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Abstract

Colostrum was shown to protect children against gastrointestinal and respiratory infections and to exhibit
chronobiological variations in cellular and soluble components. However, circadian variations in the activity of these
colostral elements are only partially understood. This study compared colostrum samples collected in the diurnal
and nocturnal periods by assessing phagocytic activity against enteropathogenic Escherichia coli (EPEC) and
Streptococcus pneumoniae (S. pneumoniae) as well as the role of colostral cells and soluble elements. Colostrum
samples were collected from 30 mothers during both day and night. Superoxide anion release, phagocytosis and
bactericidal activity by colostral mononuclear (MN) and polymorphonuclear (PMN) phagocytes in the presence
of EPEC or S. pneumoniae were determined. Colostrum samples collected in the diurnal period had higher
superoxide release in opsonized than in non-opsonized EPEC and S. pneumoniae, whereas in nocturnal samples
it was increased in PMN phagocytes incubated with serum-opsonized S. pneumoniae. MN and PMN phagocytes
in colostrum collected in both periods exhibited phagocytic activity for the bacteria tested. The highest EPEC
killing by MN phagocytes was observed in samples collected in the diurnal period. The bactericidal activity of PMN
phagocytes against EPEC was higher when bacteria were opsonized and in samples collected in the diurnal period.
For opsonized S. pneumoniae, phagocytes had similar bactericidal activity, irrespective of colostrum collection
period. These data support the hypothesis that there is a fluctuation in the functional activity of colostral phagocytes,

which is dependent on synchronization among feeding time, pathogen features and infection area.
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Introduction

Protective factors in colostrum and breast milk combat pathogens
in children [1-5]. Colostrum in particular is a rich source of nutrients
and the host of immunological components that play an important
role in infant protection against gastrointestinal and respiratory
infections [3] commonly associated to specific pathogens. This is
true for acute diarrhea, the second main cause of death in infants of
low socioeconomic status in developing countries [6]. During their
first year of life, the main etiological agent of diarrhea in infants is
enteropathogenic Escherichia coli (EPEC) [7,8]. EPEC is also a major
causative agent of death from diarrhea in children under five years
of age [9]. Another important pathogen that attacks infants is the
bacterium Streptococcus pneumoniae. Mostly associated with acute
otitis media and S. pneumoniae is the second most common cause of
meningitis in children under 2 years of age [10].

Colostrum and breast milk, which are known to play an anti-
infection, protective role against pathogens [1,3,11], are particularly
rich in secretory IgA (SIgA), which blocks bacterial adherence to
human epithelial cells, neutralizes toxins and prevents viral infections
[3]. IgA acts as an opsonin, thereby increasing free radical production,
phagocytosis and microbicidal activity of colostral cells [8,15,13]
through interactions with the Fca receptor [1,11,12]. Colostrum
contains antibodies that combat a variety of bacteria and has the
capacity to inhibit the adhesion of different EPEC serotypes [7]. IgA
contained in colostrum and breast milk has proven to be effective
against a number of microorganisms [12].

In addition to antibodies, soluble bioactive components and anti-
infectious factors, human colostrum contains large amounts of viable

leukocytes (1x10° cells/mL in the first days of lactation), especially
macrophages and neutrophils [13]. These cells produce free radicals
and have phagocytic and bactericidal activity [14,15]. In bacterial
infections, phagocytes are known to be the main cell lineage in host
defense [15].

Stimulatory signals released during SIgA interaction with its Fc
receptor activates human colostral phagocytes [12,16,17], which exhibit
phagocytic activity and produce oxygen-free radicals. The bactericidal
activity of colostral mononuclear phagocytes after opsonization with
SIgA is equivalent to that of mononuclear and polymorphonuclear
phagocytes from peripheral blood [1,11].

Colostrum may represent a complete micro-environment, in
which both soluble and cellular components act together [1,3].
Given that colostrum is the secretion with the highest amount of
SIgA, the biological activity and interactions of this antibody are of
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great importance, especially because they possibly play an important
protective role against different pathogens in the gastrointestinal and
respiratory tract of newborns [18].

