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Breast milk macrophages cultured in vitro synthesized and se- 
creted increasing amounts of protein, lysozyme, and prostaglandin 
E2(PGE2) into the extracellular medium. These cells were also 
shown to actively phagocytose labeled zymosan particles in cul- 
ture. Morphologic characteristics, phagocytosis, and secretory 
responses of the macrophages were altered depending on the 
presence of various stimuli in the culture. Concanavalin A, endo- 
toxin and zymosan particles, but not latex particles, all resulted in 
an increased PGEz secretion into the medium. Although total 
protein synthesis was not altered by any of these stimuli, Concan- 
avalin A and endotoxin resulted in a decreased lysozyme concen- 
tration in the extracellular medium. Concanavalin A enhanced, 
whereas endotoxin and prior phagocytosis of latex particles in- 
hibited phagocytosis of labeled zymosan particles. These findings 
indicate that phagocytosis and secretions of milk macrophages 
may be altered depending on the nature of the stimulating agent. 

Abbreviations 

BSA, bovine serum albumin 
PBS, phosphate buffered saline 
PGE, prostaglandin E 

Breast milk feeding is preferred in all infants because of its 
antimicrobial properties (8, 25), biochemical and nutritional suit- 
ability (6), and protective effect against necrotising enterocolitis 
(16). Epidemiologic studies also have shown that breast milk fed 
infants have less allergic disease (7). Some of the beneficial effects 
of breast milk have been attributed to the presence of proteins 
such as immunoglobulin A (1 1, 23), lactoferrin (l), and lysozyme 
(10). In addition, large numbers of viable cells are present in 
human breast milk (15). Eighty percent of these cells have been 
identified as macrophages (20) which are capable of phagocytosis 
(19) and microbiocidal activity (15, 19). 

The current studies were undertaken to assess the milk macro- 
phage as a functioning cell. We have examined some of the 
secretory products (total protein, prostaglandin Ep and lysozyme) 
and morphologic characteristics after stimulation of these cells in 
vitro, either by nonspecific stimuli (latex or zymosan particles; 
endotoxin) or Concanavalin A which binds to a specific membrane 
receptor (21). In addition, the effects of these stimuli on phago- 
cytosis were determined. 

MATERIALS AND METHODS 

Human milk was collected from nursing mothers, 3-10 days 
postpartum, by hand expression. It was kept at room temperature 
in a sterile container and cultured within 2 hr. 

Macrophage monolayers. Seven and one-half ml of milk was 
layered onto a 2.5 ml Ficoll-Hypaque cushion and centrifuged at 
1400 rpm for 25 min. The mononuclear cell layer was washed 

three times in phosphate buffer saline (PBS) and resuspended at 
a concentration of 1 x 10%ells per ml in RPMI-1640 supple- 
mented with streptomycin (100 mG/rnl), penicillin (100 unitiiml) 
and 10% heat-inactivated, dialvsed, and millivore-filtered fetal 
calf serum (Lapidot Rehovot) (&mplete mediu;). Four-tenths ml 
of this cell suspension was added to each well of tissue culture 
plates (16-mm well diameter) (Costar, Cambridge, MA) and gently 
rocked at 37°C for 1 h. The nonadherent cells were removed by 
vigorous washing and the monolayers were cultured in 0.5 ml of 
complete medium at 37°C in a humidified atmosphere of 5% CO2 
in air. At the start of the culture, the monolayers were treated with 
various stimulating agents diluted in RPMI. At termination, cul- 
ture medium was harvested and stored at -20°C for subsequent 
assays. 

For comparison, we cultured human blood monocytes for 7 
days after which they acquired characteristics of macrophages 
(designated "blood derived macrophages"). 

