very rich source; as a result, they have become fundamental constituents of several
commercially available functional food products and ingredients [19].

What is the bridge that connects casein, the genesis of myeloid and lymphoid
hematopoietic cells, and the activation of the immune system? This linking role
may be the direct responsibility of TLRs, which are receptors that recognize at least
a-casein and p-casein [71] and are expressed in granulocytes, macrophages, and
B and T lymphocytes; TLRs are capable of activating these cells to produce key
cytokines for both proliferation and activation of the innate and adaptive immune
response, such as TNF-a [72], G-CSF, IL-2 [73, 74], and IL-7 [75].

In this sense, there is evidence that at least f-casein can influence B lymphocytes
via TLR4 [76, 77], and a recent study showed that casein binds directly to TLR4
of CD8+ T lymphocytes [64], although it has also been shown that $-casein can
influence the activation and production of histamine through a kinase-dependent
mechanism PI3 [78].

Regarding the role of TLR in the production of key cytokines for the activation
and proliferation of both T and B lymphocytes, TLR4 of T lymphocytes is involved
in the production of IL-2 [73, 74].

For myeloid cells, neutrophils have been shown to use both TLR4 and TLR?2 for
survival and activation [79]. Thus, TRL4 is essential for the production of G-CSF
in neutrophils stimulated with Clostridium [80], and another study showed that in
addition to G-CSF, TLR4 is capable of inducing the expression of GM-CSF, which
plays a fundamental role in the activation and differentiation of both neutrophils
and monocytes [81].

TLRs have been shown to be essential for the activation of monocytic cells, and
it plays a role in the production of GM-CSF by activating the transcription factor
PU.I, which plays a fundamental role in this lineage [82]. In dendritic cells derived
from macrophages, TLRs are involved in the synthesis of IL-7, which is an essential
interleukin for the maintenance of LT CD8+ [75]. Therefore, casein or sodium
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antimicrobial and immunomodulatory effects of casein.
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caseinate could stimulate TLR4 via the production of at least IL-7 in dendritic cells
derived from macrophages.

It is clear that there is a close relationship between TLR4 and cells of myeloid
and lymphoid origin, as these cells use TLR4 both in their proliferation and in their
activation. This relationship then entails the production of cytokines of myeloid
and lymphoid origin, and these cytokines in turn are key pieces for the proliferation
and activation of these same cells. Thus, TLR4-bound caseins or sodium caseinate
are highly likely to induce TLR4 activation, after which the expression of GM-CSF,
G-CSF, M-CSF, and IL-7 is induced in both myeloid and lymphoid cells (Figure 1).
It is even possible that indirectly, by stimulating other cell types, TLR4 could induce
the activation of cells that can influence the erythroid and megakaryocyte lineage.
Then, this massive cellular activation of hematopoietic cells and immune responses
could explain the antimicrobial and immunomodulatory effects of casein as well
as the activity of casein as an antihypertensive, antithrombotic, and antioxidant
molecule [83].

Here, we can reveal that activation of the innate immune system by casein could
be useful to fight pathogens resistant to antibiotics, as has been suggested [40], so
casein could be used to induce a strong immune response in immunosuppressed
patients [84, 85]; it could be used as a prophylactic strategy to prevent infections.
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