Other studies show that the immunological components of
colostrum exhibit a chronobiological profile, suggesting the existence
of an auxiliary physiological mechanism for defense against infections
in children, since there is a predominance of immune components in
milk in the daytime, when the probability of exposure to infectious
agents is higher [19].

To assess the circadian variations in the immunological potential
of colostrum, the present study compared colostrum samples collected
in the diurnal and nocturnal periods by assessing phagocyte activity
against EPEC and S. pneumoniae as well as the role of colostral cells
and soluble elements.

Materials and Methods
Subjects

After an informed consent form had been signed by the volunteers,
about 15 mL of colostrum was collected from clinically healthy women,
18-35 years of age, at the Health System Program of Barra do Gargas,
Mato Grosso, Brazil (N=30). All the mothers had given birth to healthy
term babies through vaginal delivery. Two colostrum samples were
collected in sterile plastic tubes between 48 and 72 hours postatpartum
at 12:00h (diurnal period) and 24:00 h (nocturnal period) from each
mother, according to Franga et al. [19], with a total of 60 samples.
All procedures were submitted for ethical evaluation and obtained
Institutional approval.

Obtaining supernatant from human colostrums

Colostrum supernatant samples of different puerperae, collected
manually in sterile plastic tubes in two periods of time was obtained
by centrifugation (10 min, 160 x g, 4°C), the upper fat layer was
discarded, and the aqueous supernatant stored at -70°C for posterior
IgA separation e determination.

Separation of colostral cells

Colostrum samples were centrifuged (160 x g, 4°C) for 10 min.
Centrifugation separated colostrum into three different phases:
cell pellet, an intermediate aqueous phase, and a lipid-containing
supernatant, as described by Honorio-Franca et al. [1]. Cells were
separated by a Ficoll-Paque gradient (Pharmacia, Upsala, Sweden),
producing preparations with 95% of pure polymorphonuclear cells and
98% of pure mononuclear cells, analyzed by light microscopy. Purified
neutrophils and macrophages were resuspended independently in
serum-free 199 medium at a final concentration of 2x10° cells/mL.

Purified colostral SIgA

Human SIgA was purified from a defatted colostrum pool by
affinity chromatography on Cyanogen Bromide-Activated Sepharose-
4B (CNBr-Sepharose-4B - Sigma, ST Loius, USA) bound with sheep
anti-human o chain as proposed by March et al. [20]. To ensure
SIgA depletion, fractions eluted from the affinity chromatography
column were pooled and passed five times through the same column.
Bound SIgA was eluted from the column with 6N glycine - HCL
buffer, pH 2.8. The purified preparations were restored to the initial
volume. The concentration of SIgA was determined by simple radial

immunodiffusion with a sheep anti-human a chain serum on agarose
plates. Protein total concentration was available by Lowry Method. The
purified SIgA preparation was also tested by immunoelectrophoresis
with goat anti-human y and p chain antisera. Both IgG and IgM were
undetectable in the preparation.

IgA determination by quantitative radial immunodiffusion
(RID)

SIgA concentrations in colostrum groups were determined as
proposed by Mancini et al. [21]. Antibody levels in human colostrum
were determined with an anti-human IgA, lamb serum (Biolab) and
the Kallestad standard curve. All the experiments were performed in
duplicate and triplicate.

E. coli strain

The enterophatogenic Escherichia coli (EPEC) used was isolated
from stools of an infant with acute diarrhea (serotype 0111:H2, LAI,
eael, EAFI, bfpl). This material was prepared and adjusted to 107
bacteria/ml, as previously described [1].

Streptococcus pneumoniae strain

The Streptococcus pneumoniae ATCC® 6305 was used (obtained
from American Type Culture Collection, ATCC). This material was
prepared and adjusted to 107 bacteria/ml, as previously described [1].

Bacterial opsonization

EPEC or S. pneumoniae were opsonized as described by Bellinati-
Pires et al. [22]. Three opsonins were used:

Colostrum supernatant: A pool of 10 colostral samples
(immunoglobulin concentration g/L: IgA = 7.4; IgG = 0.15 and IgM
= 0.37) was defatted by repeated centrifugation at 160xg for 10 min
at 4°C. The aliquots were stocked at -80°C and subsequently used for
bacteria opsonization.