Stimulating agents. Concanavalin A (Calbiochem, San Diego, 
CA) and endotoxin (lipopolysaccharide B from E coli B4 No. 
0111, Difco Labs, Detroit, MI) were dissolved in RPMI and 
millipore filtered before use. Latex particles (1.1 pm diameter) 
(Dow Chemical Co., Indianapolis, IN) were washed three times 
and sterilized under a UV light source and stored at 4'C until 
used. Zymosan particles (5 x 107/culture) were boiled for 1 h and 
added directly. Indomethacin (5 pg/ml) (Merck, Sharpe & Dohme, 
West Point, PA) was added to cultures 1 h before addition of the 
stimulating agents. 

Lysozyme assay. Lysozyme was assayed by determining the 
initial rate of lysis of a suspension of micrococcus lysodekticus 
(Sigma) in 1 M acetate buffer pH 6.2 at room temperature with the 
aid of a spectrophotometer fitted with an automatic recorder. Egg 
white lysozyme (Sigma) was used as a standard (4). 

Cell morphology. Monolayers in individual Petri dishes were 
stained with Giemsa, nonspecific esterase, Sudan I11 and periodic 
acid schiff stains by standard laboratory procedure. 

Prostaglandin Ez assay. Supernatants were assayed for PGE2 
content by radioimmunoassay. Formed complexes were separated 
from free radioactive PGE2 by dextran-coated charcoal. This assay 
detects 10 pg of PGEJtube and the antiserum shows no cross 
reactivity with F prostaglandins (Rabbit anti-PGE-BSA Serum, 
Cat. No. 61-355, Miles Yeda, Kiryat Weizmann, Rehovot). 

Phagocytosis assay. Zymosan particles (Immunologic reagent, 
ICN Pharmaceuticals Inc., Cleveland, OH) were labeled as fol- 
lows: after oxidation with sodium metaperiodate (0.02 M, 5 ml) in 
0.5 M sodium acetate buffer, pH 4.5 for 60 min, and repeated 
washing, the zymosan particles (50 mg) were reduced with sodium 
boro-[3~]-hydride 10 mCi (156 mCi/mg) (Radiochemical Center, 
Amersham, England) for 12 h. Excess borohydride was removed 
by adjusting the pH to 5 with acetic acid. 0.1 M hydroxylamine 
was then added for 30 min at room temperature (Method of Bar 
Shavit, Z. and Goldman, R., Dept. of Membrane Research, Wiez- 
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Fig. 1. The kinetics of lysozyme production by milk macrophages is 
compared in the continuing presence of various stimuli to that of unstim- 
ulated cells. Each point represents the mean & S.E. of duplicate cultures 
in two separate experiments. 

mann Institute of Science, Rehovot, Israel). The particles were 
then washed extensively and stored in PBS at -20°C until used. 

In preliminary experiments, we showed that there was a gradual 
increase and eventual plateau of uptake at 120 min. Therefore, 
milk macrophage monolayers were incubated for 120 min with 
labeled zymosan particles (5 x 107/culture) under different exper- 
imental conditions. Wells were then washed gently with PBS until 
free of unphagocytosed zymosan. This was observed carefully 
between washes under the inverted microscope. Cells were lysed 
with 1% sodium dodecyl sulfate (Sigma) and radioactivity was 
measured. 

Assay of pH variation. 0.1 N NaOH or 0.1 N HC1 was added 
gradually in order to adjust pH from 3 to 9. This medium was 
millipore filtered and added to successive wells for 30 min. Per- 
centage cell viability was assessed by trypan blue exclusion. 

Protein synthesis and secretion assay. [3H]-Leucine (324 mCi/ 
mmole) (Radiochemical Centre, Amersham, England) was added 
to the culture medium at the onset of the experiment. At termi- 
nation, 0.1-ml aliquots of medium were removed and proteins 
were precipitated with cold trichloracetic acid (10%). After wash- 
ing, the precipitate was dissolved in 1 N NaOH and radioactivity 
measured. 

DNA assay. The adherent cell layer was lysed with 1% sodium 
dodecyl sulfate (Sigma) and aliquots of cell lysates were assayed 
for DNA content by a fluorimetric assay, as described previously 
(2). 

Lysozyrne secretion. The concentration of the lysozyme in the 
extracellular medium progressively increased to 4 pg/ml/ lO%ells 
by 96 h. This was less than the 8-15 pg/ml/106 cells found in 
medium from blood-derived macrophage cultures during similar 
culture periods. The lysozyme concentration of the extracellular 
medium was less after addition of all the stimuli used (Fig. 1). 

Protein assay. De novo protein synthesis and secretion into the 
medium increased during the period of culture. Addition of the 
various stimuli did not alter the rate of total protein synthesis (Fig. 
m, 

LJ. 
Prostaglandin Ep secretion. Milk macrophages secreted PGEz 

during culture. Basal levels at 48 h ranged from 0.5-1 ng/ml/106 
cells. These concentrations were similar to those found in macro- 
phages derived from human blood and mouse peritoneal macro- 
phage cultures (12, 13). Milk macrophage PGEz secretion in- 
creased 3-10-fold with addition of either concanavalin A or 
endotoxin or zymosan to the culture medium, but no increase was 
observed after addition of latex particles (Fig. 3A). Similar results 
were obtained after 120 h of culture (Fig. 3B). Prior addition of 
indomethacin inhibited the PGEz production of stimulated mac- 
rophage monolayers (Table 1). 

Quantitation ofphagocytosis. The time course of phagocytosis of 
labeled zymosan particles by milk macrophages is illustrated in 
Figure 4. Zymosan phagocytosis by milk macrophages was of the 
same order of magnitude as that of blood monocytes. There was 
no change in the extent of phagocytosis over the 24-h culture 
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Fig. 2. Kinetics of de novo protein synthesis by macrophages treated 
with various stimuli in culture. Each point represents the mean * S.E. of 
duplicate cultures in two separate experiments. 
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Fig. 3. Prostaglandin Eq production by macrophages in culture after incubation in the presence of various stimuli ( A )  after 48 h and (B) after 120 h 
in culture. Each point represents the mean & S.E. of three duplicate cultures. 

Table 1. Effect of indomethacin on PGEz production by breast 
milk macrophagesl 

Indomethacin PGE2 
Culture conditions (5 ~ g / m l )  (ng/ml/culture) 

Control - 0.5 

+ 0.4 
+ Concanavalin A - 15.5 

(50 pg/ml) + 0.3 
+ Endotoxin - 10.0 

(20 ~ g / m l )  + 0.9 
+ Zymosan - 18.0 

(1 x lo7 particles/ml) + 0.4 

' Each result represents the average of duplicate cultures from a single 
experiment. Variation of the duplicates was less than 10%. 

period. Concanavalin A increased phagocytosis 4-fold after 2 h in 
culture and up to 7-fold after 24 h. This increase was dose 
dependent (Fig. 5). Both prior phagocytosis of latex particles and 
addition of endotoxin to the culture medium caused a slight 
decrease in phagocytosis (Fig. 5). 

DNA assay. In order to verify that there were similar numbers 
of adherent cells under the different experimental conditions, 
DNA content of the adherent monolayer was measured in some 
experiments. There were similar numbers of cells in unstimulated 
monolayers as in those stimulated with endotoxin or latex parti- 
cles. Monolayers exposed to concanavalin A had 1.5 times the 
concentration of DNA, indicating that this ligand slightly in- 
creased adherence (1 pg of DNA was equivalent to approximately 
0.5 x 10"ells). 

Morphology. The monolayer consisted of macrophages as indi- 
cated by positive non-specific esterase granul:~, ability to phago- 
cytose latex and zymosan, and rosette formation with complement- 
coated zymosan. After 1 h, the cells were rounded with numerous 
lipid-laden vacuoles. At 48 h, the cells had spread avidly, and 
were fusiform in shape. Treatment with concanavalin A resulted 
in giant cell formation with large endocytic vacuoles, as previously 
described (14). These vacuoles contained lipid, as shown with a 
Sudan I11 stain. 

pH variation. Less than 5% of the cells remained viable at pH 
3-5. At pH 7, 97% were viable whereas at pH 9, 87.5% still 
excluded trypan blue (Table 2). 