Purified colostral SIgA: Purified colostral IgA as described above.
The purified SIgA was 4.0 g/L adjusted to a concentration of 0.74 g/L
(to be used in a proportion equivalent to 10% of the SIgA contained in
the standard colostrum sample). The aliquots were stocked at -80°C
and subsequently used for bacteria opsonization

Sera: A pool of normal human serum samples from 10 volunteer
donors (immunoglobulin concentration g/L: IgA=2.64; IgG=14.0 and
IgM=2.0) was prepared, the aliquots stocked at -80°C for subsequent
bacteria opsonization.

Colostrum supernatant, serum and purified IgA were thawed and
mixed with appropriate volumes of bacterial suspension to a final
concentration of 2x10” bacteria/mL in 10% of the opsonin sources.
Other bacterial suspension prepared at the same concentration in 199
medium without opsonin was used as an untreated bacterial control.
Both bacterial suspensions were incubated for 30 min at 37°C and used
in the superoxide release and bactericidal assays.

Release of superoxide anion

Superoxide release was determined by cytochrome C (Sigma, ST
Loius, USA) reduction [1,23]. Briefly, mononuclear phagocytes and
bacteria were mixed and incubated for 30min for phagocytosis. Cells
were then resuspended in Phosphate Buffer Solution (PBS) containing
2.6 mM CaCl,, 2 mM MgCIZ, and cytochrome C (Sigma, ST Loius, USA;
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2 mg/mL). The suspensions (100 uL) were incubated for 60 min at 37°C
on culture plates. The reaction rates were measured by absorbance at
550 nm and the results were expressed as nmol/O*. All the experiments
were performed in duplicate or triplicate.

Bactericidal assay

Phagocytosis and Microbicidal activity were evaluated by the
acridine orange method described by Bellinati-Pires et al. [22]. Equal
volumes of bacteria and cell suspensions were mixed and incubated at
37°C for 30 min under continuous shaking. Phagocytosis was stopped
by incubation inice. To eliminate extracellular bacteria, the suspensions
were centrifuged twice (160 x g, 10 min, 4°C). Cells were resuspended
in serum-free 199 medium and centrifuged. The supernatant was
discarded and the sediment dyed with 200pL of acridine orange (Sigma,
ST Loius, USA; 14.4g/L) for 1 min. The sediment was resuspended
in cold culture 199 medium, washed twice and observed under
immunofluorescence microscope at 400X and 1000X magnification.
The phagocytosis index was calculated by counting the number of
cells ingesting at least 3 bacteria in a pool of 100 cells. To determine
the bactericidal index, we stained the slides with acridine orange and
counted 100 cells with phagocytized bacteria. The bactericidal index
is calculated as the ratio between orange- stained [dead] and green-
stained [alive] bacteria x 100 [22]. All the experiments were performed
in duplicate or triplicate.

Statistical analysis

Analysis of variance (ANOVA) was used to evaluate superoxide
anion release, phagocytosis and bactericidal index in the presence or
absence of opsonized bacteria. Statistical significance was considered
for a p-value lower than 0.05 (p<0.05).

Results

Superoxide release by colostral phagocytes in the presence of
EPEC and S. pneumoniae

PMN and MN phagocytes exposed to non-opsonized EPEC had
spontaneous superoxide release in diurnal collection (Figure 1 & Figure
2). MN phagocytes increased superoxide anion release in the presence
of S. pneumonia opsonized with colostrum and EPEC opsonized with
IgA, irrespective of colostrum collection period. In samples collected in
the diurnal period, superoxide release was higher in bacteria opsonized
with serum than in non-opsonized EPEC and S. pneumoniae. The
superoxide release by MN phagocytes was higher in presence of EPEC
opsonized than S. pneumonia opsonized with IgA (Figure 1). In both
periods, superoxide release was higher between PMN phagocytes
incubated with EPEC, regardless of the type of opsonin used. In diurnal
period, opsonized S. pneumoniae had higher superoxide release by
PMN phagocytes (Figure 2).