DISCUSSION 

, . , t i c l  , , , ,  
We found that human milk macrophages are viable and actively 

c.2 e synthesize and secrete various products in culture. Increasing 
10 20 30 40 50 60 120 concentrations of PGEz and lysozyme were found in the medium 

and increasing de novo protein synthesis was observed during the 
MINUTES period of culture. These macrophages also phagocytosed increas- 

Fig. 4. The kinetics of the uptake of [JH]-zymosan by milk macro- ing amounts of labeled zymosan particles, reaching a plateau after 
phages. 2 h of incubation. 
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Fig. 5. The extent of phagocytosis of labeled zymosan particles by macrophages incubated with different stimuli, as compared with unstimulated 
cells. (Left handpanel), after 2 h stimulation and (right handpanel), after 24 h stimulation. Cells were exposed to zymosan for 120 min. Each point is 
the mean f S.E. of triplicate cultures in two separate experiments. 

Table 2. Effect of varying pH of culture medium on viability of 
macrophages-percentage of cells excluding Trypan blue dye after 

30 min in culture 

pH medium 3 4 5 6 7 8 9  
% viability 4 6 3 16 97 92 88 

These functions were changed depending on the stimuli used. 
Zymosan, endotoxin, and concanavalin A stimulated PGEY secre- 
tion, but resulted in a decreased lysozyme concentration in the 
extracellular medium. Concanavalin A caused a marked increase 
in phagocytosis whereas endotoxin caused a slight decrease in 
phagocytosis. Latex particles did not alter PGEY secretion but 
decreased phagocytosis of zymosan particles, possibly as a com- 
petitive effect. The constant increase in protein synthesis under all 
conditions of culture indicates that the cells were viable. The 
decrease in lysozyme concentration in the extracellular medium 
may have been due to a selective decrease in synthesis or an 
inhibiting factor produced after stimulation. The alteration of 
phagocytosis did not correlate with changes in PGE2 and hence 
modulation of phagocytosis by PGE proposed with murine mac- 
rophages is unlikely to have been a factor in these experiments 
(17). The ability to selectively alter function, which we have 
demonstrated, may be relevant in vivo, when the milk macrophage 
encounters various environmental stimuli. 

Prostaglandins, especially PGFY, have recently been shown to 
be markedly elevated in human breast milk and were absent in 
cow's milk (9, 18). Our studies show that the milk macrophage is 
an important source of prostaglandin Ez. Although PGEz is the 
major prostaglandin secreted by human blood monocytes in cul- 
ture (13), it should be of interest to examine whether this is the 
case with macrophages from other sites. The clinical significance 
of prostaglandin production by milk macrophages is as yet un- 
clear. PGEY increases intestinal motility and may be responsible 

for the increased number of bowel movements in breast fed babies. 
Furthermore, the action of PGEz on target cells is usually attrib- 
uted to its enhancement of adenylate cyclase activity and subse- 
quent increase in cyclic AMP levels (14). Indeed, other investiga- 
tors have shown that p adrenergic hormones and cyclic AMP 
analogues stimulate intestinal glycoprotein synthesis in vitro (3). 
Because macrophage products including PGE2 affect both the 
induction and suppression of the immune response (22), these 
ingested macrophages may have a role in the development of the 
local immune response of the small bowel. 

It should be noted that milk macrophages remained viable in 
alkali conditions comparable to those of the small intestine. Al- 
though they did not survive at low pH, they are probably protected 
from gastric acidity in vivo, as colostrum has been shown to buffer 
gastric acidity to pH 6 (25). Macrophage products could exert 
their local effects on the bowel even if the macrophages themselves 
do not survive local conditions. 

In vivo experiments have shown that colostrum stimulates neo- 
natal intestinal mucosal growth (5) and decreases the permeability 
of protein molecules across the intestinal barrier in experimental 
animals (24). Further studies may lead to the recognition of 
specific molecular species capable of exerting local effects on 
intestinal function. 
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