Phagocytic activity of colostral MN and PMN cells against
EPEC and S. pneumoniae

MN and PMN phagocytes in colostrum samples collected in both
the diurnal and nocturnal period exhibited phagocytic activity for
both bacteria tested. The highest phagocytosis index was observed in
MN and PMN phagocytes incubated with S. pneumoniae, irrespective
of the colostrum collection period. In diurnal colostrum samples,
phagocytosis was higher when EPEC was opsonized. All types of
opsonin induced equivalent phagocytosis rates by colostral MN and

BMN Diurnal / EPEC
OMN Diurnal / S. pneumaniae

BMN Nocturnal / EPEC

Superoxide (nmol)

{ GMN Nocturnal /. pneumaniae

without  without Serum

bacteria  opsonin
Figure 1: Superoxide release by MN phagocytes of colostrum. Bacteria were
opsonized with a normal serum pool (Serum), a colostrum supernatant pool
(colostrum) and purified IgA (IgA). In control assays, MN cells were pre-incubated
with bacteria non-opsonized. The results represent the mean and SD of ten
experiments with cells from different individuals. *p=0.001 (F=5.11) comparing
the treated groups with spontaneous superoxide released, considering the same
collection period and bacteria. #p=0.001 (F=10.92) comparing bacteria type,
considering the same opsonin source and collection time. 1p=0.048 (F=2.68)
comparing superoxide release between the different collection time, considering
the same treatment and bacteria.

Colostrum IgA

Superoxide (nmol)

Colostnm laA

spontaneous  PES Sern

Figure 2: Superoxide release by PMN phagocytes of colostrum. Bacteria
were opsonized with a normal serum pool (Serum), a colostrum supernatant
pool (colostrum) and purified IgA (IgA). In control assays, PMN cells were pre-
incubated with bacteria non-opsonized. The results represent the mean and
SD of ten experiments with cells from different individuals. *p=0.001 (F=18.96)
comparing the treated groups with spontaneous superoxide released, considering
the same collection period and bacteria. #p=0.001 (F=20.3) comparing bacteria
type, considering the same opsonin source and collection time. Tp=0.003
(F=2.83) comparing superoxide release between the different collection time,
considering the same treatment and bacteria.

PMN (Table 1). In both diurnal and nocturnal colostrum samples, the
phagocytosis index did not change when MN or PMN phagocytes were
incubated with opsonized S. pneumoniae. In samples collected in the
nocturnal period, the phagocytosis index in MN cells was higher only
when incubated with serum-opsonized EPEC (Table 1).

Elimination of EPEC and S. pneumoniae by Colostral MN
and PMN Phagocytes

Colostral MN and PMN phagocytes had a higher bactericidal
activity against S. pneumoniae than EPEC in both diurnal and
nocturnal colostrum samples. The bacterial activity of colostral MN,
regardless of the collection period, was higher against EPEC when it
was opsonized with the different opsonins. The highest EPEC killing
by MN phagocytes was observed in samples collected in the diurnal
period (Table 2). The bactericidal activity of PMN phagocytes against
EPEC was higher when the bacteria were opsonized and in samples
collected in the diurnal period (Table 2). For opsonized S. pneumoniae,
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. Phagocytosis index (%)
Bacteria treatment Phagocytes -
Diurnal Nocturnal
EPEC S. pneumoniae EPEC S. pneumonia

PBS MN 49.1+6.9 71.5£6.1* 48.7+4.5 67.8£10.3*
PMN 42.7+6.9 78.5£11.8* 45.2+5.4 75.3+13.6*

Serum MN 60.0+6.7* 73.2+7.8 62.3+6.3* 63.2+7.5
PMN 59.2+8.8* 79.0+13 52.4x7.0 76.8+7.8*

Colostrum MN 62.0+5.8* 73.315.1 58.4+7.8* 70.045.9
PMN 58.0+13.9 78.417.6* 52,3+8.9 70.5+7.0*

Purified SIgA MN 58.0+4.7* 75.2+7.2*% 56.616.9 71.0+2.6*
uriiied Slg PMN 61.2¢10.6 81.4+4 2 52.1+6.4 76.2+9 5%

Bacterial phagocytosis by colostrum phagocytes was determined with the acridine orange method. Bacteria were opsonized with a normal serum pool, a colostrum
supernatant pool or purified SIgA. In controls assays, mononuclear (MN) and polimorphonuclear (PMN) cells were pre-incubated with PBS. *p=0.003 (F=5.2) comparing
the treated groups to PBS group, considering the same collection period, kind of cells and bacteria. #p=0.001 (F=14.51) comparing bacteria type, considering the same
opsonin source, kind of cells and collection time. p=0.39 (F=1.1) comparing phagocytosis between the different collection time, considering the same treatment, kind of
cells and bacteria.

Table 1: Bacterial phagocytosis by colostral cells (mean + SD, N=10 in each treatment).

. Bactericidal index (%)
Bacteria treatment Phagocytes ;
Diurnal Nocturnal
EPEC S. pneumoniae EPEC S. pneumonia
PBS MN 25.7+4.2 58.6+10.5% 34.2+6.5 46.5+10.5
PMN 25.8+4.2 58.7+13.6% 21.1+4.8 59.3+5.5*
Serum MN 53.7+4.2* 56.2+12.3 58.7+5.6* 60.0+16.1*
PMN 41.8+8.9* 60.2+10.6 32.447.5 48.2+10.7
Colostrum MN 54.9+6.9* 51.7+14.2 44.4+3.8* 62.7+8.2*
PMN 47.1+9.4* 56.0£12.9 32.31+5.01 62.5+11.0%
Purifed SIGA MN 53.5+8.1* 45.3+16.9 47.7+5.6* 50.0£13.0
9 PMN 43.8+5.4* 55.4+17.5 32.116.5" 49.0+6.3

Bactericidal activity by colostrum phagocytes was determined with the acridine orange method. Bacteria were opsonized with a colostrum supernatant pool, purifeid SIgA
or a normal serum pool. In controls assays, mononuclear (MN) and polimorphonuclear (PMN) cells were pre-incubated with PBS. The results represent the mean and
SD of ten experiments with cells from different individuals. *p=0.001 (F=5.11) comparing the treated groups to PBS group, considering the same collection period, kind
of cells and bacteria. #p=0.001 (F=10.92) comparing bacteria type, considering the same opsonin source, kind of cells and collection time. p=0.048 (F=2.68) comparing
bactericidal active between the different collection time, considering the same treatment, kind of cells and bacteria.

Table 2: Bacterial elimination index (mean + SD, N=10 in each treatment).

MN or PMN phagocytes had similar bactericidal activity irrespective of
colostrum collection period (Table 2).

Discussion

The composition of colostrum is dynamic and influenced by
intrinsic factors. The present study shows that colostral phagocyte
activity and soluble components fluctuate as a function of time of day
and pathogen type. The immunological properties of human colostrum
are important for children and some component levels may vary over
time and during the course of feeding. The literature reports that milk
composition changes during lactogenesis and that these changes can be
used as biochemical markers of the onset of milk secretion [24]. Even
this secretion can be modified as a function of both time of day and
milk maturation and this variation is important for mothers and milk
bank services that collect and distribute human milk [19].

Human colostrum is composed of soluble and cellular
immunoprotector elements that combat a variety of pathogenic
microorganisms [25]. Breastfeeding is therefore the best defense
against mucosal infection in infants, especially in developing countries.
Studies show that breastfeeding decreases the incidence and severity of
pneumonia, diarrhea and other infections [26]. The protection offered
by breastfeeding depends not only on immunoglobulin levels or other
immunoreactive proteins [27,28], but also on the amount, time and
type of milk consumed [19,27]. Breast milk is rich in phagocytes with
microbicidal activity and protects newborns from gastrointestinal and
respiratory infections [3,19].

In the present study, superoxide release changed according to
colostrum collection period, indicating that phagocyte activity has a
circadian pattern of variation. In the tests performed using opsonized
bacteria, superoxide release increased in phagocytes from diurnal
colostrum samples but not in those from nocturnal samples. These
results confirm the importance of superoxide anions for bacterial death
[1,11,12,17] and the circadian influence on them [19]. The increase in
superoxide release affected phagocytic bactericidal activity.

The levels of the different phagocyte types vary throughout
colostrum and breast milk maturation. For instance, superoxide
release by PMN phagocytes in colostrum and mature milk is higher in
the diurnal phase, whereas for MN phagocytes from mature milk it is
higher in the nocturnal phase [19]. Furthermore, colostrum contains
two populations of phagocytes with different capacity for superoxide
release and phagocytic and microbicidal activities. MN phagocytes
exhibit intense microbicidal activity in the presence of opsonins, while
PMN phagocytes, independent of opsonization, have low microbicidal
activity [1,11,12]. This decreased PMN activity is associated to
differences in receptors and superoxide release [11].

The activation mechanisms of human colostral phagocytes may
depend on stimulatory signals generated by complement proteins and
antibodies in milk, especially IgA, CR and FcR [1,17]. The combined
action of these factors mediates signals that lead to degranulation,
production of oxygen radicals and phagocytosis [29].

In colostrum samples collected in the diurnal phase, opsonization
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increased EPEC phagocytosis but not that of S. pneumoniae. In
samples collected in the nocturnal period, we observed an increase in
phagocytic activity by MN cells only when they were incubated with
serum-opsonized EPEC. Therefore, the phagocytic activity of human
colostral cells likely depends on the action of opsonins, time of day and
type of pathogen.

Phagocytosis and microbicidal activity by both blood and colostral
phagocytes, with substantial participation of active oxygen metabolites
such as free radicals, have been considered an important defense
mechanism to protect infants against several infections [11,12,30-33].
Studies have suggested that colostrum phagocytes remain viable in the
intestinal mucosa for a period of four hours [34], and are able to induce
microbicidal activity in newborns [35].

This study confirms previous literature findings showing that
SIgA-opsonization in particular increases superoxide release along
with the phagocytic bactericidal activity of colostral mononuclear
phagocytes [11-12]. Opsonized EPEC was eliminated by mononuclear
phagocytes, and similar to the present study, microbicidal activity was
stimulated in the presence of SIgA or other immunomodulatory agents
[1,32]. Complementing these findings, we observed that colostral
phagocytes exhibit higher bactericidal activity against non-opsonized
S. pneumoniae than against EPEC, irrespective of time of day, and that
activity against EPEC is opsonin-dependent.

IgA is a molecule produced by B lymphocytes stimulated by
polysaccharide antigens present in bacterial capsules and nearly 70%
of the colostral phagocytes have surface-bound SIgA, a proportion that
is much higher than that of blood phagocytes [17]. With regards to
colostral phagocytes, we found that, independently of opsonin, this
cells present against non-opsonized S. pneumonia. This binding is likely
promoted by presence of surface-bound SIgA in the phagocytes, which
reinforces the important role they play for the protective properties of
colostrum.

Our results also show that EPEC killing was greater in the diurnal
phase, whereas elimination of S. pneumoniae was not related to time
of day. The response to pneumococcal infection may be associated to
macrophage activity [36]. Proteins involved in macrophage apoptosis
may therefore facilitate intracellular bacterial killing [37,38]. Recently
the literature has reported that activation of the abundant macrophage
lysosomal protease, cathepsin D, regulates the macrophage proteome
during killing of Streptococcus pneumoniae. The cathepsin D
regulates multiple proteins controlling the mitochondrial pathway
of macrophage apoptosis or competing death processes, facilitating
intracellular bacterial killing [37].

The protective effect of breastfeeding against the respiratory
infections has become more evident in recent years. In particular,
plays an important role in secretory IgA an antibody resulting from
the mother’s response to prior exposure to infectious agents. It has the
characteristic to survive in the membranes of the respiratory mucosa
and be resistant to proteolytic digestion. In addition to preventing
pathogens from attaching cells of the breastfed infant, it limits the
harmful effects of inflammation [39].

The presence of specific antibodies and phagocytes against
pathogenic bacteria to the respiratory tract, along with the observation
lower incidence of infections among breastfed the breast [40].

Colostral phagocytes exhibit bactericidal activity against different
bacteria through interactions with soluble factors in colostrum,
and this effect likely follows a circadian rhythm. The activity of
phagocytes described here corroborates other studies that demonstrate
the importance of breastfeeding in combating respiratory and
gastrointestinal infections [1,11,12,17,19,41,42].

These data confirm that colostrum have an important role in
infant protection against gastrointestinal and respiratory infections
and support the hypothesis of a fluctuation in the activity of colostral
phagocytes that is dependent on synchronization between feeding
time, pathogen features and infection area.
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